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Abstract

This dissertation reports some discrete developments towards more corrosion resistant Al-
alloys by controlling alloy chemistry and microstructure. Al-alloys are generally passive and
corrosion resistant due to the presence of a protective aluminium oxide film. However, on
exposure to a corrosive environment (i.e. solution containing halide ions), Al-alloys are
prone to localised attack, particularly pitting. The pits are typically initiated by the differing
electrochemical interaction (and roles) of second phase particles with the surrounding Al-
matrix, which can also contribute to pit propagation. The corrosion response of the alloys
herein was evaluated with a combination of immersion and electrochemical tests, including
potentiodynamic polarisation (PDP) and electrochemical impedance spectroscopy (EIS).
Corrosion assessment was supplemented by surface analysis with scanning electron

microscopy (SEM) and optical profilometry.

Development towards a more corrosion resistant Al-alloy was approached in stages, wherein
the first stage involved characterising the corrosion response of commercial Al-alloys for the
construction (i.e. revelation) of primitive property space (hardness vs. corrosion rate). This
highlighted the opportunities in minimising corrosion whilst being aware of mechanical
strength (albeit that hardness was used in this project as proxy to mechanical strength). A
consolidated presentation of the role of chemistry on both the corrosion kinetics and hardness
suggested that reducing/eliminating Cu and limiting microstructural heterogeneity (i.e.
additional phases) are effective in minimising corrosion. It was empirically revealed that
AA5083 (Al-4.4Mg-0.4Mn), which has medium strength and low corrosion rates, was the

‘best compromise’ (commercial) alloy and will be further explored in this project.

The next stage was to investigate the effect of alloying elements to the Al-4.0Mg-0.4Mn
(similar to the AA5083 commercial alloy composition) system. This study was divided into
two parts. The first part aimed to understand the effect of microalloying additions to the
microstructure of Al-4.0Mg-0.4Mn in relation to the electrochemical response and
subsequent corrosion morphology. The effect of microalloying upon the microstructure of the
base alloy was demonstrated by the formation of additional intermetallic particles (be it
dispersoids or constituent particles). The second part of the study was to investigate the effect
of microalloying additions on the intergranular corrosion susceptibility. In the sensitised



condition, Al-4.0Mg-0.4Mn alloys are prone to intergranular attack, as the electrochemically
active B-phase (Mg.Al3) tends to precipitate at grain boundaries. A consolidated presentation
of the outcomes from a number of corrosion measurement methods employed, revealed the
alloying additions that can improve corrosion resistance of the Al-4.0Mg-0.4Mn alloy. For
mass loss, Zn addition yields better resistance to corrosion, whereas PDP test indicates Si, Zr
and Sr have lower icor than Al-4.0Mg-0.4Mn alloy. On the other hand, addition of Ti, Si and
Sr reduce the susceptibility to intergranular corrosion. Sr was particularly effective due to its
ability to modify the B-phase characteristics.

The corrosion response measured on the Al-4.0Mg-0.4Mn system, microalloyed with
different elements, revealed that Sr and Nd imparted a good compromise between corrosion
resistance and hardness. Therefore new Al-Mg alloys were studied from more systematic in-
house production with different concentrations of Sr and Nd. For alloys containing Sr, the
localised corrosion was not associated with the presence of the Al4Sr intermetallic particles
but rather the Fe-containing constituent particles (which are present in all commercial Al-
alloys). The presence of Sr greatly retarded the precipitation of B-phase. The addition of Nd
revealed a similar trend, where the presence of fine Ali;;Nds intermetallics did not have a
significant influence on localised corrosion. Transmission electron microscopy (TEM)
analysis revealed fine Al;3Nds intermetallics, formed at the grain boundaries along with -

phase, may serve to increase the intergranular corrosion resistance.

The information from this project is intended to contribute to certain knowledge gaps in the
literature on the background, basis, and development of more corrosion resistant Al-alloys;

bearing in mind that the new alloys must retain or improve the mechanical properties.
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Chapter 1

Introduction

Aluminium (Al) alloys have been widely used in a number of applications over the
last century, corresponding with their commercial viability. Al-alloys are readily available
and can be processed to meet the materials requirements of many industries. This includes
commodity applications such as foil and cutlery, to the most advanced aerospace alloys
produced with complex compositions and tempers. The cost of Al is greater than that of steel,
owing to the large amount of energy required for production, however the density of Al is a
very attractive property, meaning that growth in the usage of Al has been steady, and that rate
of growth in the past decade has escalated. In an era of light weighting for the purposes of
energy reduction and emission reductions, the demand for Al alloys is due to their strength to
density ratio, formability, toughness and relatively good corrosion resistance. Mechanical
strength arises by the addition of alloying elements such as magnesium, copper, silicon,
manganese and zinc. Many of the commercial high strength Al alloys are heavily alloyed
such as the 2xxx (Al-Cu-Mg, Al-Cu-Li) and 7xxx series (Al-Zn-Mg-Cu) alloys. The alloy
strength, when it arises from precipitates, increases the heterogeneity of the microstructure
employing second phases to restrict dislocation movement. However, from a corrosion
perspective, an increase in heterogeneity can reduce the corrosion resistance of Al. On the
contrary to the higher strength Al alloys, medium to low strength Al alloys such as the 3xxx
and 5xxx (and some 6xxx) series alloys which have a more homogeneous microstructure,
remain more resistant to corrosion. In the presence of corrosive environments (i.e. high or
low pH, or in the presence of halide ions such as chlorides) Al undergoes corrosion,
nominally localised corrosion whereby the attack commences at defects in the nominally
protective aluminium oxide surface. This localisation is accelerated and deterministic if the
presence of second phases with different electrochemical characteristics to the surrounding

matrix can contribute to the driving force for alloy corrosion.

In the rapidly changing consumer market, that includes more advanced vehicles, a
rapid growth in portable electronics, and exposure of metals to harsher environments (be it
atmospheric extremes or geological extremes), there demand for lighter, stronger and highly

durable materials is assured. In particular the notion of more efficient and sustainable alloys,
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particularly in transport, remains key. To make this challenge a realisation, Al-alloys with
improved corrosion resistance (but equivalent or even improved mechanical performance) are
required. Such a task is beyond that of a single (or numerous) PhD projects, however the
project herein was developed as a discrete, and evolving effort, to research corrosion related
aspects that could contribute towards the science base needed to develop Al-alloys that have
reduced corrosion rates, bearing in mind some elementary retention of mechanical
performance. In order to commence such a task, it was important to develop an understanding
of the property space of corrosion performance for commercial Al-alloys. Whilst a prime
focus is on the corrosion performance, there was hardness testing performed in all cases, as a
proxy to yield strength, and in some cases vyield strength. From such a primitive
representation of the performance of Al-alloys, there were first order relationships that could
be identified, such as elements that have a positive or neutral effect on both corrosion
resistance, and those that do not. VVarious aspects were obvious, in that lower strength alloys
occupied the low corrosion rate space, and those elements such as Cu stimulated corrosion,
whilst precipitate containing alloys always showed higher corrosion rates. Of the approaches
that could possibly be pursued in a PhD to seek developments and favourable deviation into
new property space, it was decided that to minimise the variables involved, the effect of heat
treatment (which is essential in precipitation hardenable alloys) was discounted from this
project, aligning the project towards ‘new’ alloys being cast and studied for non-age-
hardenable systems. The heat treatable systems involve significant processing post alloy

production and worthy of a separate study.

It was deemed (hypothesis and review driven) that magnesium as the major alloying
element has the potential to be further developed by ternary and quaternary additions of other
elements to Al alloys. Of the commercial alloys, the best balance of corrosion resistance and
strength may be deemed to be offered by AA5083 (Al-4.4Mg-0.5Mn). This was determined
from the research work revealing elementary property space. As a result, subsequent work in
the thesis explores a selection of targeted studies that seek to understand, and improve, the
performance of the present Al-Mg alloys. A range of custom alloys were prepared to study
the effect of additions including, neodymium, strontium, zirconium, etc. in the processed
conditions (in the lab) that include wrought (hot and cold) work to simulate the route of 5xxx
alloy production. This project combines the electrochemical analyses and microstructural

characterisation to investigate the symbiotic effect of the alloying additions to corrosion. In
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addition, further foundational works for laying the platform between electrochemical analysis
and alloy performance, and isolated studies focusing (in-depth) on the effect of unique
elemental additions are also include. The combined work in the thesis contributes towards a
platform, including a first open holistic effort, and some key examples, for the future

establishment of next generation, corrosion resistant, Al-alloys.
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Chapter 2

Literature Review

2.1  The origin of aluminium

Aluminium (Al) occupies approximately 8% of the Earth’s solid surface by weight
and is the third most abundant element behind oxygen and silicon [1]. Al is listed in Group 13
of the periodic table, also known as the ‘earth metals’ group. Pure Al appears as a silvery
white metal with high ductility. It is also one of the lightest metals having a density of 2.3
g/cm® — significantly lower than ferrous alloys (~7.8 g/cm®) [2, 3]. Al is highly reactive and
attracts oxygen forming aluminium oxide (Al,O3). Therefore in its natural form, Al has to be
extracted from bauxite ores which contain mainly hydrated alumina (40-60%) with other
minerals such as iron oxides, silica and titania [1, 4, 5]. Al is also present in other minerals
such as clays and shales but the extraction process from these minerals is twice as expensive

as that from bauxite, hence is prohibitive [1, 6].

The extraction of Al was first attempted in 1808 by Humphry Davy through
electrolysis but without much success [7]. In 1825, another attempt by Hans-Christian
Oersted involved extracting the aluminium chloride (AICI3), which then heated with
potassium amalgam resulted in the production of a metal reported to be similar to tin [8].
Friedrich Wohler continued the work to produce Al ingot. The efficiency of the extraction
process at the time was low but in 1855, H. Sainte-Claire Deville developed an industrially
more efficient process [9]. The process used sodium for AICI; reduction instead of potassium.
This process however produced less than 95% pure Al and the difficulty in Al extraction
raised its cost higher than that of gold [1]. A more economical process to extract Al was
developed 40 years later in 1885 independently by Charles Hall in the USA and Paul Heroult
in France. The process was later named the Hall-Heroult process. The difficulty in processing
the alumina was due to its high melting temperature of 2040°C. The problem was solved by
dissolving the alumina in molten cryolite (NazAlFg) with additives such as aluminium
fluoride (AlF3) and calcium fluoride (CaF,) followed by electrolysis between 950°C and
980°C. In 1888, Karl Josef Bayer developed a more efficient process to extract alumina from

the ore. This process involves crushing the bauxite in strong sodium hydroxide (NaOH)
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solution at 240°C. The alumina is obtained by precipitation of solid aluminium hydroxide

from the aluminate containing solution by increasing the pH and adding some ‘seed’ crystal.

After the separation of solid from the liquid by filtration, the aluminium hydroxide is then

converted to alumina by calcination to drive off water.

Modern day Al production from bauxite ore combines the Bayer process and Hall-

Heroult process. The flow diagram for the integrated production of aluminium from bauxite

is shown in Figure 2.1.
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Figure 2.1: Flow diagram for integrated production of aluminium from bauxite [10]
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Generally every 4 tonnes of bauxite will only produce 1 tonne of pure Al and
consumes a massive amount of energy [1]. This indeed remains a concern with regards to the
environmental aspect of the Al industry. In 2012, the world produced 45 million tonnes of Al
and production is expected to soar in the coming years [11]. It is estimated that in Australia
alone, 30% of the total greenhouse gas emission from all industries is contributed by Al

production [10]. Nevertheless, Al could still contribute to the environment in several ways:

= Recycling. Al is 100% recyclable. The process of recycling Al consumes 95% less
energy than producing Al, when compared to production from the ore itself [12,
13]. The sustainability initiative that started in the 1970s has seen around two-thirds

of Al products at the moment produced from recycled Al [11].

= Transportation efficiency. The high strength to weight ratio of Al makes it possible
to design lighter vehicles with less fuel consumption and lower carbon emission
[14]. This helps to offset the carbon emission by using Al instead of steel (which is

heavier).

= Durability. Al is not only lighter and stronger but also nominally resistant to
corrosion making it more durable than other “light metals” in its class (e.g. Mg) [1,
14-16]. Durability contributes to a longer life span of the product in service hence
reducing the need for replacements. The use of Al as a building material also has
increased recently as it is more durable to endure the weather. It is also recyclable

when the building is in need of remodelling [11, 17-19].
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2.2 Physical metallurgy of aluminium alloys

Al in its pure form shows appreciable resistance to corrosion but lacks mechanical
strength (i.e. 6,~20MPa) [1, 2]. Improvements in strength can be achieved by solid solution
strengthening, cold work, and the formation of finely dispersed precipitates within the matrix
via precipitation hardening [1, 3, 20]. The most widely used alloying additions are
magnesium (Mg), copper (Cu), zinc (Zn) and silicon (Si) due to their relatively significant
solid solubilities with Al. Other elements with limited solubility such as titanium (Ti),
chromium (Cr), manganese (Mn) or zirconium (Zr) are also added in small amounts to
achieve certain properties - namely grain refinement and innoculation [1, 3]. The maximum

solid solubility for elements that are typically added in Al is listed in Table 2.1.

Table 2.1: Solid solubility of elements in Al [2]

Max. Solid Solubility
Element (Wt.%)
Copper 5.65
Chromium 0.77
Iron 0.05
Lithium 4.2
Magnesium 174
Manganese 1.82
Silicon 1.65
Silver 55.6
Tin 0.06
Titanium 1.3
Zinc 70
Zirconium 0.28

The Aluminium Association classifies commercial Al alloys into one of eight (8)
series, depending on the major type of alloying element added [1]. Each alloy has a 4 digit
numeric designation, the first digit reveals the major alloying element and the second digit
nominally refers to alloy purity. The last two digits refer to the alloy number - which
increases with the invention of new alloys. In order to give the reader an appreciation of the
wide class of Al alloys, the designation system for wrought Al alloys is presented in Table
2.2.
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Table 2.2: Wrought Al alloy temper designation [2]

Letter First Digit Second Digit
F
As Fabricated
o
Annealed
1 — cold worked only 1 —annealed
2 — cold worked and partially 2 — Y hard
H annealed 4 —% hard
Cold Worked 3 — cold worked and stabilised 6 — ¥4 hard
8 —hard

9 — extra hard

1 — partial solution and natural

aging

2 — partial solution, cold work

and natural aging

3 —solution, cold work and

natural aging

4 — solution and natural aging

5 — partial solution and artificial
T aging

Heat Treated 6 — solution and artificial aging

7 —solution and stabilising

8 — solution, cold work and

artificial aging

9 — solution, artificial aging and

cold work

10 — partial solution, cold work

and artificial aging

Al alloys are generally classified in two groups with respect to strengthening, i.e. heat
treatable, and non — heat treatable.
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2.2.1 Non - heat treatable alloys

Strengthening in non — heat treatable alloys occurs from alloying of the solid
solution. It is coupled with grain refinement by dispersoids (to hinder recrystallisation more
so than contribute to strength) and strain hardening (from either warm or cold work) to
further increase the strength. Wrought alloys of this type are mainly those of the 3xxx, 5xxx

and some 6xxx series (containing predominately Mg, Mn and Si) Al-alloys.

= 3xxx series alloys. The major alloying element is Mn in the amount between 1 to 1.5
wt.% and the tensile strength is approximately 50 MPa [16]. To improve the
mechanical strength, additional elements are typically added in conjunction with Mn.
In AA3003-0O for instance, addition of 0.2 wt.% Cu increased the tensile strength to
110 MPa. Also in AA3004-O with the addition of 1 wt.% Mg, the tensile strength is
significantly increased to 180 MPa. In addition to having good formability and
weldability, the alloys in this series are also stronger than the 1xxx series alloys.
These alloys are popular as the general purpose alloys used in the manufacturing of
kitchen utensils, food packaging and building materials [14, 16].

= 5xxx series alloys. The major alloying element in this series is Mg, ranging from 0.8
wt% to 5 wt.%. The tensile strength in as-annealed condition for AA5005 is 125 MPa
(when the Mg content is kept at a minimum). Strength increases with Mg content in
the alloy. The addition of Mn and Cr, combined with appreciable cold-work, as in
AA5456-H111 improves the tensile strength up to 324 MPa [2]. In general, 5xxx
series alloys are widely used in transport applications, particularly in marine industry
(e.g. 5083-H34) due to its outstanding corrosion resistance as well as good weldability
and formability. Other applications include building materials, tanks and rivets for Mg
[14, 16].
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2.2.2 Heat treatable alloys

Heat treatable Al-alloys are strengthened by precipitation (age) hardening [1, 3, 21].
Such alloys contain elements that exceed their equilibrium solid solubility at room
temperature (and aging temperatures). Prior to aging, a 'supersaturated solid solution’ is
formed during solution heat treatment where the alloy is annealed and quenched so that
diffusion is impeded, causing retention of a solute rich single phase [22]. The formation of
supersaturated solid solutions is essential for subsequent heat treatment process to create
finely dispersed precipitates within the matrix. This process is called precipitation hardening.
In the precipitation hardening process, aging time and temperature play a major role in
determining the type of precipitates developed. However, this trend is visible only up until
peak value which then the hardness decreases synonymous with 'overaging'. In the overaged
condition, aging causes the precipitates to reach an equilibrium state which involves a loss of
coherency with the matrix [22]. Thus coarsely dispersed precipitates and increased distance
between the precipitates make dislocation movement possible by a ‘by-pass’ mechanism [23].
Dislocations are significantly less possible in the instance where a high number density of
fine and dispersed precipitates were present. This phenomenon typifies the notion that
precipitate presence alone is not solely responsible for strength increase, but the number
density and size range distributions are also critical. Wrought alloys of this type are mainly
those of the 6xxx, 7xxx and 8xxx series Al-alloys (containing predominately Cu, Zn and Si).

= 2xxx series alloys. The major alloying element in this alloy series is Cu
(typically between 1.9 wt.% to 6.8 wt.%) with minor additions of Mg and Mn.
One of the earliest reports of Al-Cu alloys is on AA2017 (Al-3.5Cu-0.5Mg-
0.5Mn), also known as Duralumin. The Al-Cu alloys were responsible of the
first discovery of ‘age hardening’ (i.e. precipitation hardening) process.
Shortly after this discovery, Al-alloys were subsequently (and expressly) used
for aircraft structures [1]. The tensile strength for AA2017 with T4 temper at
the time was 425 MPa. An improved version of the alloy has been developed
throughout the years in order to achieve higher tensile strength (>480 MPa).
For instance, the addition of higher Mg content (up to 1.8 wt%) enhances the
precipitation process, giving higher tensile strength as in AA2124-T851.

Addition of Si (0.5 wt% - 1.2 wt.%) is also common in this series such as in

10
Chapter 2. Literature Review



AA2014 and AA2214 with T6 temper that yields up to 500 MPa tensile
strength. The AA2219 has the highest amount of Cu (6.8 wt.%) in this series
and produce good mechanical properties at cryogenic temperatures (available
at T3, T6 and T8 tempers) making it possible to be used as welded tanks for

space launcher rockets [16].

=  6xxx series alloys. The major alloying element of this series is Si. The
presence of Mg in addition to Si enables the precipitation hardening of the
alloy. The amount of Mg and Si added in the system is usually balanced at
~1.73:1. An excess amount of Si will form the Mg,Si phase which further
increases the mechanical strength [16]. The tensile strength for alloy with
balanced Mg and Si content as in AA6063-T6 is at 245 MPa. An increase in Si
content with minor addition of Cu in AA6056-T6 alloy enhanced the tensile
strength to the highest value at 470 MPa. This series of alloys has good
corrosion resistance and weldability similar to the 5xxx series alloys. They can
be thermo-mechanically processed, and thus subject to rolling, extrusion and
forging. The applications include automotive panels, pipelines and building

materials.

= 7xxx series alloys. The major alloying element of this series is Zn with minor
addition of Mg and Cu to further increase the strength. Alloys of this series
without Cu such as in AA7020 (T5 or T6 temper) have appreciable tensile
strength between 360 to 400 MPa. The presence of Cu enhances age-
hardening of the alloy producing higher mechanical strength but subsequently
increasing its resistance to stress corrosion cracking (SCC) [1]. AA7075 for
instance, the tensile strength at T6 temper could reach up to 570 MPa.
However, for T73 temper of the same alloy which has better resistance to
SCC, possess lower tensile strength. In order to achieve balanced properties
between T6 and T73, a new heat treatment known as retrogression and re-
ageing (RRA) heat treatment (T77) was introduced to AA7055 alloy with
higher Zn and Cu content [1]. Alloys in this series are heavily used in aircraft

structural parts solely because of their high mechanical strength.

In the context of microstructurally influenced corrosion, the understanding of the
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types and classes of particles that form in Al-alloys is also critical. As such, prior to
presenting the microstructures formed, an important distinction needs to be made between the
particle classes present in Al-alloys, and such terminology will be used throughout this
project. Impurity elements such as Fe, Mn and Si can form insoluble compounds that are
known as constituent particles. These are comparatively large and irregularly shaped with
characteristic dimensions ranging from 1 to ~10um. These particles are formed during alloy
solidification and are not appreciably dissolved during subsequent thermo-mechanical
processing. Rolling and extrusion tend to break-up and align constituent particles within the
alloy. Often constituents are found in colonies made up of several different intermetallic
compound types. Micro-alloying additions of Cr, Zr or Sc (for example) tend to promote sub-
micron sized insoluble particles that subsequently can restrict or pin grain growth. Such
particles are called dispersoid particles. Finally, intermetallics that are formed by
precipitation processes (and hence can respond to heat treatment) are known as precipitate
particles. To help in distinguishing the types and classes of particles, Table 2.3 summarised
the typical microstructures that form in the selected commercial Al-alloys. In addition, the
name, classification and type of particles observed have been added besides the

corresponding micrograph to allow a ready understanding to be obtained for the reader.
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Table 2.3: The typical microstructures for selected commercial of Al-alloys

©) [24]

(b) [24]

Alloy Nominal Microstructure Comment on Microstructure
Composition
2024-T3 | Al -3.8-4.9Cu Commonly contains:
-1.2-1.8Mg - Al,CuMg (S-phase) as the strengthening
0.5Si - 0.5Fe precipitate phase on the submicron level

(seen in (c))

Mg,Si constituent particles that do not
contribute to strength, but form due to Mg
alloying additions and Si impurities (seen
in (a, b)) Constituent particles owing to
impurities, such as Al;Cu,Fe and AlsFe
(seenin (a, b))

Possibly some low levels of the
AlyCu,Mnj; dispersoid (rod shape)
uniformly dispersed in matrix and rarely
seen by microscopy.

In (c), Al,CuMg along grain boundary
[24].
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2124-T4

Al - 3.8-4.9Cu
-1.2-1.8Mg -
0.2Si - 0.3Fe

Particles present are similar as in 2024-T3

e Bright-field transmission electron

micrograph showing elongated grains with
Fe-rich particle at the grain boundaries in
(a) and a closer look at the particle in (b).
In (¢), showing the morphology and
distribution of Mn-rich dispersoids.

In (d), showing the morphology of S’
strengthening precipitate [25].

All electron images are courtesy of
Srivatsan et. al.b[25]
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2090 Al -2.9Cu e The precipitates that typically present

2.2Li-0.12Zr in this alloy are 8” (AlsLi), 6 (AlLI),
—0.06Fe — 0’ (Al,Cu) and T,
0.04Si ¢ In(a), a homogeneous distribution of

&’ phase can be observed

e A significant amount of 6 at the grain
boundaries shown in (b). The size of
the phase reaches 0.40 pm

e The plate-like T, phase precipitated
uniformly on the [111] plane of the
matrix displayed by (c) [26].

e All electron images are courtesy of
Dervenis et. al. [26]

3003-O | Al-1.0-1.5Mn
—0.1Zn - 0.6Si
—0.7Fe

e There are 2 distinct type of IMP shown in
(a);

- a-Al(Mn,Fe)Si; e.g. Alis(Mn,Fe)sSi,

- Al(Mn,Fe); e.g. Alg(Mn,Fe) [29]

e Both are coarse (0.5-10um) and appear as
white particles in the backscattered SEM
image.

N b e Itis possible to form finer IMP by heat

(a) [27] (b) [28] treatment and contain only Al and Mn.

e In (b), another SEM image showing
Al,(Fe,Mn) second phase particles with
an average diameter of 5um [28].
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5005-0 | Al —1.22Mg —

Al-Fe-Mn-Si

0.75Fe — v, % Rl g 19 o —fnterastailic (epot a?) e Adistribution of second phase
0.37Mn — eprasenceol P particles in the commercial AA5050
0.36Si — ' can be observed in (a). The
0.112Cu intermetallics are mainly Al-Fe-Mn-
Si phase.
: e The bright spot in (b) revealed the
(a) (b) presence of Pb-rich particles in

commercial AA5050.

e In(c), apart from Al-Fe-Mn-Si phase,
a smaller Mg,Si phase formed at the
grain boundaries [30]

o All electron images are courtesy of
Premendra et. al. [30]
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5083-
H34

Al — 4.0-4.9Mg
-0.25Zn - 0.4-
1.0Mn - 0.4Si
- 0.4Fe

175°C, 1hr

(a) 175°C, 10hrs

Grain Boundary
p-phase

This alloy is nominally a solid solution
when Mg content is less than 5 wt.%.
Mn and Cr are also typically present to

increase the recrystallisation temperature.

This leads to the formation of Al-Mn-Cr
type particle and AlgMn dispersoids [1]
Bright-field micrograph in (a) shows the
Al-Mn-Cr type particles pinned down a
number of dislocations [31]

When the alloy is exposed to an elevated
temperature (as low as 90°C) [32], B-
phase forms at the grain boundaries seen
in (b) and (c) as Mg content typically
exceeds 3.5 wt.%.

All electron images are courtesy of
Goswami et. al. [31]
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6016

Al —1.0-1.5Si
—0.25-0.6Mg —
0.2Mn —-0.2Zn
—0.5Fe

Q-phase, metallic Si and B-phase present
when Cu content between 0.2 — 0.5%
Longer heat treatment caused precipitates
in matrix to enlarge

AlMgSiCu (Q-phase) may grow at the
expense of  phase

It can be as large as 1um

Q phase in grain boundary highly increase
susceptibility to IGC and those in matrix
caused pitting attack

These can be avoided by thermal
treatment during fabrication

B-phase (Mg,Si) may precipitate if Mg:Si
ratio is low [33]

6022

Al —1.35Si -
0.58Mg —
0.04Mn —
0.2Zn - 0.14Fe

The lath like precipitate is Al,Cu,MgsSi-
(Q-phase)

Excess Si reduces time to initiate
strengthening during aging due to
enhanced precipitation of fine and
uniformly dispersed B” precipitates when
Mg/Si ratio in GP zones and B”
precipitates

If quench after solution heat treatment,
resistant to IGC is higher because there’s
no Q-phase along grain boundary [34]
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6013-T6

Al —0.92Si -
0.86Mg —
0.19Fe —
0.87Cu —
0.55Mn —
0.15Zn

)

The hardening precipitates contain Al-Cu-
Si formed in the matrix with the size up to
100nm shown in (a)

Dispersoids (round and rod shaped) are
also present in the matrix displayed by (b)
where the composition is mainly Al-Mn-
Cu-Fe-Si

In (c), needle-like precipitates contain Al-
Si-Cu formed at the grain boundaries. The
size is up to 40nm wide [35]

All electron images are courtesy of
Guillaumin et al. [35]
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7075-
T651

Al —1.2-2.0Cu
~2.1-2.9Mg -
5.1-6.1Zn —
0.3Mn — 0.4Si
— 0.5Fe

(© [37]

LS / Al;CusFe

ior B
.
L e 5 y

(b) [36]

o AA7075 microstructure in (a) shows the
presence of constituent type particles such
as Al,CuyFe, Al;,CuMg, Mg,Si, MgZn,,
Al,Cu and AlzFe [36]

¢ In (b), the Al,Cu,Fe particles known to
cause localised attack. During fabrication,
the particles fractured and aligned in the
direction of work [1]

e At T6 temper shown in (c), the matrix
contains fine precipitation of MgZn,
particles. Whilst the large MgZn;, particles
(~50nm) tend to form at the grain
boundaries [37]
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7150-
T773

Al -1.9-2.5Cu
—2.0-2.7Mg -
5.9-6.9Zn —
0.1Mn —0.12Si
—0.15Fe

This alloy typically contains Al,Cu,Fe,
Al,CuMg, Al,MgCu, Mg,Si and MgZn,
phases.

It also contain an intermediate ° (MgZn,)
precipitates dispersed in matrix as shown
in (b) and equilibrium n precipitates in
matrix and grain boundary shown in (c)
[38]

AlsZr also present as dispersoids
distributed throughout the matrix.

All electron images are courtesy of
Srivatsan et. al. [38]
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8090
T8771

Al - 2.2-2.7Li
~1.0-1.6Cu —
0.6-1.3Mg —

0.2Si — 0.3Fe

The presence of Li leads to the formation
of T, (Al,CuLi), S (Al,CuMg), d(AlLI)
and 6’ (AlsLi) phases.

Precipitation of T, is influenced by S-
phase for the availability of Cu atoms and
heterogeneous nucleation sites [39]
Hence S-phase tends to form on grain
boundaries or sub- grain boundaries as
shown in (a).

Subsequent artificial aging results in more
S-phase distributed throughout the matrix
as shown in (b).

The electron images are courtesy of
Martin [39]
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2.2.3 Influence of strengthening mechanism on corrosion

As discussed in section 2.2.1 and 2.2.2, there are several different approaches to
increase the strength of Al-alloys. Each approach yields different sets of properties depending
on the microstructures produced. For low to medium strength alloys, the main strengthening
mechanism is by solid solution strengthening, often followed by strain hardening such as cold
work. Alloying elements largely remain in solid solution therefore a homogeneous
microstructure is achieved. Without the presence of particles in the microstructure and hence
on the surface, possible sites for localised attack are reduced, though some appreciable
amount of constituent particles such as Alg(Mn,Fe) or Al;2(Mn,Fe)sSi in 3xxx alloy may be
present from solidification [27, 28, 40] and are unavoidable in low number densities. The
cold work followed by solution treatment might influence the constituent particle
morphology, re-aligning them in the direction of rolling or forming clusters of smaller

constituent particles [41, 42].

As for 5xxx series alloys, precipitation of f phase (AlgMgs or AlsMg,) may occur at
ambient temperatures after prolonged periods if the alloy is in the heavily worked condition.
The precipitation of B phase commonly occur along the slip bands and grain boundaries
making them more prone to intergranular corrosion or stress corrosion cracking [43-46]. This
process of unintended and deleterious precipitation is given the special name of

‘sensitisation’, as it is unwanted and does not contribute to strength.

For precipitation hardened alloys such as 2xxx, 6xxx and 7xxx, the precipitates
significantly increase mechanical strength. In this type of strengthening mechanism, artificial
ageing is carried out after the alloy is solution heat-treated. The type of microstructure relies
on the ageing temperature and time. In 6xxx series alloys, the precipitation of B-phase
(Mg,Si) and Q-phase (AlsMgsSi;Cu,) contribute to the increase in IGC [47-49]. The
susceptibility to IGC can be reduced by ‘overaging’ and rapid quenching. However, it may
cause other types of corrosion. For instance, increase in localised attack from the
precipitation of large B-phase particles [50]; and introduction of residual stresses from
quenching causing SCC [51]. In high strength aluminium alloys such as 2xxx and 7xxx, some
of the common intermetallic particles present are Al,CuMg, MgZn,, Al,Cu, Al;CuyFe,
Mg.Si, AlzFe and Aj;CuMg [52-54]. These particles are known to increase the susceptibility

to localised attack. The appropriate choice of ageing process is important to control the
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evolution of these particles. The susceptibility towards pitting is lowest in the naturally aged
condition (e.g. 2024-T4) and highest in the peak-aged condition (e.g. 7075-T651). The over-

aged condition lies between these two [55].

2.3  Challenges in aluminium alloy applications

Al alloys are heavily utilised in the transportation industry; namely for aerospace,
marine and automotive applications [14, 56-59]. The combination of high specific strength
and workability make Al an ideal material for these applications. Each application offers a
rather diverse environment that showcases the versatility of Al alloys. In aircraft design, more
than 70% of the structural materials are dominated by Al alloys, specifically the higher
strength alloys [1, 14]. During operation, an aircraft has to endure radical loading conditions
(including fatigue), an environment that reaches sub-zero temperatures and high ground
temperatures in many instances. The evolution of aircraft alloy design started with the aim to
improve the strength to weight ratio of the structural alloys, which resulted in the utilisation
of 2xxx and 7xxx series alloys. These alloys include AA2024-T3 and AA7075-T6 used to
manufacture commercial and military aircraft for many decades (and the subsequent
evolution of AA7050/7150 and most recently, AA2099 and AA2050 as described below).
The issue of damage tolerance was raised when a premature fatigue failure of pressurised
fuselage caused multiple plane crashes in the 1950s [56]. The failures were attributed to SCC
of the alloy used for the critical points of the planes (e.g. fuselage, wings). Up to 90% of SCC
related failures of Al-alloys at the time was associated with AA7075-T6 and AA2024-T3 in
the short transverse direction due to residual quenching stresses of thick product [56]. In
order to overcome this problem, T73 temper for AA7075 alloy was developed but at the
expense of strength when compared to the AA7079-T6 alloy. Alloy AA7050-T74 was also
developed for better SCC resistance without loss of strength [14, 16, 56]. Over the years,
more standards were introduced by aviation governing bodies that lead to the development of
more durable Al-alloys. One of the key features is improving the fracture and fatigue
characteristics. It can be done by the introduction of temper T76 on AA7050 alloy and also
increasing the Cu content and Zn/Mg ratio of the alloys [60, 61].

The need for lighter aircraft for better fuel efficiency is the priority for every aircraft

manufacturers due to the rising cost of fossil fuel. The reduction in density has the greatest
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impact on reducing the weight [39, 59, 62]. The addition of lithium (Li) as low as 1 wt.% can
reduce the alloy density by 3% and increase in the Young’s modulus by 6% [62]. This has
given stiff competition in the development of new alloys in the metal industry. Li containing
Al alloys have been around for decades such as the AA8090-T86 and AA2090-T81. These
alloys were developed in order to replace AA2024-T3 and AA7075-T6. However, Li alloying
was found to be ineffective in improving the fracture toughness and corrosion resistance.
Nevertheless, the use of Li containing alloys has expanded since the development of the third
generation Al-Li base alloys. The alloys of this generation contain less than 2 wt.% Li along
with silver (Ag) and zinc (Zn) [63, 64]. They include AA2050, AA2099, AA2195 and
AA2297. According to Rioja [64], AA2099-T86 has outperformed the longest serving Al
alloy, AA7050-T7451 in terms of fatigue resistance, exfoliation corrosion and SCC. The
importance of improving the resistance to SCC is due to the severity of the damage caused to
the structure. It is also more difficult to detect during regular maintenance. SCC is typically
initiated by localised corrosion such as pitting or intergranular corrosion [65]. Both attacks
can be minimised by surface treatment or cladding with more noble materials (e.g 1xxx series
alloys) [14].

In the automotive industry, the need for fuel efficient vehicles to reduce carbon
emission is the main motivation in reducing vehicle weight [57, 58]. As a result, the use of Al
alloys has reached more than 80% throughout the years, not only as structural materials but
engine components as well [1]. The utilisation of medium strength alloys, typically from the
5xxx and 6xxx series, is due to their good impact energy absorption and formability rather
than the strength [58]. Alloy AA5052, AA5182, AA6022 in annealed condition (O) typically
used as the inner body panels. Whereby the 6xxx series alloys are used as the outer body
panels owing to higher strength and better surface finish [14, 16]. For engine and body
components that require stronger materials, the AA5754-H28, AA6061-T4 and AA6262-T6
are used. Weldability of the 5xxx and 6xxx series alloys is beneficial for marine vessel
components such as the hull, deckhouses and tanks, seeing an extensive use of AA5083-
H116, AA5086-H32 and AA6063-O alloys. In general, the alloys have a good balance
between mechanical strength, formability and corrosion resistance. However, the downside of
5xxx and 6xxx series alloys is the high susceptibility to intergranular attack at elevated
temperature that can propagate to SCC [66-70]. This is due to the presence of Mg and its
tendency to form B-phase (AlsMgy) at the grain boundaries [32, 44, 71].
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In recent times, the focus has shifted in designing not only stronger alloys but also
more durable and damage tolerant alloys. The presence of defects, crack growth from cyclic
loading, and environmental interactions are typically initiated by the microstructural features
of the alloy. The following table (Table 2.3) summarises the effect of microstructural features
to the property of Al alloys as adapted from Starke [56]. One notable omission in the table is
the presence of ‘cathodic’ particles, which can lead to well-documented circumferential

attack [72], which have the potential to serve as fatigue crack initiation sites [73, 74].

Table 2.4: Property — microstructure relationships in Al alloys adapted from Starke
[56]

Property Microstructural feature Function of feature(s)

Strength

Ductility and toughness

Fatigue crack initiation

Uniform dispersion of small, hard
particles, fine grain size

No large particles, clean grain
boundaries, fine structure, no shearable
particles

No shearable particles, fine grain size,

Inhibit dislocation motion

Encourage plasticity, inhibit
void formation and growth,
work harden

Prevent strain localisation and

resistance no surface defects slip steps on surface, prevent
stress concentration

Encourage crack closure,
branching, deflection and slip
reversibility

Prevent preferential dissolution
of second phase particles
Prevent crack propagation due

to anodic dissolution

Fatigue crack
propagation resistance

Shearable particles, no anodic phases or
hydrogen traps, large grain size
Pitting No anodic phases

Stress corrosion
cracking

No anodic phases, or interconnected
hydrogen traps, hard particles

2.4 Methods to improve corrosion via alloying

Discrete works aimed at improving corrosion resistance and mechanical performance
through alloying have been documented since the 1920s [75-81]. Initially, studies were
limited to a small range of Al-alloys used for the aircraft industry [81-83]. Some of the
alloying elements studied at the time include copper, iron, silicon and manganese [75, 79, 84-
90]. Since then, numerous works have been done on developing various types of alloys with
different alloying elements. The addition of silver (Ag) for instance, improves the resistance
to SCC in Al-Mg-Zn alloy [91-94] (noting that SCC resistance may not necessarily be
synonymous with pitting resistance). More atypical elements were studied later such as Bi, V,
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B, Ti, Zr, Co and Cr to improve resistance to localised attack, as well as SCC [95-100]. There
however have been limited studies on improving corrosion resistance simultaneously with
mechanical properties. Many of the studies are in relation to the 7xxx series alloys due to the
extensive use of the alloy in aircraft structures. The addition of Zr, Cr and Mn for instance,
improve resistance to SCC along with increase in yield and tensile properties [101, 102].

Similar results were achieved with the presence of Sc, Ni and Ce [103].

The Li containing alloys have been around for several decades. In recent years, an
optimum amount of Li has been identified as being ideal for a balance of properties to
modern Li-containing Al-alloys in the 2xxx series. The use of this alloy have suddenly
expanded due to the development of third generation Al-Cu-Li such as the AA2050,
AA2099, AA2195 and AA2297 [63, 64]. The improvement in mechanical strength is
achieved from the formation of; i) Li-containing strengthening precipitates such as T
(Al,CuLi), 6 (Al3Ti) and 6 (Al,Cu) [62, 104-106], and ii) strengthening dispersoids AlsZr and
AlxCu,Mns. The tensile strength can also be further improved by mechanical processing
such as cold rolling prior to heat treatment for the refinement of T, precipitates and to reduce
precipitation at the grain boundaries during aging [107]. AA2099-T86 has better resistance to
fatigue, exfoliation corrosion and SCC [64]. A similar trend is also observed for corrosion
resistance of AA2050 in comparison to AA2024. However, it is very prudent to note that the
number of independent, and characterisation based studies on such alloys do not exist in the
open literature as yet — many of the reports being from alloy manufacturers. The addition of
Li is not only limited to the high strength Al-alloys but also in non-heat treatable Al-alloys
such as the 1xxx (e.g. AA1420) and 5xxx (e.g. AA5091) series [108]. Corrosion in Al-Li
base alloys is typically associated with the presence of T; (Al,CuLi), T, (AlgCuLi) and 0
(Al>Cu) phases [26, 104, 109]. T; and T, are highly anodic to the matrix at the beginning of
exposure due to selective dissolution (dealloying) of Li. The dealloying of Li will leave Cu
remnants at the bottom pits making it cathodic to the surrounding matrix [54]. The
mechanism is similar to the dissolution of S-phase in Cu containing Al-alloys. The increase
SCC and IGC are associated with these phases and also the dissolution of precipitate free

zone along the grain boundaries [110].

As previously stated, localised attack is nominally caused by heterogeneity of the

microstructure; with intermetallic particles acting as the initiation sites for pitting. The
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susceptibility may be decreased by having finely dispersed sub-critical nano-scale
precipitates within the matrix as suggested by Ralston [72]. It was found that embryonic
precipitates from low heat treatment times can increase yield strength, even though not to the
levels synonymous with peak aging. The precipitates however did not contribute to
heterogeneity of the microstructure (in an electrochemical sense) hence this was shown to
increase strength without increasing the susceptibility to pitting [111]. In that work, it was
determined that the critical precipitate size is between 3 — 4 nm in size for an Al-Cu-Mg
alloy. Once the precipitate grew beyond this size, a significant increase in pitting
susceptibility was observed. Thus in other words, such alloys can be suggested to behave like
solid solutions as far as corrosion is concerned, but as engineered solid solutions as far as
strength development goes. Another suggested way in achieving nano-scale precipitates was
rapid solidification. In this process, the cooling rate is greater than 10* K/s in order to achieve
rapid extraction of thermal energy forming metastable crystalline phases incorporation of
desirable fine second phases. Using the technique discussed here, it was found that pitting
potential was significantly ennobled for Al alloys with the exception of alloys containing Mg,
Fe or Zn [112].

In other works, the groups of Frankel [113, 114] and Shaw [50] independently studied
the doping of Al with 'passive' elements such as Co, Mo, W, etc. These studies were
conducted on sputtered thin films. The reason for this is for one; alloying with such elements
is not possible by conventional means, since the melting point of such transition metals is
close to temperatures where Al can undergo boiling; secondly, transition metals have very
low solubility in Al - and hence appreciable alloying is only possible by sputtering. Such thin
films studied showed increased resistance to pitting and enhanced passivity - making the
studies very useful from a fundamental sense. None-the-less, from a practical alloy

perspective such thin films cannot be up-scaled and are not viable engineering materials.

Studies have also shown that low levels of scandium (Sc) added in Al is found to
contribute to grain refinement by the formation of Al3Sc dispersoids. Dispersoids are
effective in blocking dislocations. They also hinder grain growth and recrystallisation during
thermomechanical processing, due to having coherency with the aluminium matrix but has
high lattice mismatch [36]. Consequently, an increase in mechanical strength can be expected
with low Sc additions. These effects are well known, but what makes Sc unique, is that

although it can lead to development (of what are nominally considered deleterious) second
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phase - for the case of AlsSc it has been found that the electrochemical properties do not
significantly differ from Al - suggesting that this particle can be tolerated in the matrix as
being electrochemically compatible [36]. It was also found in one recent study that Sc was
able to enhance the properties of a high strength alloy with no significant degradation of
corrosion performance [52]. This avenue is one that has not been exploited fully. At the time
of this PhD, the cost of Sc in experimental quantities was in the vicinity of US$1Million/kg
(US$1000/gram).
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2.5  Evaluation of Al-alloy corrosion via electrochemical polarisation

techniques

Corrosion of Al alloys in aqueous solution is typically localised in nature, driven by
heterogeneity of the microstructure during open circuit exposure. The degree of corrosion
attack is governed by localisation of electrochemical reactions from the second phases and
surrounding Al-matrix. In order to design Al-alloys with better corrosion resistance, kinetic
parameters such as corrosion rate/electrode kinetics are of major interest in evaluating the
corrosion performance rather than thermodynamic predictions [51]. One of the most common
techniques to measure the electrochemical reaction Kinetics is potentiodynamic polarisation
[115-118]. This technique involves application of potential to an electrode (i.e. specimen
under study), which results in current flow. The deviation of potential from the open circuit
potential is the overpotential, which usually expressed in volts. Polarisation allows the user to

drive the anodic or cathodic reactions, to be evaluated separately.

Tafel extrapolation is typically used to measure corrosion rate. The technique was
first used by Wagner and Traud to verify the mixed potential theory. As will be seen in this
thesis, polarisation curves are generally very useful in enabling one to observe any windows
of passivity, comparison of electrode kinetics over a range of potentials, and also for

providing an estimation of corrosion rate via Tafel extrapolation [119], as seen in Figure 2.2.
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Figure 2.2: Schematic of Tafel extrapolation [15]

The Tafel plot provides an instant measurement of corrosion current density (icorr)
representing the corrosion rate of the system. icor, is Obtained at the intersection between the
anodic and cathodic reactions where the total rates of oxidation and reduction are equal. The
corrosion create acquired by Tafel extrapolation have compared favourably with other
method such as weight loss, depth of penetration measurement and hydrogen evolution
measurement [51, 120]. However, careful qualification is needed in instances where the
response deviates from Tafel-like behaviour. There are several basic steps for good
interpretation of a Tafel slope. It is important that extrapolation commence at least 50 to
100mV away from the Ecor and to ensure one of the slopes exhibits Tafel behaviour (e.g.
linear or semi-logarithmic). A bad interpretation of the slopes could change the i reading
by a factor of 5 to 10. The sensitivity of electrochemical measurements and its data analysis,
it is important to compare the data with other types of corrosion measurements such as the

mass loss values from immersion test.

In a laboratory setting, electrochemical polarisation is carried out with a potentiostat
that controls the potential of a test electrode in an electrolyte. The typical electrochemical
corrosion test cell setup consisting of three electrodes submerged in an electrolyte and

connected to a potentiostat is presented in Figure 2.3. The degree of polarisation is measured
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by the potential difference between reference and test electrode. The potential for reference
electrode always remains at its open circuit potential (OCP) to act as a fixed reference point
and provide feedback to the potentiostat. Depending on the range of potential supplied the
resulting a polarisation plot can be utilised for interpretation of corrosion data such as
passivity, pitting potential, coating performance, corrosion rates and corrosion resistance.
Sample preparation for electrochemical tests is also important. The surface finish of the test
electrode should be as smooth as possible according to ASTM G1-03 standard. It suggests
that at least a 1200 grit finish (1200 grit corresponds to 1200 abrasive particles per lineal inch
of abrasive paper) is achieved [121]. An uneven surface can influence current density,

leading to electrochemical data that does not reflect the actual corrosion behaviour.

e L
Supply
Ammeter ———)G) —@(—-—— Electrometer

Counter __| Reference
Electrode Electrode

Figure 2.3: A schematic diagram of a three electrode cell for electrochemical polarisation
testing [122]
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Generally, electrochemical testing results in the determination of distributed values, perhaps
more so than non-electrochemical tests such as mass loss measurements. The data variability
is influenced not only by the experimental set-up but also the metal itself. The inconsistency
of data distribution often makes it difficult to evaluate the actual corrosion response of the
system — particularly since polarisation test are more of an ‘instant’ as opposed to cumulative
term. A statistical formula to estimate number of repetition suggested by Miller [123] given

in the following equation;

Zo
Er* = —

Vn

where, Er* is the difference between the true mean and the mean estimated from a group of
repetitions, ¢ is standard deviation of the repetitions, n is number of repetitive measurements
and Z is the desired statistical confidence level. Caution also has to be applied in using this
equation as the number of repetitions depends on how much error is accepted in the

experiment.

In the study of systems that are prone to localised corrosion, Ep;; [111, 124] is often used as
an indication of pitting susceptibility [125]. However, care should be taken as the Ep; value
can be misleading as it only indicates the occurrence of stable pits, but insufficient to
holistically determine pitting or pitting resistance. For example, a more noble E;: value does
not necessarily mean the alloy has better resistance but consideration also has to be given to
the damage accumulation (e.g. density and depth of pits) before the pitting resistance can be

determined.
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2.6 Durability and Corrosion of Aluminium and Its Alloys

This section comprises of a book chapter in ‘Aluminium Alloys - New Trends in
Fabrication and Applications’ published by InTech (2012). The chapter covers a more
detailed discussion of the Al-alloys in regards to corrosion. It includes recent advances in
aspects related to corrosion protection, corrosion assessment methods and the development
towards better corrosion resistance Al-alloys. The PhD candidate was the principal author

and responsible for the compilation / review.
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1. Introduction

Aluminium (Al) is an important structural engineering material, its usage ranking only
behind ferrous alloys (Birbilis, Muster et al. 2011). The growth in usage and production of
Al continues to increase (Davis 1999). The extensive use of Al lies in its strength:density
ratio, toughness, and to some degree, its corrosion resistance. From a corrosion perspec-
tive, which is most relevant to this chapter, Al has been a successful metal used in a num-
ber of applications from commodity roles, to structural components of aircraft. A number
of Al alloys can be satisfactorily deployed in environmental/atmospheric conditions in
their conventional form, leaving the corrosion protection industry to focus on market
needs in more demanding applications (such as those which require coating systems, for
example, the aerospace industry).

Relatively pure aluminium presents good corrosion resistance due to the formation of a bar-
rier oxide film that is bonded strongly to its surface (passive layer) and, that if damaged, re-
forms immediately in most environments; i.e. re-passivation (Davis 1999). This protective
oxide layer is especially stable in near-neutral solutions of most non-halide salts leading to
excellent pitting resistance. Nevertheless, in open air solutions containing halide ions, with
Cl being the most common, aluminium is susceptible to pitting corrosion. This process oc-
curs, because in the presence of oxygen, the metal is readily polarised to its pitting potential,

I m EC H © 2013 Sukiman et al; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
open science | open minds unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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and because chlorides contribute to the formation of soluble chlorinated aluminium
(hydr)oxide which interferes with the formation of a stable oxide on the aluminium surface.

Aluminium and its alloys readily oxidises, including when Al is present in either in solid
solution or in intermetallic (IM) particles. Industrial alloy surfaces however, tend to be as
heterogeneous as their underlying microstructures. The surface of a wrought or cast alloy is
likely to contain not only aluminium oxide alone, but may for example contain a fragment
of a mixed Al-Mg oxide for alloys rich in Mg (Harvey, Hughes et al. 2008)). This is primarily
because of the heat of segregation of Mg is high and it has a favorable free energy for oxide
formation. If however an Al surface is mechanically undisturbed - then the surface oxide is
relatively protective. Though, most real surfaces have some sort of mechanical finishing
which results in the formation of a near surface deformed layer (NSDL) and shingling. Shin-
gling occurs where the alloy matrix is spread across the surface including IM particles in
abrasion and milling (Scholes, Furman et al. 2006; Muster, Hughes et al. 2009). This is be-
cause the IM particles are harder than the surrounding matrix and less susceptible to defor-
mation (Zhou, Liu et al. 2011). Even on polished surfaces, the matrix and the IM particles
rapidly form different oxide structures (Juffs, Hughes et al. 2001; Juffs, Hughes et al. 2002).
This is almost certainly due to different chemical environments and different electrochemi-
cal reactions over the IM particles compared to the matrix. Furthermore, the morphology
and the oxide are not continuous from the IM particles to the matrix and this represents a
potential defect site in the context of corrosion. For the purposes of descriptions herein, IM
particles can be classified into three main types; i) precipitates, ii) constituent particles and
iii) dispersoids. Precipitates are typically in the shape of needles, laths, plates or spherical
with the size ranging from Angstroms to fractions of a micrometer. They are formed by nu-
cleation and growth from a supersaturated solid solution during low temperature aging and
may be concentrated along the grain boundaries. Constituent particles however, are rela-
tively large with irregular shape and the size can be up to 10 micrometers. This type of parti-
cle forms during solidification of the alloy and is not fully dissolved by subsequent
thermomechanical processing (including solution heat treatments). They can be found in
colonies of several IM crystals or different compound types. On the contrary, dispersoids
are small particles with size ranging from 0.05 to 0.5 micrometers. They are thermally stable
intermetallics of a fine size that are functional for controlling grain size and recrystallisation
behavior. Dispersoids form by low level additions of highly insoluble elements such as Cr,
Mn or Zr.

This chapter will aim to cover some of the important aspects related to the corrosion of Al-
alloys, bearing in mind the role of alloy chemistry. In addition, some of the topical aspects
related to techniques and ongoing developments in the general field of Al-alloy corrosion
are presented. An attempt has been made to give the reader an overview of the key technical
aspects, but unfortunately for comprehensive insight into the topic overall, the size of this
chapter alone cannot be a replacement to dedicated monographs on the specific topics at
hand; nor the ever-evolving journal literature that represents the state of the art. To aid in
the transfer of information, this chapter has been divided into a number of sections to treat
the widely varying topics independently.
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1.1. The general performance of the Al-alloy classes

The corrosion potential of an aluminium alloy in a given environment is primarily deter-
mined by the composition of the aluminium rich solid solution, which constitutes the pre-
dominant volume fraction and area fraction of the alloy microstructure (Davis 1999). While
the potential is not affected significantly by second phase IM particles of microscopic size,
these particles frequently have corrosion potentials (when measured in isolation) differing
from that of the solid solution matrix resulting in local (micro-) galvanic cells, when IMs are
polarised to the corrosion potential of the alloy. The result is that local currents on the alloy
surface differ, establishing anodes and cathodes. Since most of the commercial aluminium
alloys contain additions of more than one type of alloying element, the effects of multiple
elements on solution potential are approximately additive. The amounts retained in solid
solution, particularly for more highly alloyed compositions, depend on production and ther-
mal processing so that the heat treatment and other processing variables influence the final
electrode potential of the product.

By measuring the potentials of grain boundaries and grain bodies separately, the difference
in potential responsible for local types of corrosion such as intergranular corrosion, exfolia-
tion, and stress corrosion cracking (SCC) can be quantified (Guillaumin and Mankowski
1998; Zhang and Frankel 2003). By measuring the corrosion potential of IMs (Buchheit 1995),
and indeed by measurement of the polarisation response of IMs, even more significant in-
sights into localised corrosion can be gained (Birbilis and Buchheit 2005). Such specialist top-
ics are not dealt with in their entirety herein, however an abridged written summary of the
performance of the key Al-alloy classes (as outlined by the Aluminium Association (Hatch
1984)) is provided below.

1.1.1. Ixxx series alloys

Corrosion resistance of aluminium increases with increasing metal purity, however the use
of the >99.8% grades is usually confined to those applications where very high corrosion re-
sistance or ductility is required. In regards to such specialist applications however, the ac-
tual number of applications are very few. Consequently 1xxx series alloys are not commonly
used or sold (but do serve as important feedstock to secondary alloy producers or produc-
tion). In the instance where general-purpose alloys for lightly stressed applications are re-
quired, such alloys are approximately 99% pure aluminium and offer adequate corrosion
resistance in near neutral environments. 1xxx is also sometimes used in cladding for exam-
ple AA1230 is used as clad on AA2024 (Hatch 1984)

1.1.2. 2xxx series alloys

Copper is one of the most common alloying additions - since it has appreciable solubility
and can impart significant strengthening by promotion of age hardening (in fact, the Al-Cu
system was the classical/original age hardening system (Hatch 1984)). These alloys were the
foundation of the modern aerospace construction industry and, for example AA2024
(Al-4.4Cu-1.5Mg-0.8Mn), which is still used in many applications to this day, can achieve
strengths in excess of 500MPa depending on temper (Polmear 2006).
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1.1.3. 3xxx series alloys

The 3xxx series alloys are a commodity product that is nominally available in the form of
thin sheet (for beverage can usage). The key alloying element, Manganese, has a relatively
low solubility in aluminium but can improve corrosion resistance when remaining in solid
solution. Additions of manganese of up to about 1% form the basis of the non-heat treatable
wrought alloys with good corrosion resistance, moderate strength (i.e. AA3003 tensile
strength ~110MPa) and exceptionally high formability (Polmear 2006).

1.1.4. 5xxx series alloys

Magnesium has significant solubility in aluminium and imparts substantial solid solution
strengthening (which can also contribute to enhanced work hardening characteristics) (Da-
vis 1999; Polmear 2006). The 5xxx series alloys (containing <~6% Mg) do not age harden.
Whilst it is possible for 3-phase (Mg,Al;) to precipitate in systems with above ~3%Mg, the (3-
phase is not a strengthening precipitate and actually weakens the alloy (by depleting the sol-
ute of Mg). Nominally, the corrosion resistance of 5xxx series alloys is good and their
mechanical properties make them ideally suited for structural use in aggressive conditions
(such as marine vessels). Fully work-hardened AA5456 (Al-4.7Mg-0.7Mn-0.12Cr) has a ten-
sile strength of >380MPa. One corrosion issue with fully work-hardened 5xxx series alloys is
that the heavy dislocation density (and supersaturation of the solid solution with Mg) can
permit the sensitization of the microstructure by precipitation of deleterious B-phase
(Mg,Al,;) during sustained high temperature exposure (i.e. in service) (Baer, Windisch et al.
2000; Searles, Gouma et al. 2002; Davenport, Yuan et al. 2006; Goswami, Spanos et al. 2010).

1.1.5. 6xxx series alloys

Silicon additions alone can lower the melting point of aluminium whilst simultaneously in-
creasing fluidity (which is why the vast majority of cast Al products contain various
amounts of Si). These alloys are increasing in importance in automotive applications for en-
gine and drive train components — however are yet to realise the majority of market share.
Heat-treatable Al-Mg-Si are predominantly structural materials (strengths >300MPa are pos-
sible), all of which have an appreciable resistance to corrosion, immunity to SCC and are
weldable. To date, 6xxx series alloys are mainly used in extruded form, although increasing
amounts of sheet are being produced (Birbilis, Muster et al. 2011). Magnesium and silicon
additions are made in balanced amounts to form quasi-binary Al-Mg,Si alloys, or excess sili-
con additions are made beyond the level required to form Mg,Si. Alloys containing magne-
sium and silicon in excess of 1.4% develop higher strength upon aging.

1.1.6. 7xxx series alloys

The Al-Zn-Mg alloy system provides a range of commercial compositions, primarily where
strength is the key requirement (and this can be achieved without relatively high cost or
complex alloying). Al-Zn-Mg-Cu alloys have traditionally offered the greatest potential for
age hardening and as early as 1917 a tensile strength of 580MPa was achieved, however,
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such alloys were not suitable for commercial use until their high susceptibility to stress cor-
rosion cracking could be moderated (Song, Dietzel et al. 2004; Birbilis, Cavanaugh et al.
2006; Lin, Liao et al. 2006; Lynch, Knight et al. 2009). Aerospace needs led to the introduc-
tion of a range of high strength aerospace alloys of which AA7075
(Al-5.6Zn-2.5Mg-1.6Cu-0.4Si-0.5Fe-0.3Mn-0.2Cr-0.2Ti) is perhaps the most well-known, and
which is now essentially wholly superseded by AA7150 (or the 7x50 family). The high
strength 7xxx series alloys derive their strength from the precipitation of n-phase (MgZn,)
and its precursor forms. The heat treatment of the 7xxx series alloys is complex, involving a
range of heat treatments that have been developed to balance strength and stress corrosion
cracking performance - including secondary (or more) heat treatments that can include ret-
rogression and re-aging (Fleck, Calleros et al. 2000; Ferrer, Koul et al. 2003; Zielinski, Chrza-
nowski et al. 2004; Marlaud, Deschamps et al. 2010).

1.1.7. 8xxx series alloys

Nominally reserved for the sundry alloys, 8xxx series alloys include a number of Lithium
(Li) containing alloys. Li is soluble in aluminium to ~ 4 wt% (corresponding to ~ 16 at%). As
these alloys of high specific strength and stiffness readily respond to heat treatment, re-
search and development has intensified due to their potential for widespread usage in aero-
space applications (Lavernia and Grant 1987; Dorward and Pritchett 1988; Giummarra,
Thomas et al. 2007). Based on the impressive lightweight of such alloys, present day aircraft
are comprised of some portion of Al-Li based alloys (modern generations of which actually
include low Li levels and hence are nowadays designated as 2xxx alloys (Ambat and Dwara-
kadasa 1992; Garrard 1994; Semenov 2001; Giummarra, Thomas et al. 2007). First generation
Li-containing alloys displayed some of the highest corrosion rates of all aluminium alloys,
where susceptibility to intergranular corrosion was challenging. Modern Al-Cu-Li seem to
have overcome this challenge; however it is also important to recognise that production re-
quires specialised melting and casting, not presently available in most commercial facilities.

2. Corrosion of aluminium and its alloys in aqueous environment

2.1. Environmental corrosion of aluminium

Corrosion in aluminium alloys is generally of a local nature, because of the separation of
anodic and cathodic reactions and solution resistance limiting the galvanic cell size. The ba-
sic anodic reaction is metal dissolution:

Al — APP*+ 3¢’
While the cathodic reactions are oxygen reduction:
0,+2H,0 + 4e”— 40H"

or hydrogen reduction in acidified solution such as in a pit environment as a result of alumi-
nium ion hydrolysis:
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It is the interaction between local cathodes and anodes and the alloy matrix that leads to
nearly all forms of corrosion in aluminium alloys. These include pitting corrosion, selective
dissolution, trenching, intermetallic particle etchout, intergranular attack and exfoliation
corrosion. Surface and subsurface grain etchout is also influenced by grain energy which is
derived from grain defect density. Grain etchout, has a significant role in exfoliation corro-
sion since the volume of hydrated aluminium oxide generated during dissolution is larger
than the original volume of the grain.

The general consensus for Al and its alloys is that they are resistant towards corrosion in
mildly aggressive aqueous environments. The protective oxide layer represents the thermo-
dynamic stability of Al alloys in corrosive environment - acting as a physical barrier as well
as capable to repair itself in oxidizing environments if damaged. While the passive layer
breakdown mechanism by chloride ions is still in debate (Sato 1990; McCafferty 2010) due to
the complexity of the process (Szklarska-Smialowska 2002), the general consensus is that lo-
calized attack starts by adsorption of aggressive anions and formation of soluble transitional
complexes with the cations at the oxide surface. Thermodynamic principles to explain and
predict the passivity phenomenon that controls the corrosion behavior of Al are summarised
by Pourbaix-type analysis. This results in a plot of potential vs. pH based on the electro-
chemical reaction of the species involved, the representation known as a Pourbaix diagram
(Pourbaix 1974) as shown in Figure 1.
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Figure 1. E-pH diagram for pure Al at 25°C in aqueous solution (adapted from Pourbaix 1974). The lines (a) and (b)
correspond to water stability and its decomposed product.
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It is seen that Al is nominally passive in the pH range of ~4 to 9 due to the presence of an
ALQ; film. In environments that deviate from the near neutral range, the continuity of this
film can be disrupted in which the film becomes soluble, facilitating the relatively rapid of
dissolution the alloy. In the acidic range, Al is oxidised by forming Al*, whilst AlIO* occurs
in alkaline range.

The E-pH diagram gives an impression that corrosion prediction is a straightforward proc-
ess, however in actual engineering applications, there are several variables that weren’t con-
sidered by Pourbaix. These include (i) the presence of alloying elements in most engineering
metals (ii) the presence of substances in the electrolyte such as chloride (albeit that this has
been addressed in more modern computations), (iii) the operating temperature of the alloy,
(iv) the mode of corrosion, and (v) the rate of reaction. Taking these factors into account is
nominally done on a case by case (i.e. alloy by alloy) basis, and a revised version of an E-pH
diagram for 5xxx series alloys in 0.5M sodium chloride is given in Figure 2.
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Figure 2. Mode of corrosion based on experimental data for AA5086 in the presence of 0.5M sodium chloride (adapt-
ed from Gimenez, Rameau et al. 1981)

Figure 2 indicates windows where localized attack is highly possible in the supposed passive
region (Gimenez, Rameau et al. 1981). It is also seen that localised attack is possible across the
whole range of pH depending on the specific potential. One should therefore not rely solely on
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the Pourbaix diagram as a direct index to actual corrosion rates, with rates needing to be inde-
pendently measured for a given alloy-electrolyte combination (Ambat and Dwarakadasa
1992). Finally, whilst not to be discussed in detail here, it is prudent to indicate that effectively
all Al-alloys donot attain practical/empirical immunity as evidence in Figure 1. Cathodic polar-
isation tends to contribute to alloy deterioration by two modes. Firstly, the accumulation of hy-
droxyl ions at the Al-surface will cause chemical dissolution of the Al. Secondly, Al is a very
strong hydride former, and hydrogen from the cathodic reaction at such negative potentials
will serve combine with Al to form hydrides (Perrault 1979).

2.2. Kinetic stability of aluminium alloys

Kinetics represents the rate of reaction during corrosion. When exposed to an aqueous envi-
ronment, metals stabilise to a value of electrochemical potential that is characteristic of the
material and its composition for a given electrolyte. This potential is the potential at which
anodic and cathodic reactions upon the metal surface are equal, and the value of this poten-
tial is thus significantly influenced by factors that can alter the relative rates of anodic or
cathodic reaction efficiency upon the metal surface (i.e. alloying, precipitate state, etc.).

Most typically, the potentiodynamic polarisation test is used to characterise the corrosion per-
formance of an alloy (as far as determination of mechanistic aspects from an instantaneous test).
This method gives vital kinetic information such as current density over a range of potentials,
pitting potential (if it exists), corrosion potential, the passive current density and potentially
more information in reverse scans, etc. Thus factors affecting corrosion as discussed in the pre-
vious sections can be evaluated with much higher confidence. For example, Figure 3 shows a
polarisation curve of Pure Al compare to AA2024-T3 (Al-4.3Cu-1.5Mg-0.6Mn) in 0.1M NaCl.
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Figure 3. Polarisation curve of pure Al and AA2024-T3 exposed to 0.1M NaCl for 7 days collected at TmV/s (adapted
from (Sukiman, Birbilis et al. 2010))
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Comparison of alloy behavior and dominant reactions can be made in a quantitative man-
ner. The anodic branch of the polarisation curve gives information related to the anodic/
dissolution reaction while the cathodic branch represents the reduction reaction (nominally
oxygen reduction, but at lower potentials or in strong acids, water reduction). The addition
of more noble alloying elements typically increases the corrosion potential to more noble
values (Davis 1999) and this is dramatically observed in Figure 3. This ennoblement howev-
er does not correlate to the rate of corrosion (as judged by Figure 3), whereby we see the
pure Al versus AA2024-T3 has a difference in potential of ~0.5V. In addition, the main prac-
tical threat for Al alloys is localised attack such as pitting, so in that vein, a more noble value
of pitting potential does not necessarily signify a better corrosion resistance (Frankel 1998;
Birbilis and Buchheit 2005). Rather generally, the electrochemical reactions upon Al-alloys
are heavily influenced by the chemistry and microstructure of the alloy — which we attempt
to discuss in the following section.

Moving beyond potentiodynamic polarisation towards a true measure of kinetic stability in
the E-pH domain (similar in concept to Pourbaix diagrams however which give ‘speed” and
not just thermodynamic likelihood) there are tests which can be done in this regard. In order
to develop an improved understanding of overall kinetic stability of a metal over the poten-
tial-pH space, methods including the staircase potentio-electrochemical impedance spectro-
scopy (SPEIS) can be used to establish so-called kinetic stability diagrams, as previously
demonstrated for pure Al (Zhou, Birbilis et al. 2010) and depicted in Figure 4. The specifics
of SPEIS will be introduced in section 5.3.
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Figure 4. Contour plots of 1/RP for the E-pH space and their data for (a) A portion of a 99.9999% Al ingot single crys-
tal and (b) a polycrystalline specimen from the identical ingot in (a) (adapted from (Zhou, Birbilis et al. 2010)

In Figure 4, presentation of the reciprocal of polarisation resistance (1/Rp) is the metric of re-
action ‘speed’, as it is proportional to the reaction rate at a given condition. The influence of
potential and pH is presented not only for pure Al in the sample which was single crystal,
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but also for a polycrystalline sample. As a result, one is also able to assess the effect of grain
structure from Figure 4. Most importantly however, Figure 4 reveals that the rate of reaction
stays in a low range in areas that extend beyond that of the Pourbaix diagram in terms of
certain E-pH combinations — indicating that although Al may be in a thermodynamically
unstable region, the reaction rate can be maintained to be low enough to make it still be use-
ful in an engineering context. Similarly, there are regions of high potential where pure alu-
minium may be in a thermodynamically stable region, but unusable — owing to transpassive
dissolution. Finally, in terms of microstructure effects, it is seen that the exact same material
can have a different kinetic response based on structural factors alone. Such differences are
not detectible or predicted from thermodynamic analysis in any way, and this highlights the
importance of approaches which provide kinetic information to meet demands of engineer-
ing applications.

2.3. The property space and corrosion property profile of aluminium alloys

As technologies continue to advance with more challenging applications and environments,
a general understanding of durability limits across the class of Al-alloys is essential. Dura-
bility needed in a broad sense is the ability to withstand an environment while maintaining
mechanical integrity. This indicates a requirement to understand the property space for Al
and its alloys. Figure 5 shows a trend that is in line with the notion that increases in hard-
ness (used here as a proxy to yield strength) show increases in corrosion rate.
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Figure 5. Corrosion rate as determined from weight loss data for commercial Al alloys collected after 14 days expo-
sure in quiescent 0.1M NaCl presented against alloy hardness.
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From Figure 5, it can be argued that the data is divided into two main groups, one at each
end of the corrosion rate spectrum. High hardness/strength aluminium alloys were found to
populate the high corrosion rate space. This is in contrast to the medium to low hardness/
strength alloys that revealed considerably lower corrosion rates. The alloys that show the
highest corrosion rates are the “precipitation hardenable” family. Besides the high number
density of precipitate particles in such alloys, they also contain an appreciable population of
constituent type particles (Chen, Gao et al. 1996; Wei 2001; Andreatta, Terryn et al. 2004;
Ilevbare, Schneider et al. 2004; Birbilis, Cavanaugh et al. 2006; Boag, Hughes et al. 2009;
Hughes, MacRae et al. 2010; Xu, Birbilis et al. 2011). These particles are industrially necessa-
ry, since the complex chemistry of precipitation hardenable alloys (that can contain up to 10
alloying elements) have significant alloying additions added via alloy rich master alloys. It
is also observed that the alloys that show the highest corrosion rates also contain apprecia-
ble amount of copper.

The plot in Figure 5 allows one to identify a region of property space (at the top left corner)
that has potential for future alloys, with ongoing efforts aiming to reach such space (in addi-
tion to controlling ductility). Efforts that regard in are underway, focusing on corrosion rate
(Carroll, Gouma et al. 2000; Norova, Ganiev et al. 2003; Rosalbino, Angelini et al. 2003; Cav-
anaugh, Birbilis et al. 2007; Lucente and Scully 2007; Fang, Chen et al. 2009; Graver, Peder-
sen et al. 2009; Ralston, Birbilis et al. 2010; Tan and Allen 2010; Xu, Birbilis et al. 2011;
Brunner, Birbilis et al. 2012) and strength (Poole, Seter et al. 2000; Pedersen and Arnberg
2001; Fuller, Krause et al. 2002; Raviprasad, Hutchinson et al. 2003; Lee, Shin et al. 2004; Oli-
veira Jr, de Barros et al. 2004; Zhao, Liao et al. 2004; Kim, Kim et al. 2005; Teixeira, Bourgeois
et al. 2007; McKenzie and Lapovok 2010; Wang, Zhang et al. 2010; Puga, Costa et al. 2011;
Zhong, Feng et al. 2011, Westermann, Hopperstad et al. 2012). However, such studies are
done independently of both properties thus the symbiotic effect can’t be readily evaluated to
date.

3. Corrosion of aluminium and its alloys in aqueous environment

3.1. The role of chemistry on corrosion

Alloying elements are added to aluminium for various reasons, with improving mechanical
properties the principal reason. These elements introduce heterogeneity into the microstruc-
ture, which is the main cause of localised corrosion that initiates in the form of pitting. Each
alloying element has a different effect on the corrosion of Al, and in this section we briefly
discuss the role of alloying elements on corrosion of Al

3.1.1. Influence of magnesium

Mg is one of the major elements added to Al to improve mechanical properties by solid sol-
ution strengthening — and can be found in 5xxx alloys, as well as 2xxx, 3xxx, 6xxx and 7xxx
commercial alloys. Mg can stabilize GP zones, has a high solubility in Al and decreases the
alloy density. Muller and Galvele showed that Mg when present in solid solution does not
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have a significant effect on the pitting corrosion of Al which can be understood on the basis
of standard potentials of Al and Mg (Muller and Galvele 1977). Moreover, Mg decreases the
rate of the cathodic reaction when present in solid solution, increasing corrosion resistance,
which may appear counterintuitive, but is rather obvious (as Mg has a very low exchange
current density and hence retards the cathodic reaction). In contrast, excess amounts of Mg
in the alloy or a long term exposure to elevated temperature will cause the precipitation of
either AltMg, or Al;Mg, (Searles, Gouma et al. 2002; Davenport, Yuan et al. 2006; Oguocha,
Adigun et al. 2008; Jain, Lim et al. 2012). These phases form typically along grain boundaries
(Baer, Windisch et al. 2000; Goswami, Spanos et al. 2010) and are known to be anodic with
respect to Al matrix therefore prone to localized corrosion (Vetrano, Williford et al. 1997;
Aballe, Bethencourt et al. 2001; Jones, Baer et al. 2001; Brunner, May et al. 2010). Mg in 2xxx,
6xxx and 7xxx alloys however, forms precipitates with other alloying elements to strengthen
the alloy where role of Mg mainly depends upon the other alloying additions (Ringer, Hono
et al. 1996; Buchheit, Grant et al. 1997; Campestrini, van Westing et al. 2000; Guillaumin and
Mankowski 2000; Eckermann, Suter et al. 2008).

3.1.2. Influence of silicon

The addition of Si in conjunction with Mg, which is typical in 6xxx series Al alloys, allows
Mg,Si particles to precipitate. There is vast literature on the chemical composition of the Mg-
Si phase and its role on mechanical properties (Hirth, Marshall et al. 2001; Usta, Glicksman
et al. 2004; Stelling, Irretier et al. 2006; Eckermann, Suter et al. 2008; Zeng, Wei et al. 2011).
This particle is beneficial in terms of increasing strength but renders the alloy prone to local-
ised corrosion (Eckermann, Suter et al. 2008). The electrochemical behavior of Mg,Si was in-
vestigated recently and it was shown that Mg,Si remains more ‘anodic’ (i.e.. less noble) than
the matrix in Al-alloys. As a consequence of this, Mg,Si remains anodic and undergoes se-
lective dissolution in the Al-matrix. Some 6xxx series alloys contain excess Si. Excess amount
of Si however increases the cathodic reaction rate (Eckermann, Suter et al. 2008) and are un-
favorable since Si tends to be present along the grain boundary and this may lead to inter-
granular corrosion and stress corrosion cracking (Guillaumin and Mankowski 2000; Larsen,
Walmsley et al. 2008; Zeng, Wei et al. 2011).

3.1.3. Influence of copper

The presence of Cu is viewed as detrimental to corrosion due to the formation of cathodic
particles capable of sustaining the cathodic reaction locally and efficiently, such as Al,Cu
and AlCu,Mg. In some cases where low Cu content is used, the impact of Cu is minimal,
however given that corrosion is not the principal alloy design criteria in most instance, Cu is
common in many (most) Al-alloys. The 2xxx series alloys are Cu rich, however Cu is added
to other alloy classes such as the 6xxx series where it can increase strength when present in
trace amounts, and also enhance precipitation hardening. The same is true in 7xxx alloys,
with most modern aerospace alloys having appreciable amounts of Cu that can increase
strength by modifying precipitation and minimising SCC via incorporation into precipitates
(such as Mg(Zn,Cu),).

47
Chapter 2. Literature Review



Durability and Corrosion of Aluminium and Its Alloys: Overview, Property Space, Techniques and Developments
http://dx.doi.org/10.5772/53752

In general however, there is still some debate on the precise role of Cu, which also depends
on the temper condition. Muller and Buchheit found that Cu in the form of solid solution
decreases pitting susceptibility through the ennoblement of pitting potential. While Muller
and Galvele reported an increase in pitting potential for solid solution content of Cu up to 5
wt%. In the case of Al-Cu-Mg alloys which contain S phase (Al,CuMg), large differences in
solution potential between Cu (highly noble) and Mg exist, with significant focus on corro-
sion of S phase (Buchheit, Grant et al. 1997; Guillaumin and Mankowski 1998; Buchheit,
Montes et al. 1999; Ilevbare, Schneider et al. 2004; Boag, Hughes et al. 2011) revealing deal-
loying and selective dissolution that leads to preferential dissolution of Mg and Al with Cu
remnant being redistributed at or near the site of the AL,CuMg. A range of other particles
associated with Cu have been reported such as Al,Cu,Fe. However recent microprobe stud-
ies of a number of batches of AA2024-T351 indicate five common compositions across mod-
ern alloys which do not have the same composition as older alloy stock indicating that this
is still an active area of research (Hughes, Glenn et al. 2012). In general, Cu, or Cu containing
particles are capable of supporting high oxygen reductions rates and hence undesirable
from corrosion perspective (Mazurkiewicz and Piotrowski 1983; Scully, Knight et al. 1993;
Buchheit 2000; Birbilis, Cavanaugh et al. 2006).

3.1.4. Influence of zinc

In high strength commercial aluminium alloys such 7xxx series alloys, Zn is added to stimu-
late precipitation hardening. Alloys containing high levels of Zn such as the modern aero-
space alloys 7050 and 7150 are amongst the highest strengths of Al-alloys owing to the high
number density of precipitates such as MgZn, which is evenly distributed throughout the Al
matrix (Ringer, Hono et al. 1996; Andreatta, Terryn et al. 2004; Sha and Cerezo 2004; Birbilis
and Buchheit 2005; Polmear 2006) in 5xxx alloys. The addition of Zn to Al-Mg alloys was re-
ported to improve resistance against SCC (Unocic, Kobe et al. 2006) where a small amount of
Zn added into AA5083 alloy was found to reduce the corrosion - reporting that Zn can pro-
mote the formation of Al-Mg-Zn (1t phase) instead of Al;Mg, (3 phase) the latter of which is re-
sponsible for stress corrosion cracking (Carroll, Gouma et al. 2000; Carroll, Gouma et al. 2001).

3.1.5. Influence of iron

Iron is typically present as an impurity in all commercial Al alloys due to the production
process of Al alloys. Unless specifically required for specialist applications, it is simply too
expensive to remove all iron (even in aluminium destined for aerospace applications). De-
spite having a small fraction of the composition, iron is detrimental to corrosion due to its
low solubility and hence ability to form constituent particles which are cathodic to the Al-
matrix such as Al;Fe (Nisancioglu 1990). Additionally, iron is capable of sustaining cathodic
reactions more efficiently than Al (Galvele 1976; Szklarska-Smialowska 1999). In more com-
plex alloys, Fe can also combine with other alloying elements such as Mn or Cu (in the latter
case forming Al,Cu,Fe), which are also a major issue for corrosion (Birbilis, Cavanaugh et al.
2006) since the combination of Fe and Cu provides even greater cathodic efficiency for such
particles. Corrosion associated with such noble cathodic constituents/intermetallics leads to
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an increase in local pH of the solution further enhancing anodic dissolution of the Al matrix
adjacent to say, Al;Fe (Seri 1994; Park, Paik et al. 1999; Birbilis and Buchheit 2005; Ambat,
Davenport et al. 2006).

3.1.6. Influence of manganese

The addition of Mn is effective in reducing the pitting susceptibility of Al alloys particularly
in the context of modifying Fe containing intermetallic particles (Nisancioglu 1990) (where
Mn can substitute for Fe, rendering the resulting constituent particle somewhat less noble)
The presence of Mn has been noted as reducing the concentration of Fe and reducing the
degree of resultant corrosion (Koroleva, Thompson et al. 1999); owing to the formation of
AlMnFe has a similar electrochemical potential with that of the Al matrix. However, it has
also been noted that an excess of Mn can lead to an increase in the cathodic activity when
beyond the solubility limit (solubility of Mn in Al is 1.25 wt%) — with constituents such as
Al,Mn readily forming (Liu and Cheng 2010). Generally however, the presence of Mn con-
stituent particles are not as detrimental as particles rich in Fe or Cu (Birbilis and Buchheit
2005; Cavanaugh, Birbilis et al. 2007), which is evidenced by the reliable corrosion perform-
ance of 3xxx commercial Al alloy (Zamin 1981; Seri and Tagashira 1986; Tahani, Chaieb et al.
2003; Liu and Cheng 2011).

3.1.7. Influence of lithium

The addition of Li in Al alloys is efficient at significantly reducing alloy density whilst in-
creasing strength — making it an obvious contender in the range of transport, namely aero,
applications. Al-Li alloys are a rather specialised field that spans the past five decades, with
descriptions originally in the 8xxx series compositional space (with principally Li rich com-
positions). Such so-called 1% generation Al-Li alloys were only used in specialised applica-
tions owing to their susceptibility to cracking. The cracking issue was later managed via
new alloy compositions and thermomechanical processing (2™ generation Al-Li alloys),
however until relatively recently Al-Li alloys were not so popular owing to relatively high
corrosion rates and localised forms of corrosion propagation. Most recently, the 3" genera-
tion of Al-Li alloys has gained significant attention and growing usage in commodity aero-
space applications. These 3™ generation alloys are actually 2xxx series alloys, with less Li
than Cu. These new 2xxx series alloys will be a significant alloy of the future, whilst still fur-
ther research is required (from a corrosion perspective) to fully understand the performance,
particularly as a function of thermomechanical treatment. Some abridged information re-
garding the role of Li upon corrosion is included here. In Li rich alloys, the formation of
strengthening phase, AL;Li which is dispersed homogeneously throughout the matrix, is re-
sponsible for the increase in strength (Lavernia and Grant 1987). It is however detrimental to
corrosion as AL Li initially form along the grain boundaries. As Li is an active (i.e. less noble)
element, this will localise dissolution to Li rich regions and therefore susceptibility to attack
such as intergranular corrosion is high (Martin 1988). When Cu is also added in conjunction
with Li (in alloys such as AA2090) the precipitation of phases such as T; (Al,CuLi) occurs.
There are two modes of attack associated with T), one of which T, at the precipitate free
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zone is dissolved forming small pits, while the other is when T, undergo selective dissolu-
tion along with dissolution of the adjacent Al matrix leaving larger pits (Buis and Schijve
1992; Buchheit, Wall et al. 1995).

3.1.8. Influence of activating elements (i.e. Pb, Sn)

Lead (Pb) and tin (Sn) are usually present in low levels as trace elements (Gundersen, Aytag
et al. 2004; Premendra, Terryn et al. 2009). When present in trace amounts, their influence is
minimal or negligible. When (by say, recycling or contamination) the levels rise above the
solubility limits, the presence of Pb leads to segregation that results in Pb-rich film at the
metal - oxide interface when the alloy is heat treated at elevated temperature (Seevik, Yu et
al. 2005) causing the Al oxide film to destabilise particularly in the presence of chloride. The
disruption of Al oxide film leads to an increase in anodic reaction rate which not only in-
creases the pitting susceptibility, but can activate the entire surface. This process is called
anodic activation, and has been well documented for a number of years by studies from the
group of Nisancioglu (Keuong, Nordlien et al. 2003; Gundersen, Aytag et al. 2004; Yu, Saevlk
et al. 2004; Yu, Seevik et al. 2005; Walmsley, Seevik et al. 2007; Jia, Graver et al. 2008; Graver,
Pedersen et al. 2009; Anawati, Graver et al. 2010; Graver, van Helvoort et al. 2010; Anawati,
Diplas et al. 2011). There have been some efforts to reduce the activation effect of Pb by ad-
dition of more noble alloying elements such as Cu in the hope that the addition of Cu may
alter the surface potential - hence reducing the activation (Anawati, Diplas et al. 2011). A
similar result was observed for the addition of Mg (Jia, Graver et al. 2008), however, such
methods are not viable on the basis that the Pb interfering with the oxide is an effect in addi-
tion to any changes in the alloy potential. The presence of Sn along with Pb however re-
duces the dissolution rate when annealed at the maximum temperature of 600°C for an hour
at which Sn is found to dissolve in the aluminium solid solution diluting the Sn concentra-
tion on the surface (Graver, Pedersen et al. 2009).

3.1.9. Influence of other element, including Zr, Cr, Sc, Ti, W and Sr

These elements are typically added independently in small amounts (i.e. <0.2 wt%) for the
purpose of grain refinement, to reduce recrystallisation as well as minimising the effect of
intermetallic compounds (Vetrano, Henager Jr et al. 1998). Elements such as Zr and Ti are
able to form intermetallics at high temperatures in the Al melt, and persist as finely dis-
persed particles of Al,Zr and AL Ti within the solidified matrix, which, based on their fine
size (i.e. <<1 um), have a minimal impact on corrosion (Scully, Knight et al. 1993). Similarly
with scandium (Sc) additions above the solubility limit the formation of Al;Sc will occur,
contributing to the strength and significantly reducing recrystallisation during thermome-
chanical processing (Cavanaugh, Birbilis et al. 2007). In general, and neglecting Al;Fe, such
dispersoids are based on the Al;X system where X is Zr, Ti, Sc, Er, etc, and taking the form
of fine insoluble dispersoids which are functional in grain inoculation and refinement. As
such, there are specific alloying additions of Ti and Zr to high strength alloys such as
AA7075 (Senkov, Bhat et al. 2005; Zou, Pan et al. 2007; He, Zhang et al. 2010).
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Whilst not studied in detail, it has been posited that the ability to suppress recrystallisation
leads to lower corrosion rates by avoiding the formation of high angle grain boundaries
(Fang, Chen et al. 2009). Furthermore, there are also complex second and third order interac-
tions between sparingly soluble elements that extend beyond the predictions of simple
phase diagrams. An example is that the addition of Sr will impact intermetallics such as
Al;FeSi, making them smaller in both their size and volume fraction (Ashtari, Tezuka et al.
2003; Eidhed 2008). Such an effect has a role in corrosion by minimising the number of inter-
metallic sites. The purpose however of this section, is not to describe the metallurgy, as that
has been done classically as far back as Mondolfo (Mondolfo 1971; Mondolfo and Barlock
1975), but to emphasise the microstructures direct impact on corrosion.

In common alloys prepared by conventional casting technologies, transition metals (TMs) such
as W, Mo and Cr are not employed owing to their very low solubility limits. However it is im-
portant to note that when prepared in sputtered or thin film forms, such Al-TM alloys display
the lowest corrosion rates of all the Al-alloys. Shaw successfully produced the alloys by sput-
ter deposition and found that these elements increased the pitting potential and passivity of
the alloys as well as inability to form second phase upon heat treatment (Shaw, Fritz et al. 1990;
Shaw, Davis et al. 1991). The work of Frankel also showed promising results (Frankel, Russak
et al. 1989; Frankel, Davenport et al. 1992; Tailleart, Gauthier et al. 2009).

3.2. The role of microstructure on corrosion

In order to understand the corrosion performance of Al alloys, and following on from the
previous section, an appreciation of the microstructure is vital. Alloying elements and ther-
momechanical processing play an important role in dictating the type of microstructure pro-
duced. For homogeneous alloys, such as pure Al or 5xxx series alloys, corrosion
susceptibility is low due to lack of pre-existing microstructural attack sites. The main con-
cern however is regarding heterogeneous alloys, particularly the higher strength Al alloys
such as the 2xxx, 7xxx and heat-treatable 6xxx series, where microstructural heterogeneity is
a necessity. The most common features of a microstructure are the intermetallic particles
which are classified into precipitates (forming from nucleation and growth, nominally 1Inm
to 300nm in diameter), constituent particles (from insoluble or impurity elements, unable to
redissolve, nominally a few microns, to a few tens of microns, in size) and dispersoids (nom-
inally << 1 micron in size) (Polmear 2006). Each of these features consists of different electro-
chemical characteristics (including their native electrochemical potential and the currents
they can sustain at a given potential characteristic of the alloy which they populate) and act
as the sites which dictate the severity of corrosion attack. Work on categorising such inter-
metallics in relation to corrosion is plentiful and now has been going on for several decades
(Mazurkiewicz and Piotrowski 1983; Scully, Knight et al. 1993; Buchheit, Grant et al. 1997;
Birbilis and Buchheit 2005; Eckermann, Suter et al. 2008; Goswami, Spanos et al. 2010; Boag,
Hughes et al. 2011; Hughes, Boag et al. 2011). We make the distinction in this chapter that
whilst such intermetallics are responsible for corrosion initiation steps, including pitting, we
will not cover corrosion propagation in detail (i.e. stress corrosion, or intergranular corro-
sion) since they would require a dedicated chapter.
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The knowledge of intermetallic chemistry and the electrochemistry allows a prediction of
the mode of corrosion and the propensity of the attack (Cavanaugh, Buchheit et al. 2009).
Theoretically, a more active particle (i.e. less noble) will become a local anode and conse-
quently corrode while the more noble particles become cathodes (Szklarska-Smialowska
1999). This is not always a true reflection of kinetics however, as reported by Birbilis where
the capability of the element to sustain the cathodic reduction process can not be the de-
duced by relative nobility as well (Birbilis and Buchheit 2005). As corrosion occurs upon Al
alloys, particularly pitting and early damage accumulation, two types of corrosion mode are
identified. In one mode of attack whereis the intermetallic is classified as a cathode, the sur-
rounding matrix tends to corrode leaving a ring shape around the particle or also called
trenching. There is still some uncertainty on whether or not the trench itself is a result of mi-
crogalvanic coupling alone, or if the major contributor is local pH elevation, however a good
treatise of this topic was given in a multi-part series of papers by the group at Virginia (Ilev-
bare, Schneider et al. 2004; Schneider, llevbare et al. 2004; Schneider, Ilevbare et al. 2007). In
some cases damage may propagate to the base of the particle and eventually lead to particle
fall out (Buchheit, Grant et al. 1997). The other mode of attack is when the intermetallic acts
as anode and matrix as cathode; whereby the intermetallic will corrode leaving a cavity on
the surface. Finally, in some microstructurally complex systems with ternary and above al-
loying additions, another type of attack found to not follow the traditional way of determin-
ing anode and cathode is incongruent dissolution commonly found in 2xxx and 7xxx due to
the presence of S phase (Al,CuMg) (Buchheit, Grant et al. 1997; Guillaumin and Mankowski
1998). This intermetallic contains Cu and Mg, whereby (Blanc, Lavelle et al. 1997; Buchheit,
Martinez et al. 2000)., S phase experiences selective dissolution of the highly active Mg
hence leaving Cu remnants at the bottom of the pit (Buchheit, Grant et al. 1997; Biichler, Wa-
tari et al. 2000) or redistrubuted near the particle site. Although the more detailed study of
Boag et al. indicated that Al might be preferentially removed in the initial stages of attack on
S-phase (first 2.5 minutes) as both Cu and Mg were observed to be present after Al dissolu-
tion at 5 minutes. This may have been due to a combination of the types of aluminium hy-
droxyl-chloro complexes that form and the partial switching of the areas of S-phase to Cu
remnants where cathodic reactions lead to the formation of insoluble Mg(OH), (Boag,
Hughes et al. 2011). After 15 minutes the Mg is removed as well and no chloride was detect-
ed on these particles. The attack then continues with the dissolution of Al matrix (Buchheit,
Grant et al. 1997; Guillaumin and Mankowski 1998). Localized attack of the intermetallic al-
so influenced by the chloride content and pH of the electrolyte. Higher chloride content is
widely reported to have higher pitting occurrence due to passive layer disruption of chlor-
ide ions (Seri 1994; Blanc, Lavelle et al. 1997; llevbare, Schneider et al. 2004) but this does not
necessarily mean the pit will propagate deeper (Cavanaugh, Buchheit et al. 2010). There ex-
ists a dedicated monograph on this topic (Muster, Hughes et al. 2009). It has also been noted
that the intermetallic Mg,Si can undergo similar incongruent dissolution, whereby Si enrich-
ment occurs at the expense of dissolving Mg (Birbilis and Buchheit 2005; Jain, 2006; Ecker-
mann, Suter et al. 2008; Gupta, Sukiman et al. 2012).

The revelation of a large number of microstructure vs. corrosion micrographs will not be
done herein, however if the readers are interested, a nice expose of such images exists in
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Cavanaugh (Cavanaugh 2009). Instead, a demonstration is given here. Figure 6 shows the
micron scale microstructure for 2024-T3 and 5083-H116 before and after corrosion expo-
sure in 0.1M NaCl for 14 days. These relatively low magnification images do not reveal
the precipitate structure in AA2024-T3, instead showing the coarse intermetallics that ex-
ist in the alloys. What is observed is that a higher intermetallic density gives more possi-
ble sites for localised attack. In the relatively widely studied 2024-T3 (Guillaumin and
Mankowski 1998; Schmutz and Frankel 1998; Campestrini, van Westing et al. 2000; Leb-
lanc and Frankel 2002; Boag, Hughes et al. 2009; Hughes, MacRae et al. 2010; Ralston, Bir-
bilis et al. 2010; Boag, Hughes et al. 2011; Hughes, Boag et al. 2011; Zhou, Luo et al. 2012).
pitting attack is associated with the Cu containing intermetallic such as S phase (coarse
and precipitated) and the intermetallic density in AA2024-T3 is high, owing to the very
large number of alloying elements which can leave the possibility of forming constituent
particles based on Fe, or Si, or Cu, or Mn, etc. In contrast to AA2024, the alloy 5083-H116
with a smaller number of alloying elements, and Cu free, has a lower constituent number
density. in addition to the Mg remaining in solid solution and reduces the susceptibility
to localised attack (Vetrano, Williford et al. 1997; Aballe, Bethencourt et al. 2001; Yasakau,
Zheludkevich et al. 2007).

200um

Figure 6. SEM images for AA2024-T3 and AA5083-H116 before exposure in (a) and (c) and after exposure in 0.1M
NaCl for 14 days in (b) and (d). These are comparative images to show the extent of damage following immersion.
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4. Corrosion protection

This section covers general approaches to protection of aluminium alloys in view of recent
advances in the understanding of alloy microstructure. It includes an overview of pretreat-
ment processes such as anodising, conversion coating and organic coatings (barrier and in-
hibitor combinations). It will examine recent advances in inhibitor design such as building
in multifunctionality and touch upon self-healing coating systems. Approaches using multi-
functionality can target anodic and cathodic reactions more effectively than using individual
monofunctional inhibitors.

Standard metal finishing processes, which have been used for many years, are likely to con-
tinue to be used into the future unless they contain chemicals that are targeted for replace-
ment such as chromium. The function of these coatings is primarily to provide better
adhesion properties for paint coatings and a secondary role is to provide corrosion protec-
tion. The general approach for applying these coatings relies on metal finishing treatments
(treatment prior to painting involving immersion in acidic and alkaline baths)) with the ob-
jective of reducing the heterogeneous nature of the metal surface such as removing the
NSDL and second phase particles (Muster 2009). This is achieved in multistep treatment
processes for metal protection (Twite and Bierwagen 1998; Buchheit 2003; Muster 2009) as
for instance:

* selective deoxidation (IM particle removal and surface etching);

* deposition or growth of a manufactured oxide via electrochemical (anodising) or chemi-
cal (conversion coating) means;

* use of an organic coating for specific applications, normally including a primer and a top-
coat.

On aluminium, most anodised coating processes produce an outer oxide with a cellular struc-
ture on top of a thin barrier layer that provides some protection against corrosion. Inhibitors
can be incorporated into the outer porous layer of the anodized layer during formation or as a
seal after formation to offer some extra protection upon damage. Chromic acid anodizing is
one of a number of processes that are available for electrochemical growth of surface protec-
tive oxides. More environmentally friendly alternatives to chromic acid anodizing such as sul-
turic, sulfuric-boric, sulphuric-tataric and phosphoric based processes have been available for
a long time. There have been a number of recent advances in reducing the energy consump-
tion of anodizing processes as well as improving coating properties. These advances are based
on an improved understanding of the alloy microstructure described above and involve selec-
tive removal of second phase particles as part of the anodising process.

An alternative approach to anodizing is to precipitate a coating on a surface through chemi-
cal means called conversion coatings. For high strength Al-alloys such as 2xxx and 7xxx ser-
ies chromate conversion coating (CrCC) is still the preferred process. Replacements for the
toxic chromate-based conversion coatings include a range of treatments based on self-as-
sembled monolayers, sol-gel chemistries, Ti/Z oxyfluorides, rare earth, cobalt, vanadates,
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molybdates and permanganate processes (Twite and Bierwagen 1998; Buchheit 2003; Kendig
and Buchheit 2003). These processes are widely developed for chemically pretreated surfa-
ces that have nearly all the IM particles removed (by chemical pretreatment) and are not
specifically designed to address electrochemical and compositional variations found for a
heterogeneous surface such as when the IM phases are present. Work like that in (Buchheit
and Birbilis 2010) depicting the reaction rate variation across the surface, however, opens an
avenue to start designing inhibitors where the initial reaction rate distribution across a sur-
face can be significantly reduced to limit the overall activity of the surface. In this context
reaction of inhibitive phases with manufactured IM compounds as well as IM particles with-
in the alloy have been studied for a number of systems (Juffs, Hughes et al. 2001; Juffs 2002;
Juffs, Hughes et al. 2002; Birbilis, Buchheit et al. 2005; Scholes, Hughes et al. 2009).

Once the anodised or conversion coating is applied, the surface is ready to receive the or-
ganic coating. There are many different types of organic coatings, however because of the
focus on 2xxx and 7xxx alloy used in the aerospace industry this section will only deal with
that application area. The organic coating system usually consists of a primer and a topcoat.
The primer is the main protective layer including corrosion inhibitors that can be released
when corrosive species or water reach the metal. From the perspective of providing protec-
tion for the underlying aluminium alloy, the inhibitor needs to be available during a corro-
sion event at a concentration higher than the minimum concentration at which the inhibitor
stops corrosion (critical concentration). While this sounds obvious, the critical inhibitor con-
centration needs to be maintained over many years for structures such as airframes, where
maintenance may not be possible in parts of the aircraft because of poor access. The chro-
mate systems itself provide continuous protection and repair to the surface for as long as the
dose of chromate remains above the critical concentration. This mechanism of inhibitor re-
lease and metal protection is recognized as a self-healing mechanism, since the release of the
active species recovers the protective layer on top of the metal.

The search for green inhibitors as replacements for chromate has been driven by legisla-
tive imperatives for a number of years. Needless to say, replacement inhibitors do not
have the same intrinsic inhibitive power at low solubility as chromate. Thus solubility, in-
hibitive power and transport within the primer system (which consists of a number of in-
organic phases as well as the epoxy) ultimately mean that finding a replacement for
chromate is difficult. This means that alternatives must be present at higher concentration
leading to the use of more soluble compounds and consequently encapsulation as a meth-
od of regulating the response to external or internal triggers emerges as a prospective
way to achieve this objective.

Many current inhibitors are water soluble salts and thus ionic. Consequently, they exist as
either anions or cation in solution and perform the single function of anodic or cathodic in-
hibition. So the simplest improvement to inhibitor design is to increase the functionality by
finding compounds which play both a cationic and anionic inhibitive role. A large range of
cations including Zn, Ca, and rare earths (Bohm, McMurray et al. 2001; Du, Damron et al.
2001; Kendig and Buchheit 2003; Taylor and Chambers 2008; Muster, Hughes et al. 2009)
have been combined with either organic (Osborne, Blohowiak et al. 2001; Sinko 2001; Voevo-
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din, Balbyshev et al. 2003; Khramov, Voevodin et al. 2004; Blin, Koutsoukos et al. 2007; Tay-
lor and Chambers 2008; Muster, Hughes et al. 2009) or inorganic (oxyanions, carbonates,
phosphates, phosphites, nitrates, nitrites, silicate (Bohm, McMurray et al. 2001; Sinko 2001;
Blin, Koutsoukos et al. 2007; Taylor and Chambers 2008) compounds.

Anions with dual functionality, such as some of the transition metal oxyanions which are
both oxidants and anions, have been investigated extensively. The oxidizing oyxanions or
some organophosphates have some degree of bio-inhibition required for some applications.
Substitution of different organophosphates into rare earth-based inhibitors provide versatili-
ty in designing inhibitors for specific applications (Birbilis, Buchheit et al. 2005; Hinton, Du-
brule et al. 2006; Ho, Brack et al. 2006; Blin, Koutsoukos et al. 2007; Markley, Forsyth et al.
2007; Markley, Hughes et al. 2007; Forsyth, Markley et al. 2008; Deacon, Forsyth et al. 2009;
Scholes, Hughes et al. 2009). Thus Ce(di-butyl phosphate); is a good inhibitor and relatively
“green” whereas Ce(di-phenyl phosphate); is also a good inhibitor, but the diphenyl phos-
phate also has strong bio-inhibition characteristics (Garcia 2011). However, good bio-inhibi-
tion usually means that there are increased environmental and health risks. Obviously the
number of cathodic and anodic inhibitors means that there are an enormous number of pos-
sible combinations, particularly if ternary and quaternary combinations are considered.
Hence high-throughput techniques are being used to assess new inhibitor.

As pointed out above, the kinetics of inhibitor release are of the utmost importance since the
inhibitor should be available at levels above the critical inhibitor concentration. Optimiza-
tion of the release kinetics by novel delivery systems becomes integral to incorporation of
new inhibitors.

There are a number of different mechanisms investigated for release of healing agents or
corrosion inhibitors which can be incorporated into organic coatings. Both mechanical dam-
age and water are triggers for inhibitor release. In the former case mechanical damage
breaks capsules containing water soluble inhibitors. In the latter case water dissolves inhibi-
tor directly incorporated in the primer. Droplet formation within defects such as scratches
means that the inhibitor is only released when required i.e., when the defect is moist (Fur-
man, Scholes et al. 2006). There is some evidence to suggest that initial high release of inhibi-
tors may be facilitated through atmospheric exposure of the intact paint where penetration
of water into the film “prepares” the inhibitor, probably via surface hydrolysis reactions,
within the paint, for diffusion and release into the defect (Joshua Du, Damron et al. 2001;
Furman, Scholes et al. 2006; Scholes, Furman et al. 2006; Souto, Gonzalez-Garcia et al. 2010).
The presence of water in the film allows soluble inhibitor species to be released into the
paint system and diffuse to the metal/coating interface to provide in-situ corrosion preven-
tion or repair called pre-emptive healing (Zin, Howard et al. 1998; Osborne, Blohowiak et al.
2001; Mardel, Garcia et al. 2011). Thus it has been demonstrated that water can trigger ceri-
um dibuthylphosphate (Ce(dbp);) release into an epoxy matrix resulting in improved adhe-
sion and resistance to filiform corrosion attack through interfacial modification (Mardel,
Garcia et al. 2011)
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In terms of delivery systems, hard capsules, which have been used in polymer healing (Dry
1996; White, Sottos et al. 2001; Mookhoek, Mayo et al. 2010) need to be smaller for paint sys-
tems particularly in the aerospace industry where coatings are typically 20 um or less (Yin,
Rong et al. 2007; Fischer 2010; Hughes, Coles et al. 2010; Mookhoek, Mayo et al. 2010). In
polymer applications, capsules up to a few hundred microns can be accommodated (Yin,
Rong et al. 2007; Wu, Meure et al. 2008; Tedim, Poznyak et al. 2010). The concept of encapsu-
lation has already been successfully applied to protective organic coatings under different
concepts: i) liquids filling completely the void created by the damage by adopting a bi-com-
ponent systems where one component is encapsulated and the other distributed in the ma-
trix (Cho, White et al. 2009), or single based components with water reactive oils like linseed
and tung oils (Suryanarayana, Rao et al. 2008; Samadzadeh, Boura et al. 2010)and ii) liquids
(i.e. silyl esters) forming a hydrophobic and highly adhesive layer covering the metallic sur-
face by reaction with the underlying metal and the humidity in air (Garcia, Fischer et al.
2011). One adaption for capsules is to increase the volume of self-healing material by manu-
facturing rods instead of spheres. Rods with the same cross-sections as spheres can deliver
larger volumes of material (Bon, Mookhoek et al. 2007; Mookhoek, Fischer et al. 2009). For
inhibitors, their role is to prevent a surface reaction (corrosion) and therefore, the volume of
material required is much smaller than that required to actually fill the defect. Consequent-
ly, there has been considerable effort looking at “nano-containers” (Voevodin, Balbyshev et
al. 2003; Raps, Hack et al. 2009; Tedim, Poznyak et al. 2010).

Water is the most obvious trigger since it can permeate most polymers. pH variations are
more specific and respond to the pH excursions that occur in corrosion reactions and by an
understanding reactions that occur at different sites in the alloy microstructure. The pres-
ence of chloride ions (and other anions) within the coating can be used as specific triggers
for the release of corrosion inhibitors and uptake of corrodents using anion exchange mate-
rials, such as layered double hydroxides (e.g. hydrotalcites) (Tedim, Poznyak et al. 2010)
(Bohm, McMurray et al. 2001; Buchheit, Guan et al. 2003; Williams and McMurray 2003;
Zheludkevich, Salvado et al. 2005; Mahajanarn and Buchheit 2008). In this context hydrotal-
cites have been loaded with vanadate, chromate, nitrate and carbonate which exchange for
chloride ions and prevent interfacial damage (Bohm, McMurray et al. 2001; Williams and
McMurray 2003; Mahajanarn and Buchheit 2008). The incorporation of Mg particles into
paint act as sacrificial anodes to protect Al alloys and steels (Battocchi, Simoes et al. 2006).

5. Recent advances in aspects related to corrosion of aluminium alloys

The search for new multifunctional inhibitors has led to the development of high through-
put and combinatorial assessment of new combination of inhibitors. These include multie-
lectrode techniques, and high throughput versions of standard corrosion tests. A range of
new electrochemical techniques including AC/DC/AC, SVET, LEIS, SECM and SIET will al-
so be described.
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Since corrosion of aluminium alloys tends to be dominated by electrochemical processes,
most of the techniques employed for the evaluation of corrosion and protection are based on
electrochemical approaches. Furthermore, combining electrochemical techniques with other
microscopic, analytical and spectroscopic techniques enables the identification of corrosion
products in solution (such as inductive coupled plasma (ICP) and UV-Vis). This combina-
tion provides an even broader mechanistic understanding of the level of corrosion and/or
corrosion protection.

The increasing number of corrosion inhibitor alternatives to chromates has boosted inter-
est in developing high-throughput techniques and combinatorial assessment of new corro-
sion inhibitors in aqueous solution. At the same time, the traditional techniques
(accelerated or not) employed in the evaluation of the performance of organic coatings re-
quire long evaluation periods and are relatively expensive to run, and only offer qualita-
tive or semi-quantitative information at best (e.g. salt fog spray tests). For these reasons,
new accelerated techniques for the evaluation of coating performance that offer quantita-
tive results are needed.

Figure 7 shows a simplified flowchart for the formulation of anticorrosive (organic) coat-
ings. The chart includes some of the most common techniques employed in corrosion inhibi-
tor and coating performance evaluation. In the figure, the parallel and complex line of the
development of the polymeric matrix (i.e. organic coating) is not included, but awareness of
its existence is important, since factors such as the corrosion inhibitor/coating matrix com-
patibility should be taken into account. For the development of anticorrosive organic coat-
ings, several steps are proposed:

a. Formulation of inhibitors:

The number of corrosion inhibitor candidates is virtually unlimited, and is motivated by the
urgent need to replace chromate based inhibitors by environmentally friendly and non-toxic
ones, as well as the development of new concepts such as self-healing and synergies be-
tween anodic and cathodic inhibitors which open up the broad range of possibilities of or-
ganic chemistry. One example of the complexity of the introduction of organic compounds
as corrosion inhibitors is the effect that the position of certain groups in a cyclic organic
compound can have in the corrosion protection efficiency (Harvey, Hardin et al. 2011).

b. Evaluation in aqueous solution:

Once the inhibitors have been formulated, they can be tested by means of traditional aque-
ous solution tests such as electrochemical impedance spectroscopy (EIS), potentiodynamic
polarisation (PP), immersion tests and weight loss/gain. Also local electrochemical techni-
ques (see point 4-evalaution of organic coatings) give very important information of the
mechanisms of corrosion protection offered by the different species in solution. Since tradi-
tional techniques require long periods of time and a large number of samples, the introduc-
tion of high- throughput techniques as a preceding step is important in order to reduce the
number of inhibitors that enter further evaluation processes using traditional aqueous solu-
tion tests. It is necessary to highlight that high-throughput techniques are not aimed at re-
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placing traditional tests but at complementing them in order to reduce cost and time in the
corrosion inhibitor selection process. Some examples are: single metal, multielectrode array
(Chambers, Taylor et al. 2005; Chambers and Taylor 2007), microchannels (White, Hughes et
al. 2009) and multi metal multielectrode (Muster, Hughes et al. 2009; Garcia, Muster et al.
2010; Kallip, Bastos et al. 2010).

c¢. Introduction into an organic matrix:

The introduction of pigments into organic coatings adds some extra difficulties to the whole
process, leading to a lot of extra research to avoid undesirable reactions between the poly-
mer matrix and the inhibitors. Some of the parameters to take into account are the ratio be-
tween the pigment volume concentration (PVC) and the critical pigment volume
concentration (CPVC), the possible side reactions between the polymer and the pigment,
with consequences in parameters like the barrier properties, gloss, active corrosion protec-
tion, and adhesion amongst others. At the same time, parameters such as contaminant re-
duction and parameters related to the polymeric matrix itself (such as adhesion and the
glass transition temperature (Tg)) should be considered. In any case, once the pigments have
been introduced into the organic coating, the coating’s performance has to be tested for pro-
tection efficiency and if results are promising, then start the optimization process.

d. Evaluation of the performance of organic coatings:

As in the case of aqueous solution tests for evaluation of corrosion inhibitors, the introduc-
tion of accelerated tests to evaluate coatings performance is necessary to reduce the amount
of time and number of samples that move into traditional assessment. Several techniques
have been proposed in this direction, such as the technique AC/DC/AC (Hollaender 1997;
Bethencourt, Botana et al. 2004; Rodriguez, Gracenea et al. 2004; Garcia and Suay 2006; Gar-
cia and Suay 2006) (Garcia, Rodriguez et al. 2007; Garcia and Suay 2007) (Garcia and Suay
2007; Garcia and Suay 2007; Garcia and Suay 2009), (Poelman, Olivier et al. 2005; Allahar,
Bierwagen et al. 2010; Allahar, Wang et al. 2010), and thermal cycling (Bierwagen, He et al.
2000). Also new concepts like the use of flow induced degradation (Wang 2009) are interest-
ing for developing accelerated testing techniques.

e. Optimisation:

Before entering the pre-commercialization phase, the final step of anticorrosive coatings for-
mulation is the optimization, which is the improvement of the system by modifying pig-
ments concentration, type, and delivery systems to improve and extend the service lifetime
protection and compatibility with the matrix. This step is iterative as shown in Figure 7. The
whole process from conception to commercialization of the system can take several years.

Due to the impossibility to cover the broad amount of existing (new) high-throughput tech-
niques for selection of corrosion inhibitors for aluminium alloys and accelerated tests for
evaluation of protective organic coatings on aluminium alloys, we focus on two electro-
chemical techniques that have attracted a broad interest most recently due to their high po-
tential and relatively well understood evaluation procedure.
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2. Performance of corrosion inhibitors

4. Performance of organic coatings

Figure 7. Simplified flowchart for anticorrosive coatings development departing from the inhibitor design or formula-

tion.

(co candidates)

1. Formulation of corrosion inhibitors

!

in agueous solution

High-Throughput technigues — evaluation

Multielectrode array, Multichannel, Single

Multielectrode, Multiwell, others

|

oo >

More detailed evaluation in aqueous solution |

Weight loss, ICP, UV-Vis, Electrochemical tests (EIS,

potentiodynamic polarization, EN, SVET, LEIS,

SECM, SIET...), others

v

3. Introduction into coating

P B

v

performance

New accelerated techniques for coating

AC/DC/AC (ACET), thermal cycling, flow

induced degradation...

Lo
Leve! of performance? - I I
]

o>

l Traditional techniques for coating performance |

Same techniques used in aqueous solution
tests plus others specific for coatings like salt

fog spray, cyclic tests, filiform...

i
Level of performance? - '
I

oo

5. Optimization - —-

Concentration, pigment in delivery
system, polymeric matrix or system...

Efficiency? ---- .
ey -+ o > o Jo

Chapter 2. Literature Review

60

71



72 Aluminium Alloys - New Trends in Fabrication and Applications

5.1. High throughput assessment

In terms of high-throughput techniques, those based on electrochemical approaches are of
most interest, since their measurement principles are closely related to familiar research
techniques such as Electrochemical Impedance Spectroscopy (EIS) and potentiodynamic po-
larisation (PP), while at the same time offer quantitative information about the corrosion
and corrosion protection mechanisms.

Chambers and Taylor (Chambers, Taylor et al. 2005; Chambers and Taylor 2007) first pre-
sented the use of multi-electrode arrays for rapid screening of corrosion inhibitors in differ-
ent concentrations and pHs, putting identical pairs of AA2024-T3 wires into a large number
of separate reaction cells containing different inhibitive solutions and applying a 100mV po-
tential between the two wires in each cell (Figure 8(a)). The current between both electrodes
was used to determine the polarisation resistance. With this set-up they were able to evalu-
ate for one metal many different combinations of inhibitors and their synergistic behavior,
while at the same time showing its possible application for evaluating the influence of the
pH on inhibitors’ efficiency.

Based on the work of Taylor and Chambers, Muster et al. (Muster, Hughes et al. 2009) pro-
posed a variation of the method using a combination of different pairs of metals assembled
together (Figure 8(b)) to form what was presented as a multielectrode (ME). The basic idea
of this ME was to test a combination of nine pairs (or as many as are interesting) of different
metals in the same electrode configuration connected by means of a multiplexer to a poten-
tiostat/galvanostat. Measurements consist of applying 100mV between a selected pair of the
same metals within the ME and measure the current flow between them, repeating after-
wards the same procedure for the other metal pairs. This set up was employed to rapidly
evaluate, without removing the ME from the solution, the concentration range at which a
particular inhibitor or combination of inhibitors were offering corrosion protection. Hence,
the setup allowed the determination of optimal metal-inhibitor combinations, while signifi-
cantly reducing the evaluation time with respect to conventional PP tests, without the need
of a reference electrode, which simplifies the experimental setup.

In a second paper (Garcia, Muster et al. 2010), the authors studied the effect of the pH and
inhibitor type on the correlation between the ME and PP for AA2024-T3. The findings were
promising due to the high level of correlation between the ME and traditional techniques,
although some discrepancies were found for corrosion inhibitors that can speciate or precip-
itate at certain pHs. Nevertheless, the non- correlation was assumed to be dependent on the
type of corrosion inhibitors and not due to conceptual or experimental mismatching be-
tween techniques.

A second concern with the ME was the possibility of cross-contamination due to the pres-
ence of several metals in one solution. Garcia et al. (Garcia, Muster et al. 2010) also ad-
dressed this problem studying the effect of cross-contamination for the AA2024-T3 wires
within the ME. This study showed that if there was cross-contamination then it was not sig-
nificant enough to influence the results. Despite these results, some more studies should be
performed with the ME to check cross-contaminations for other metals such as AA7075-T6
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which could be more susceptible to copper plating coming from other metals such as
AA2024-T3.

The results obtained so far with multielectrodes (multielectrode array and ME) are very
promising and relatively extended information can be found in literature. Nevertheless,
more studies and data treatment simplification need to be performed to completely validate
these techniques and lead them to an industrial application level.
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Figure 8. a) single metal multiarray (Chambers and Taylor 2007); b) multimetal multielectrode (Muster, Hughes et al.
2009)

5.2. AC/DC/AC accelerated technique for coating evaluation

This technique has already reached its maturity and is actually employed at an industrial level
under the name of accelerated electrochemical technique (ACET) (Medco). Although the in-
dustrial application differs from the research technique (AC/DC/AC), the evaluation and test-
ing are conceptually similar. The early version of the AC/DC/AC technique was performed for
the packaging industry (Hollaender 1997). The accelerated technique developed by Hollaend-
er (named AC/DC/AC) was based on the use of temporary stresses to accelerate degradation,
and consisted of a first EIS test (AC) to evaluate the initial state of the coating, followed by a
cathodic polarisation (DC) and a new EIS (AC) to detect the degradation of the lacquer.

The work initiated by Hollaender was further developed by Suay, Garcia and Rodriguez
who successfully applied a modified version of the AC/DC/AC technique to evaluate the
performance of organic coatings for carbon steel protection and compared the obtained re-
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sults with EIS, salt-fog spray, and cyclic tests. The technique was then tested for liquid
paints (Bethencourt, Botana et al. 2004; Rodriguez, Gracenea et al. 2004), powder coatings
(Garcia and Suay 2006; Garcia and Suay 2006; Garcia and Suay 2007; Garcia and Suay 2007)
and cataphoretic paints to optimize parameters such as cataphoretic potential and curing
time (Poelman, Olivier et al. 2005; Garcia, Rodriguez et al. 2007; Garcia and Suay 2007; Gar-
cia and Suay 2009). The new version of the technique included a crucial step: the relaxation
of potentials (open circuit potential relaxation) after the application of each cathodic polari-
sation. Furthermore, the potentials applied during the cathodic polarisation depended on
the type of coating that was studied, although -4V for 20 minutes was preferred. Figure 9(a)
shows a schematic of the AC/DC/AC technique procedure, including the relaxation step
proposed by Garcia and Suay. The AC/DC/AC cycle is repeated 6 times (6 cycles) leading to
a testing time per sample of around 24 hours, which is a significant improvement when
compared to traditional EIS and salt-fog tests which require weeks or months. Nevertheless,
depending on the quality of the coatings the number of cycles could be increased and the
relaxation time reduced or extended.

The cathodic polarisation aims to degrade the coating and coating-metal interface (e.g. pore
formation and delamination) due to hydrogen and OH- production. If the coating is good
then it has a higher number of cycles to degrade and the effects in the impedance and poten-
tials relaxation are less pronounced, while a lower quality coating will display a faster deg-
radation. An example of these effects compared to traditional EIS and salt-fog spray is
presented by Garcia et al. (Garcia and Suay 2009)
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Figure 9. a) AC/DC/AC testing scheme (Garcia and Suay 2009); b) Trends in relaxation of potentials.

Apart from the EIS spectral evolution with cycles, for which a higher drop of impedance is
related to higher degradation, the evolution of the open circuit potential after polarisation
(relaxation of potentials with time) provides extra crucial information about the degradation
of the systems under study (Garcia and Suay 2006). When the cathodic polarisation finishes,
the potential of the system relaxes leading to two types of trends depending on the quality
of the film (Figure 9(b)):
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a. Strongly degraded systems (Trend 1, Figure 9(b)), show two time relaxations of the po-
tential, namely a and (. The first relaxation in time ((3) is related to the end of the catho-
dic reactions that took place at the metallic surface. This relaxation is observed as a
quick relaxation around -1V (with small variations depending on the system). The sec-
ond relaxation (a), which occurs later in time, corresponds to ions and electrolyte leav-
ing the coating. The relaxation (f3) could not be detected in all cases due to extremely
long relaxation times, although if enough time was allowed this relaxation was then de-
tected, supporting the idea of the two relaxation processes (Garcia and Suay 2009)

b. Less degraded systems (Trend 2, Figure 9(b)), only show relaxation a which is detected
at relatively short times of relaxation. This relaxation will take place at longer times as
ions and electrolyte penetrate deeper into the film. More recently, Allahar et al. (Alla-
har, Wang et al. 2009; Allahar, Upadhyay et al. 2010; Wang, Battocchi et al. 2010) have
performed an extensive study on the understanding of the AC/DC/AC technique and
its principles, leading to a broader understanding of the relaxation of potentials and
supporting previous theories, while at the same time further validating the technique.

In this section we have highlighted the complexity of the selection of corrosion inhibitors
and anticorrosive coatings formulation leading to the design and validation of high-
throughput and accelerated techniques, which at a certain stage can become commercial
techniques. The interest in developing new techniques and understanding those already ex-
isting is indeed growing in recent years due to the need of developing environmentally
friendly and non-toxic systems.

5.3. Staircase impedance

Staircase potentio-electrochemical impedance spectroscopy (SPEIS) is based on EIS, nowa-
days common for investigating electrochemical and corrosion system. The basis of EIS is by
measuring impedance over a range of frequency and the data obtained is expressed graphi-
cally in Bode or Nyquist plot format. As for SPEIS, it is designed for impedance measure-
ments over a range of frequency as well as over a range of voltages (similar to the signal
sequence used for Mott-Schottky analysis (Barsoukov and Macdonald 2005; Orazem and
Tribollet 2008). The potential range is divided into several potential steps and each step con-
tains a DC relaxation period for a given rest time (Ty) to allow the current to stabilize; subse-
quently followed by an EIS test (Zhou, Birbilis et al. 2010). During the DC potential signal,
the current at each potential is also recorded. Figure 10 demonstrates this process.

This method is used to assess the kinetic stability of electrochemical reactions over a range
of potentials and pH, which gives a rather detailed insight into the corrosion behavior. In
SPEIS however, by setting a range of voltage allows more details observation of how the
system response at a particular voltage or ‘step’, even though it is not sufficient to explain
the kinetic processes occurring. As reported by Zhou, SPEIS is able to illustrate the effect of
pH and potential on the corrosion kinetics with clarity and able to obtain more information
beyond the Pourbaix diagram (Zhou, Birbilis et al. 2010), including structural effects such as
alloying, etc.
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Figure 10. lllustration of polarizing signal during SPEIS

5.4. Potentiostatic transients for determination of metastable and stable pitting

Since pitting is the most common type of corrosion in Al alloys, researchers commonly de-
fault to the investigation of pitting potential, E;, as a means for evaluating the corrosion per-
formance. A more noble E; is often accepted as better resistance to pitting. However, there
are some significant limitations in such simple assessments (Gupta, Sukiman et al. 2012). For
example, the pitting potential yields no information regarding how many pits form or how
large pits may be. Additionally, the environment plays a key role in the severity of pitting
damage (i.e. pit depth, pit size) (Cavanaugh 2009).
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Figure 11. Polarisation curve indicating the corrosion potential E,,. and E. with metastable pits region prior to E;
highlighted in the inset (adapted from (Cavanaugh 2009))
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Pits that form at pitting potential are known as stable pits. However, at potentials slightly
below pits stabilization (at E,;), pitting like events occur that are known as metastable pit
(small surges of current that repassivate). Wu suggested that individual metastable pitting
events influence subsequent events (Wu, Scully et al. 1997), and such events are readily ob-
served in Al-alloys. Figure 11 indicates the metastable pitting region in a typical potentiody-
namic polarisation curve, where E; is also depicted.

In order to measure metastable pitting, a potentiostatic value is selected at a potential just
below E; where the metastable pitting events are the most frequent (while still in the pas-
sive region) (Cavanaugh 2009). Metastable pitting events are measured by counting the cur-
rent fluctuations when an alloy is held potentiostatically for a period of time. The transient
currents as shown in Figure 12 depend on the nucleation, growth and repassivation of the
metastable pits.
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Figure 12. Current transient for AA5083-H116 obtained at 25mV below E,;. Inset shows a zoom of a region of inter-
est that represents the typical transient features (adapted from(Gupta, Sukiman et al. 2012))

The number of metastable pitting is expected to be proportional to the amount of pits
formed (Williams, Stewart et al. 1994; Cavanaugh, Birbilis et al. 2012). This is confirmed by
(Gupta, Sukiman et al. 2012), where the numbers of metastable pitting from potentiostatic
test for various commercial Al alloys correlate with stable pitting tested in a long term im-
mersion test. Ilevbare and Burstein however, stated that multiple metastable events may
correspond to only one pit site (Burstein, Liu et al. 2004; Ilevbare, Schneider et al. 2004; Sasa-
ki and Isaacs 2004; Trueman 2005; Speckert and Burstein 2011), however most of such analy-
ses were not performed on Al-alloys. Since there are few studies on metastable pitting of Al
alloy, the associated theory and principles will evolve in the coming decade. It is however
obvious that metastable pitting analysis can be used to compare the pitting susceptibility be-
tween different environments [Cavanaugh 2009] and alloy systems [Gupta, Sukiman et al.
2012] more effectively than an examination of (E,;) alone.
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Aside from the methods described above, the use of modern tests does not exclude the use
of other traditional tests that require longer testing times and samples such as salt fog spray
tests, weight determination, outdoor exposure, or cyclic salt fog-climatic chamber tests, but
they aim at providing unique insights that are relevant to specific problems at hand such as
pitting germination and inhibitor selection.

It is also worth mentioning here, the great interest that local electrochemical techniques have
recently attracted to evaluate the corrosion protection offered when the coatings are dam-
aged (i.e. self-healing). These techniques have been successfully applied to several conceptu-
ally different self-healing systems like scanning vibrating electrode technique (SVET) for
encapsulated agents (Hughes, Cole et al. 2010; Garcia, Fischer et al. 2011), scanning electro-
chemical microscope (SECM) for shape memory polymers, selective ion electrode technique
(SIET) to evaluate activity of metals (Lamaka, Karavai et al. 2008), and local electrochemical
impedance spectroscopy (LEIS) for evaluation of corrosion protection by inhibitor release
from coatings (Jorcin, Aragon et al. 2006)

6. Summary and challenges

This chapter has given an abridged and focused treatment of the corrosion behavior of Al
alloys on the basis of chemistry, microstructure and environment. Understanding these pa-
rameters is crucial in deployment of Al-alloys, but also in the development of more durable
Al-alloys. It is obvious that alloying (i.e. chemistry) and microstructure dictates not only me-
chanical strength — but also corrosion performance. In this chapter we stopped short of dis-
cussing corrosion propagation such as intergranular corrosion, exfoliation corrosion and
stress corrosion cracking — given space constraints, however such topics (along with hydro-
gen embrittlement) remain critical for structural alloy deployment.

In regards to corrosion protection, we have attempted to cover some modern developments
and present some new techniques to assess the corrosion behavior designed to meet the
more complicated and challenging requirements of inhibitor selection / chromate replace-
ment. The information gathered from these techniques is beneficial for future protection and
alloy development.

Looking to the future, the current strategy to increase strength by precipitation hardening of
a crystalline matrix may no longer be feasible if an alloy with strength higher than 1000MPa
is required. Methods to meet this threshold include (the un-upscalable) severe plastic defor-
mation method such as High Pressure Torsion (Liddicoat, Liao et al. 2010) — however the
thermal stability of these structures is low. Alternatively the strength of Al based metals
could be significantly enhanced (up to 1500MPa) when rapidly quenched to form amor-
phous alloys (Masumoto 1994; Inoue and Takeuchi 2004; Li, Li et al. 2009; Yang, Yao et al.
2009). Such alloys typically use transition metals such as Zr, Ti, Nb, La, etc (Inoue, Gook et
al. 1995; Zawrah and Shaw 2003; Rizzi and Battezzati 2004; Samanta, Manna et al. 2007;
Huang, Li et al. 2008; Li, Li et al. 2009), however, again — the stability of such structures is
unknown, and the ability form large components is also a challenge. From a corrosion point
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of view, amorphous Al-alloys appear promising (Manna, Chattopadhyay et al. 2004; Lu-
cente and Scully 2007; Lucente and Scully 2008; Tailleart, Huang et al. 2012) with the corro-
sion behavior of such alloys is not widely explored therefore leaves a lot of opportunities for
new discoveries.
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Chapter 3

Research Aims

3.1 Research Aims

The literature review reveals that, in spite of the wide usage of aluminium, a paucity of
reported archival work exists which has focused on the development of more corrosion
resistant Al-alloys; particularly in regards to compositional selection or balancing industrially
useful properties. Whilst this may be occurring in the laboratories of the aluminium
producers, it has not been reported in the readily available literature. Instead, what is
observed in the literature is a focus on the understanding of the corrosion of existing
commercial alloys, as opposed to the use of corrosion engineering to produce new Al-alloys.
It is hypothesised that by controlling chemistry and microstructure it is possible to develop
Al-alloys that are more corrosion resistant for equivalent or better mechanical properties.
This statement is all encompassing, and obviously includes such wide notions that cannot be
met in a single doctoral thesis. Therefore, a distinct effort has been made in this thesis to
concentrate on aspects that are either foundational, or focused, in order to contribute towards

the rationalisation of the hypothesis.

As such, the thesis, within limits, seeks to understand the key role of chemical variables in
affecting electrochemical / corrosion behaviour, and use this as a basis to establish an
elementary foundation for the improvement / development of an experimental, optimised,

alloy.
The objectives of this project can be summarised as the following:

1. Understanding the corrosion rate vs. hardness property space in order to rationalise
the development of new Al-alloys with superior corrosion resistance while
maintaining one mechanical metric (we have not considered multiple properties such
as ductility or fracture). This aim will require parallel testing to determine which
corrosion metric is most appropriate for determination of this property space.

2. Understanding the effect of alloying elements in relation to the electrochemical
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response of Al-alloys. This aim will involve a round-robin of electrochemical tests
and a broad range of alloying elements to demonstrate the changes of anodic and

cathodic kinetics with alloying.

3. An understanding of the effect of alloying elements upon the microstructure of Al-
alloys. This involves electron microscopy imaging of a wide range of experimental
alloys. Corrosion tests couple with characterisation allowing for a rationalisation of

corrosion response.

4. Understanding the effect of alloying elements to the extent and morphology of
corrosion that will occur. This aim will involve different type of corrosion testing

methods and subsequent profilometry

5. Production of experimental Al-alloys with beneficial alloying elements (or exclusion
of deleterious alloying elements) from points 1 to 4. This will form the basis of the
latter portion of the work.

Whilst the work and its purpose are consolidated in each subsequent chapter, to orient the

reader, an important explanatory introduction should be given here.

The work in this thesis continued to evolve with the learning’s from initial experiments. It
was determined in the attainment of the primitive property space (in Chapter 4) that there
exists some opportunities for optimising (i.e. minimising) the corrosion of Al-alloys. This
included reducing Cu, and avoiding microstructural heterogeneity. Also identified as the
current ‘best compromise’ alloy was AAS5083, which has medium strength and low corrosion
rates. The realisation of property space suggested that efforts should either be focused on
reducing corrosion rates of age hardenable alloys (i.e. 2xxx or 7xxx series), or increasing the
strength of non-age hardenable alloys (i.e. 5xxx) series, with the 6xxx series being
somewhere in between. For the purposes of avoiding additional experimental variables such
as heat treatments and complex thermal and thermomechanical schedules. It was decided
(after an initial attempt with 6xxx series documented in Chapter 4), that the remainder of the

work would focus on the non-heat treatable 5xxx Al-Mg-Mn system.
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3.2 Dissertation Outline

This dissertation consists of nine chapters and the findings of this work are presented in
published and/or submitted papers in internationally recognised journals and one invited book
chapter. The papers and chapter are worked into the thesis in the relevant sections, including
co-authored papers where the work was carried out under the auspices of the activity in the

PhD. The detailed descriptions of the chapters are as the following:

Chapter 1: Introduction

This chapter provides a general overview of the project that serves as an introduction to the

initial ideas, background concept and the rationale of this work.

Chapter 2: Literature review

In this chapter, an extensive coverage of the literature on Al-alloys and corrosion behaviour is
reviewed. This includes discussion on the role of chemistry and microstructure on corrosion,
electrochemical aspect of corrosion and methods to improve corrosion resistance of Al-

alloys.

Chapter 3: Research Aims

The research aims of this project are listed in this chapter. It also includes the outline of the
dissertation and a brief section on the methodology of this project.

Chapter 4:

This chapter demonstrates the effect of chemistry on the corrosion kinetics of commercial Al-
alloys. A detailed discussion on the electrochemical response of microstructurally driven

localised attack is also included.

Chapter 5

This chapter discusses the general corrosion behaviour in relation to microalloying of the
5xxx Al-alloy with a broad range of alloying elements. The work also covers the results from
initial works that would have included 6xxx alloys (and hence the study of the Mg2Si phase).
This was included on the basis that it is another demonstration of the role of microstructure
and microstructural heterogeneity. This then leads into the work that investigated the

microstructure-corrosion relationship in some quantitative detail (via potentiostatic
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transients), emphasising the key points made in Chapter 4 via original research.

Chapter 6

A more focused appraisal on the effect of microalloying to intergranular corrosion of 5xxx

Al-alloys is deliberated with a focus on phase analysis and sensitisation behaviour.

Chapter 7

This chapter focuses on specific alloying elements that improve corrosion resistance of 5xxx

Al-alloys while retaining the other properties on par with a benchmark alloy (AA5083).

Chapter 8

A consolidating discussion that relates the findings described in the body of work to the

literature on this subject. Several recommendations on future work are also deliberated.

Chapter 9

This chapter presents the Conclusions of the overall findings and accomplishment of the

research aims listed in Chapter 3.
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3.3 Laboratory Testing and Setup

In order to augment the limited experimental details in the subsequent sections, a
supplementary section here provides some further experimental details and imagery for the

purposes of reproduction and disclosure.
3.3.1 Materials

The alloys (in the form of commercial or master alloys) for this project were sourced from a

combination of:

Alcan (Canada), Courtesy of Dr. Nick Parson

o Chalco (China), Courtesy of ICLAR collaboration

o DSTO (Fishermans Bend, Australia), Courtesy Prof. Stan Lynch

o Alcoa (United States), Alfa-Aeser (United States), Delphi (United States) or
Airport Metals (Tullamarine, Australia), acquired commercially

(©]

3.3.2 Alloy Production

To meet the aim of this project, a range of experimental alloys have been produced at
Monash using open air casting using a muffle furnace, housed in the Department of Materials
Engineering, Monash University.

Alloy production involved the introduction of solid feedstock in the form of pellets <lcm.
In all cases, pure Al 99.95 (Alfa-Aeser) is blended with master alloys to form the final
composition. Master alloys include Al-4Cu, Al-2Sc, Mg-9Al, Mg-10Si, Al-2.5Sr; which are
blended with pure Al and in some instances, portions of commercial alloys, to achieve the
final target composition. Images of the relevant aspects of alloy production and processing
are shown overleaf. Melting was carried out in a muffle furnace. Regular stirring of the melt
was carried out, followed by casting into a pre-heated (at ~300 °C) graphite crucible to
prevent shrinkage. Cast alloys were homogenised below the liquidus temperature (nominally
at 400°C) for two days, and then cold rolled to a 50 % thickness reduction. The work flow of

the in-house alloy making process is shown in Figure 3.1.

In all cases where composition of alloys is given within this report, the compositions were
measured by an accredited external laboratory; Spectrometer Services (Coburg, Australia).

The testing method was ICP-AES (inductively coupled plasma atomic emission
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spectroscopy).
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i. Casting 2 ii. Homogenisation 2 iii. Cold Rolling

Figure 3.1: Work flow of the in-house alloy production process. The insert image in (i) shows the type of crucibles used in this study. The bigger

crucible used for mixing and smaller crucible for casting. After homogenisation (ii), the cast alloy was cut into smaller pieces for further testing.
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3.3.3 Electrochemical Testing

Potentiodynamic polarisation (PDP) tests were performed using a standard 3-electrode flat-
cell (supplied by PAR) and a Biologic VMP3 potentiostat under the control of EC-Lab®
software shown in Figure 3.2. A saturated calomel electrode (SCE) was used as a reference
electrode and platinum mesh was used as a counter electrode. The electrolyte used in all test
was 0.1M NaCl. This electrolyte was chosen as it represents a moderately aggressive
environment (which will allow discrimination of comparative alloy performance), it is also is
considered a first order simulant to atmospheric exposure, and it also allows for comparison
between results of others in the literature. For PDP tests, potential was scanned at 1mV.s™.
Such testing is destructive and hence samples were tested in a ‘one off' manner. Additionally,
electrochemical impedance spectroscopy (EIS) was also performed on samples and EIS
spectra were collected over the range of 500kHz to 5mHz in the potential range of OCP+/-
10mV, and analysed using EC-Lab® software.

Figure 3.2: Biologic VMP3 potentiostat

The set-up in Figure 3.3(a) is typically used for an individual sample for a short term test.
However, in some circumstances, a large amount of samples are required to be tested
particularly after a long term exposure. An improvised version of electrochemical cell that
able to fit up to 16 samples at a time was fabricated as demonstrated in Figure 3.3(b). This

set-up was found to tremendously increase the productivity of the testing.
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Figure 3.3(b): A custom version of the 3-electrode electrochemical cell for high throughput

and long term testing of numerous specimens

3.3.4 Mass Loss Testing

Immersion (mass loss) tests were performed for samples immersed in 0.1M NaCl for 14 days.
Following immersion, corrosion products were removed by a short immersion (~15s) and
light rubbing with a soft-bristle brush in 7% nitric acid solution prior to final weighing. This
solution was used in order to preserve the original morphology of the corrosion attack for

subsequent profilometry.
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3.3.5 Surface Characterisation

Optical Profilometry

The morphology of the immersion samples were analysed using optical profilometery (Veeco
Wyko) shown in Figure 3.4. Pitting attributes such as average pit depth, number of pits and

the volume of pits were calculated with the assistance of Veeco Vision software package.

Figure 3.4: Veeco Wyko NT1100 optical profilometery

Scanning Electron Microscopy (SEM)

Selected microstructures were characterised using a FEI Quanta 200 SEM at The Ohio State
University and Royal Melbourne Institute of Technology (RMIT) to identify the presence and
nature of particles within the microstructure. All samples were prepared by metallographic
polishing down to a 1um finish followed by ultrasonic cleaning. The images were observed
using back-scattered electron (BSE) mode and the chemical composition of the particles was
analysed with energy-dispersive X-ray (EDX) spectroscopy.
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Figure 3.5: FEI Quanta 200 Scanning Electron Microscope

3.3.6 Hardness Testing

Vickers hardness testing was performed using a Duramin A300 Hardness Tester employing a
1 kg load. This method of mechanical testing was preferred, as a number of duplicate
measurements were possible, and the testing could be performed in house on all specimens.

Figure 3.6: Duramin A300 hardness tester
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3.3.7 Calculation of Phase Diagrams (CALPHAD)

To assist in interpretation of alloy characterisation, CALPHAD and phase analysis was
carried out using Pandat® software package (CompuTherm LLC, Madison, WI). This
software is capable of calculating the most stable phase equilibrium without requiring prior
knowledge of the diagram by using algorithm that is based on the mathematical and
thermodynamic properties between the Gibbs free energy and stable phase equilibrium [1, 2].

The PanAluminum database was used for thermodynamic calculations in this work.

References
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Chapter 4

The construction of Al-alloy property space

This chapter is presented in the format of a research paper. The purpose of this was to provide
the relevant flow and experimental variables for a consolidated presentation. The works in
this chapter include characterising the corrosion response (using a variety of laboratory
methods) of commercial Al-alloys towards the construction of a primitive property space as a
first order means of highlighting opportunities in minimising corrosion whilst being aware of
mechanical strength. Combination of immersion tests and electrochemical tests including
potentiodynamic polarisation and electrochemical impedance spectroscopy (EIS) were
carried out on various commercial Al-alloys which were acquired from a number of wide
sources. A consolidated presentation of the role of chemistry on the corrosion kinetics and
hardness (used herein as a simplistic proxy to strength) suggested that reducing/eliminating
Cu and limiting microstructural heterogeneity are effective in minimising corrosion (as
discussed). It was empirically revealed that AA5083 (Al-4.4Mg-0.5Mn), which has medium
strength and low corrosion rates, was evident as the ‘best compromise’ (commercial) alloy;
further explored in this project with the following chapters of this thesis will focus on works
to understand and improve the performance of the non-heat treatable Al-Mg-Mn alloy

system.

This chapter (Chapter 4), in spite of being a wide empirical study, has revealed significant
insights that are previously unreported, and hence serves as one of the original outcomes to

the field arising from this thesis.
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4.1  Aconsolidated presentation of bulk chemical effects on the corrosion kinetics of
some commercial wrought aluminium alloys

Introduction

Aluminium (Al) alloys can be found in various applications ranging from household
items to aerospace alloys. The role of alloying elements is critical in achieving a range of
physical properties including strength, ductility, fracture and fatigue properties. It is
established that relatively pure aluminium presents high corrosion resistance. Nevertheless, in
open-air solutions or atmospheric conditions containing halide ions, aluminium is susceptible
to pitting corrosion [1-3]. Alloys with heterogeneous microstructures arising from alloying
can also possess localised corrosion susceptibility, even in benign aqueous environments [4-
7]. Further practical reasons why aluminium can undergo corrosion include the formation of a

near surface deformed layer (NSDL) from mechanical finishing [8], and shingling [9].

Al-alloys are prone to all known forms of corrosion including pitting, crevice,
general, filiform, and intergranular forms. It is acknowledged that a large number of physical
and environmental variables play a key role in the corrosion of Al-alloys, from alloy casting
and processing, to electrolyte chemistry. In this study, we do not (and cannot) attempt to do
all such relevant aspects justice, and instead attempt to focus on the basic influence of
chemical effects as studied from commercially available alloys for the following specific

outcome.

1. A paucity in consolidated information regarding the solubility of elements in Al (this
aspect being a review exercise).

2. A need to holistically represent the electrochemical impact of alloying elements upon
reaction Kinetics. Herein we reveal a phenomenological representation of this based on a
large database of tests (and supplemented by review) to reveal the impact on anodic and
cathodic branches of the polarisation curves at room temperature.

3. A sensitivity analysis of the influence of alloying elements for alloy corrosion based on

the alloys studied herein at room temperature.

As described above, this work here is concerned with the determination of relatively short-

term corrosion (from electrochemical and mass loss tests in 0.1M NaCl at room temperature)
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and is not targeted towards the information from long term exposure site testing or
environmentally assisted cracking; with such information available from handbooks reporting
results from standard ASTM tests [10-12]. Furthermore, the relationships regarding corrosion
propagation in the form of environmentally assisted cracking are indeed unique and complex,
as recently pointed out by an excellent review by Holroyd and Scamans for Al-Zn-Mg-Cu
alloys [13]. The most common alloying elements in commercial aluminium alloys are
magnesium, copper, silicon, manganese, and zinc [14]. Alloying elements can increase
heterogeneity of the microstructure by introducing precipitate particles (when they stimulate
a second phase), along with the potential presence of constituent particles that arise from
impurities, or dispersoid particles used for grain size control. These phases have different
electrochemical characteristics than the surrounding matrix, and can be classified as either
‘cathodic’ or 'anodic' with respect to the alloy matrix, which then relates to the subsequent
corrosion damage morphology. A comprehensive background to aluminium metallurgy has
been given by Polmear [14], Hatch [15] and Mondolfo [16]. Such monographs, in
conjunction with the relevant phase diagrams, reveal the types of second phases that may
form in aluminium alloys as a function of chemistry and thermomechanical processing.
However, herein we present the solubility of elements in Al, from a review of the relevant
literature — and present it in a unique manner in Figure 1. The information in Figure 1
classifies each element as to whether it is soluble (i.e. > 1wt.%), slightly soluble (i.e. <1
wt.%), insoluble, or unknown. The extent of solubility is also given. We believe that this
presentation is of general utility to the Al corrosion community, as the consolidated

presentation does not exist elsewhere.
Influence of thermomechanical processing and temper.

A detailed description of thermomechanical processing and temper effects is not included
herein, however to provide a balanced view, such aspects merit comment. Of the aluminium
alloys, whilst a large number of commercial alloys, there is only a finite number of
precipitation hardening systems that are common to commercial alloys. These include
systems that stimulate the development of the following phases; Al,CuMg (in 2xxx alloys),
Mg,Si (in 6xxx alloys), MgZn, (in 7xxx alloys), and to a lesser volume, Al,CuLi (in 2xxx
alloys). The corrosion of these alloys is influenced by the number density and size range of
the precipitates. The number density and size range is dictated by the thermomechanical

processing (i.e. extent of reduction which can influence dislocation density and grain size)
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and the temper (which can dictate the precipitate size and volume fraction). In addition, the
above finite precipitate systems are also complicated by minor compositional variations of
the precipitates themselves, which is pronounced in their influence upon corrosion
propagation. Classic examples include the doping of MgZn, with Cu (in Cu rich 7xxx alloys)
to moderate IGC and SCC [13, 17, 18], and the modification of the Mg/Si ratio in 6xxx alloys
[19-21].

As a consequence, for age hardenable systems, the corrosion response is a continuum that
scales with precipitate size and volume, and the possible dynamic evolution of precipitate
chemistry. Of studies which offer electrochemical insight into the evolution of corrosion
response with precipitate evolution, there is significant paucity of information in the open
literature. Some studies that have coupled high-resolution characterisation (a requirement in
such works) with corrosion response in tracking corrosion as a function precipitate
characteristics involve the work of Ralston et al. (tracking the evolution of Al,CuMg) [6, 22]
and Gupta et al. (tracking the evolution of MgZn,) [17], additionally Liang et al. have also
done a similar study for 6xxx alloys (tracking Mg,Si), however characterisation in that work
remains pending. What was observed in such works is that pitting susceptibility was dictated
when a critical precipitate size distribution was reached (in all cases) and the extent of the
susceptibility was dictated by the precipitate chemistry. It was also shown that there is a
relationship between the precipitate state and alloy strength [22], which is an important link.
Such studies were complex, and indicate that there is still significant future work remaining
to unravel the microstructural effects on corrosion of Al-alloys generally, however a
precursor to such a deterministic achievement is the basic holistic presentation of chemical
effects on corrosion of Al-alloys; the goal of this study. We again emphasise that the work
herein is focused on relatively short-term corrosion results at room temperature, and does not
tackle corrosion propagation modes such as IGC and SCC; more specifically the superficial
and pitting responses are studied (being the precursors to propagation modes of attack).
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Experimental

The materials tested herein were acquired from a variety of sources including Alfa-
Aesar, Alcan, Comalco (which is now part of the Rio Tinto group, for some legacy alloys)
and DSTO. The alloys tested are listed in the corresponding figures, however the
compositions as determined from ICP-AES (Spectrometer Services, VIC, Australia) are

presented in the Table 2.

All samples used were ground under ethanol to 1200 grit using SiC paper prior to
testing. The electrolyte used in all test was quiescent 0.1M NaCl. Potentiodynamic
polarisation tests were performed using a scan rate of at ImV.s™ and a standard 3-electrode
flat-cell (PAR) employing a saturated calomel reference electrode and Pt-mesh counter
electrode. Electrochemical impedance spectroscopy was also performed on samples
continuously immersed for a period of 1, 3, 7 and 14 days. EIS spectra were collected over
the range of 500kHz to 5mHz in the potential range of OCP+/-10mV, and analysed using EC-
Lab®.

Immersion (mass loss) tests were performed for samples immersed in 0.1M NaCl for
14 days. Following immersion, corrosion products were removed by a short immersion
(~15s) and light rubbing with a soft-bristle brush in 7% nitric acid solution prior to final
weighing. This solution was used in order to preserve the original morphology of the
corrosion attack for subsequent profilometry (shown to be effective in [23, 24]). The
microstructure and morphology of the immersion samples were analysed using SEM and
optical profilometery (Veeco Wyko). Pitting attributes such as average pit depth, number of
pits and the volume of pits were calculated with the assistance of Veeco Vision software

package.

Vickers hardness testing was performed using a Duramin A300 Hardness Tester using
a 1kg load. This method of mechanical testing was preferred, as a large number of replicate
measurements were possible, and the testing could be performed in-house on all specimens.
Further, many of the alloy geometries (small ingots or thin sheets) were incompatible to
tensile testing. For some representative yield strength values, readers are referred to [10, 25]

and alloy manufacturer spec-sheets [26].
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Results & Discussion
Electrochemical characteristics of Al-alloys

To represent the general electrochemical response of some typical Al-alloys, the polarisation

response is shown in Figure 1.

From Figure la we observe that differing alloys have rather different electrochemical
characteristics, namely in the Ecor value, and when viewed in summary, in the relative rates
of cathodic reactions and to a lesser extent, anodic reactions. It is observed that pure Al has
the least noble E.qrr by several hundreds of millivolts for the examples given. The Ecor values
increase with increasing alloying additions used as examples here and this ennoblement is not
due to a retardation of the anodic reaction, but largely due to an increase in the cathodic
reaction kinetics. AA2024-T3 and AA7150-T773 show significantly higher Ecor values
owing to the heavy alloying additions that include appreciable levels of Cu (and significant
levels of Zn, Mg and Cu in the latter), and to the obvious existence of constituent and
precipitate particles (discussed further below) [27-32]. From Figure 1a, there is minimal
alteration in the Ej;; value between the alloys, however the difference between Ecor and Epj is
significantly diminished with increasing alloying additions [33-36]. A slight decrease in the
anodic Kinetics is seen in the case of alloying, suggesting that alloying additions in the matrix
may moderate the dissolution of pure Al to an extent. The purpose of Figure la is not to
contribute significant mechanistic interpretation that can be deduced from various works that
study Al electrochemistry in detail [30, 37-46], along with the associated electrochemistry of
intermetallics [4, 7, 44, 47-53], but to show the general trends in the form of the

electrochemical data.

An alternate approach regrading electrochemical analysis is to measure the impedance of
alloys as seen in Figure 1b. The Nyquist plot provides the charge transfer resistance
measurement of the alloys tested in this work. The trends from impedance data were seen in
this work to mimic those of polarisation tests (and indeed immersion tests as discussed in the
following section). Impedance data was collected herein in addition to potentiodynamic
polarisation and mass loss to establish the basic link between alteration of anodic / cathodic
kinetics and ground truth data (mass loss). Further, profilometry also gives information
regarding localisation of corrosion. As such, of the many hundreds of tests that have

contributed to this study, the combination of methods has itself been illuminating — with each
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test has its relative merits and demerits — however the combination of tests providing a

holistic picture.
Corrosion survey of Al-alloys

Figure 2 represents the consolidated presentation if the mass loss values determined for the
alloys tested in this work. In order to show the data as a spread of results as opposed to a
table or bar chart, we have plotted the mass loss versus the alloy hardness as determined
herein. This does not necessarily imply a relationship between the parameters, but it is of
interest to note that for finite range of commercial alloys tested in this work, there is a co-
relation between higher mass loss being associated with alloys that have the highest measured
hardness (the inset of Figure 2 shows the data on a log-log plot of the same data, to indicate
the data spread). In this case we show mass loss following 2 weeks immersion; however we

correlate this with pitting and electrochemistry further below.

Figure 2 is illuminating on the basis that a spread of an order of magnitude was determined
for corrosion levels realised of the commercial alloys surveyed. A more detailed correlation
between the parameters plotted will not be given, as the corrosion varies with aging time in
alloys [50, 54-59] that undergo age hardening. As such, temper dependant variations would
be seen in such alloys with a finite window. This temper dependence will influence both
mechanical and corrosion properties, as shown by Ralston et al. [22], however in such
individual instances there is also a correlation reported in specific detail regarding mechanical
and corrosion performance. None the less, the data in Figure 2 is accurate for a given set of
known conditions and alloys in their commercially available form, and for the alloys that
have been tested. The information it is possible to deduce the following, independently of the

reported hardness values:

a) Pure Al and solid solution alloys occupy the low corrosion / mass loss space
b) Alloys that contain some Cu occupy the medium to high corrosion / mass loss space
c) Alloys that are age hardenable occupy the high corrosion / mass loss space

d) 7xxx and 2xxx series alloys show high corrosion / occupy the high mass loss space

Interested readers may seek the strength (in MPa) or elongation, or even fracture toughness,
of the alloys presented Figure 2 from other sources, and could use the results herein as a basis

for the representation of primitive property space.
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The corrosion of Al-alloys is well appreciated in the literature to proceed via localised modes
of corrosion that are reliant on the microstructure of the alloy [7, 33, 42, 60-63]. As such, to
gain an appreciation of this, Figure 3 plots the pitting measured, again for comparison with
the information in Figure 2, against the measured Hardness. Figure 3 indicates the average pit
density (i.e. number of pits per unit area) as measured by Optical Profilometry following 2
weeks of immersion in 0.1M NaCl. In addition the maximum pit depths are also presented in
the inset. We observe from Figure 3 there is significant scatter, however generally speaking
the alloys with the highest hardness (and mass loss) also present the highest pit density. In the
medium to low hardness range however, there were some alloys that had moderate hardness
and high pit density (such as certain 6xxx alloys) and alloys with a moderate hardness and

low pit density (such as certain 3xxx and 5xxx alloys, known for their corrosion resistance).

In order to correlate the mass loss data to an electrochemical measurement and to provide the
readers with a general set of data for commercial alloys, we plot the EIS determined
reciprocal of polarisation resistance (1/Rp, determined following stabilisation of the open
circuit potential after immersion in 0.1M NaCl) versus the mass loss data in Figure 4. What is
observed is that there is a general trend for the body of data in that a low mass loss
corresponds to a low value of 1/Rp. There is significant scatter in the data as previously
mentioned, but rather than focus on individual systems, the general trend is sought and
presented. Of the large number of alloys tested however, 2297-T3, 6360-T3 and 2090-T3
where the three that revealed significant mass loss, but low values of 1/Rp in short term tests,
these alloys stood out in this regard and hence this is reported explicitly. The results in
Figure 4 are presented as a consolidated data set, as opposed to focusing on the composition

of individual alloys, in order to show any global trends.
Influence of alloying elements in the corrosion of Al

In assessing the polarisation curves of many replicate tests, for the many alloys tested, it is
possible to extract some general trends in a holistic sense. Polarisation curves, although
instantaneous in nature, are advantageous from the point of view that they can provide
information on the electrochemical aspects (i.e. relative rates of anodic or cathodic reactions)

that dictate corrosion. Such information cannot be assessed from EIS or mass loss tests.

To represent the influence of alloying elements on the corrosion (more specifically, the

reaction kinetics) of Al, a phenomenological plot is given in Figure 5. This plot is derived
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from the observation of experimental data that includes not only binary alloys, but higher
order systems (ternaries, quaternaries, etc.) and commercial alloys. As such, Figure 5 is
representative, as opposed to quantitatively definitive. The arrows on Figure 5 indicate the
direction of the reactions, but not the extent of difference.

Figure 5 reveals the impact of the elements tested herein. The impact is conveniently
represented as the relative movement on the anodic or cathodic branch that the alloying
element induces. The distance associated with the relative movement is a representation of
how significant the effect is. The information in Figure 5 can be considered a map as far as
corrosion engineering of Al alloys is concerned. As such, we have also supplemented the plot
with data from [4, 27, 34, 38, 44, 46, 48, 51, 52, 59, 63-79] where interpretable polarisation

data is given. Some of the significant observations included in Figure 5 include:

i.  Below their solubility limit, many elements are benign and even beneficial
ii. Mg can retard cathodic kinetics making the alloy less noble, but with lower corrosion
rates. This is offset when too much Mg is added and Mg-rich second phases suffer
anodic dissolution
iii.  Cu increased Ecor and pitting potential but enhances cathodic kinetics and leads to
higher corrosion rates
Iv.  Zn decreases Ecor and lowers the pitting potential
v.  Many elements increase the cathodic kinetics of Al, and hence, corrosion rates (Mn,
Fe, Cu, Ti, etc.)
vi.  Siisrather inert in its impact on either anodic or cathodic kinetics
vii.  Pb and Sn enhance the anodic reaction dramatically [71, 80]

viii.  Liis rather inert unless present in appreciable concentrations

Whilst not part of this study, it is possible to see how the information in Figure 5 may be used
to select inhibitors, or rationalise corrosion rates seen in certain (if not most) Al-alloy
systems. Of the alloys studied in the work, a statistical analysis was carried out. Fuzzy curves
were used to study the sensitivity and significance of each input variable. This technique was
also used in previous corrosion studies [81]. Fuzzy curves, developed by Lin and
Cunningham [82], are generated based on the Gaussian function [151]:

Xik—Xi

pu(X)=e o ) Eqn. 1
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where ¢;;, is the membership function used to form the fuzzy curve for each input candidate,
xi. According to Lin and Cunningham [82], a fuzzy curve (C;), for each input (x;) can be
constructed by employing the centre of area method for defuzzification:

C,(X) = Zk?:il Pik(xi)-Vi Eqn. 2

k=1 Pir(xi)

Figure 6a reveals the fuzzy curves for the alloying additions tested herein. This can be
considered to be ‘sensitivity’ analysis, whereby the sensitivity of the output (corrosion rate)
to the input (variably we are altering, being composition) is given by the Cy; parameter. A
large range of C,; indicates that corrosion rate varies significantly with an element that causes
such a large range, whereas a low range of C, means that an element has no significant
influence on corrosion rate. Cy; can vary between 0 and 1. Again, to re-iterate, if the variation
in Cy; over the range of compositions studied is high (i.e. close to 1) then corrosion rate has a
large dependence on that element, and if Cy; is low (i.e close to 0) then the corrosion rate will
not alter significantly as a result of alloying with that element. As a result, a convenient way
of assessing fuzzy curves if by studying the fuzzy curve range (Figure 6b), where it is seen

that each element tested has a different range.

Corrosion rate is seen to be highly sensitive to amount of Cu, and not sensitive to the amount
of Sc. Of the major alloy elements, we see that corrosion is least sensitive to Si. It is pointed
out that the fuzzy curve range doesn’t indicate if the element is beneficial or detrimental, and
hence should be viewed with some caution (i.e. Mg shows a relatively high sensitivity, but it
is beneficial in low concentrations for reducing cathodic rates, but detrimental at higher
concentrations where it enhances anodic rates). The slopes on the fuzzy curves themselves
can illuminate changes in response however, i.e. relative little change in the influence of Mn
until a certain concentration is reached and a large change in Cy; occurs. The data in Figure 6
is useful to those wishing to correlate other properties with corrosion performance and who

wish to conduct further analysis by way of consideration of elemental solubilities.

General discussion

The combination of the solubility data (Table 1) [83-88], the realisation of a the spread of
observed corrosion rates, (Figure 2), the phenomenological map indicating influence on
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reaction kinetics (Figure 5), and sensitivity analysis (Figure 6) has added a consolidated body
of knowledge to the basic/elementary understanding of corrosion of Al-alloys. Many prior
studies have previously indicated a correlation between chemistry and structure (and
elemental solubility) of Al-alloys with corrosion rates [7, 31, 34, 42, 46, 53, 59, 61, 89-94] —
however a wider study of alloys as herein, has provided a general validation of many aspects
of I-alloy corrosion that were previously anecdotal. These aspects are summarised by the

relevant bullet points made in the two sections above (a. to d., and i. to vii.).

Whilst the many families of Al-alloys which exist are chemically complex and there are
second order effects other than chemistry (such as thermomechanical processing and temper)
that can dictate microstructure and hence also influence corrosion, the effect of chemistry is
(from a free energy perspective) major — as seen herein. Other works have shown — in
addition to the work here — that as the heterogeneity of the alloy microstructure increases, the
corrosion rate and pitting density tends to increase (concomitant with electrochemical
heterogeneity). The lowest corrosion rates are realised by pure Al and Al-solid solutions, and
corrosion rates tend to increase with the presence of second phases. Precipitates nominally
serve to increase anodic dissolution kinetics in most cases, such as when precipitation occurs
yielding MgZn,, Mg,Si, (Mg,Als, which is not a hardening phase), or Al,CuLi, with the
partial exception being Al,CuMg which is initially cathodic, but later anodic [60, 95, 96]. For
information about the corrosion of a specific alloy, readers are directed to dedicated studies

that include specific variables such as heat treatment and electrolyte variations.
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Conclusions

The study herein has provided a significant amount of consolidated information of the
corrosion behaviour in a standard electrolyte (0.1M NaCl) at room temperature, in a
quantitative sense. The work combines review and experiment, however all reported data is

from original tests conducted in this study.

We have reported a consolidated diagram with the solubility of elements in Al, which is of
general utility to the Al-corrosion field.

We have also presented schematically, the phenomenological effect on the relative anodic
and cathodic reactions as imparted by a large number of typical alloying additions to
aluminium, which we believe is significant to those researching Al-alloy corrosion, and
serves as an important benchmark. This also serves as a phenomenological framework for
corrosion of Al-alloys revealing the Kkinetic impact (as overlaid upon a polarisation

schematic) of alloying elements.
The identification of coarse level findings was readily possible; such as

e Pure Al and Al-solid solutions occupy the low corrosion / mass loss space (1xXXx,
3xxX, 5xxx). Below their solubility limit, many elements are benign and even
beneficial. However, alloys in the low corrosion / mass loss space were generally seen
to be Cu and Zn free. Mg can retard cathodic kinetics making the alloy less noble, but
with lower corrosion rates.

e Alloys that contain some Cu occupy the medium to high corrosion / mass loss space.
Cu increased Ecor and pitting potential but enhances cathodic kinetics and leads to
higher corrosion rates. Zn decreases E.qr and lowers the pitting potential

e Alloys that are age hardenable occupy the high corrosion / mass loss space. 7xxx and
2xxx series alloys show highest corrosion and occupy the high mass loss space

e Many elements increase the cathodic kinetics of Al, and hence, corrosion rates (Mn,
Fe, Cu, Ti, etc.). Si is rather inert in its impact on either anodic or cathodic kinetics
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. . 8634
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Table 1: Solubility of elements in pure aluminium (compiled from [83-88]). Elements classified according to soluble (S), slightly soluble (SS),

insoluble (1) or unknown (U).
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Si Fe Cu Mn Mg Cr Zn Ti Zr Li Ni Sr Sc
Pure Al 0.03 | 0.03|0.01| 0.00 |[0.01| 0.01 0.02 0.01 | 0.005 - 0.01 | 0.001 -
2024-T3 0.5 05 | 4.2 0.5 16 | 010 | 0.25 | 0.15 - - - - -
2090-T3 0.15 | 0.03| 270 | 0.01 |0.01| 001 | 0.01 | 0.01 | 0.07 | 2.05 | 0.01 | 0.001 -

2124-T851 | 0.20 | 0.30 | 4.5 0.6 17 | 010 | 0.25 | 0.15 - - - - -

2297-T3 0.10 [ 0.10 | 29 | 0.35 | 0.25 - 0.05 | 0.12 | 0.11 1.6 - - -
3003-0 0.60 | 0.70 | 0.12 1.2 - - 0.10 - - - - - -
3102-0 0.40 | 0.70 | 0.10 | 0.25 - - 0.30 | 0.10 - - - - -

5005-H34 0.30 [ 0.70 | 0.20 | 0.20 | 0.50 | 0.10 | 0.25 - - - - - -
5052-H131 | 0.25 | 0.40 | 0.10 | 0.10 | 25 0.2 0.10 - - - - - -
5083-H116 | 0.40 | 0.40 | 0.10 | 0.6 48 | 0.15 | 0.25 | 0.15 - - - - -
5091-H116 | 0.05 | 0.12 | 0.01 | 0.01 | 4.04 | 0.01 | 0.02 | 0.01 0.01 1.12 0.01 | 0.001 -
6016-O 1.2 050 | 0.20 | 0.20 | 0.4 | 0.10 | 0.20 | 0.15 - - - - -
6022-0 135 | 0.14 | 0.04 | 0.04 | 058 | 0.10 | 0.21 | 0.10 - - - - -
6060-O 0.53 | 0.17 | 0.10 | 0.03 | 0.37 | 0.05 | 0.15 | 0.02 - - - - -
6181-T3 095 | 045 | 0.10| 0.15 | 0.77 | 0.10 | 0.20 | 0.10 - - - - -
6360-T3 04 | 015|010 | 0.10 | 05 | 0.05 | 0.15 -
7075-T651 | 040 | 050 | 1.3 | 0.30 | 24 | 0.19 5.5 0.20 - - - - -
7079-T6 0.30 | 0.40 | 0.39 | 0.17 3.2 | 015 4.2 0.10 -
7150-T773 | 0.12 | 0.15| 2.4 | 0.10 | 2.45 | 0.04 6.1 0.06 0.1 - - - -
8090-T8771 | 0.20 | 0.30 | 1.35| 0.10 | 0.9 | 0.10 | 0.25 | 0.10 | 0.07 2.4 - - -
AS40 1260 | 0.46 | 0.35 | 0.34 | 0.13 | 0.02 | 0.05 | 0.02 | 0.005 - 0.01 | 0.051 -
AS303 529 | 077|340 | 031 [ 0.02| 0.01 | 0.09 | 0.03 | 0.005 | 0.005 | 0.01 | 0.001 -
CP401 0.14 | 013|503 | 001 {001 | 0.01 | 0.01 | 0.01 | 0.005 | 0.005 | 0.01 | 0.001 -

LM5 0.13 | 036 | 001 | 049 | 401 | 0.01 | 0.01 | 0.02 | 0.005 - 0.01 | 0.001 -
LM8 598 | 055|007 | 035 (038 | 001 | 0.05 | 0.06 | 0.005 | 0.005 | 0.01 | 0.001 -
LM20 12.70 | 0.49 | 0.38 | 0.39 | 0.14 | 0.02 | 0.06 | 0.02 | 0.005 | 0.005 | 0.01 | 0.001 -
LM25 7.06 | 054 | 009 | 032 |046 | 002 | 0.09 | 0.07 | 0.005 | 0.005 | 0.01 | 0.001 -
AlZy 6.89 | 016 | 0.01 | 0.01 | 037 | 0.01 [ 0.01 | 0.01 | 0.005 - 0.01 | 0.02 -
Al-6Ti 0.05 | 014 | 010 | 001 (001 | 001 | 0.01 | 6.01 | 0.005 | 0.005 | 0.01 | 0.001 -
Al-4Cu 0.05 | 0.4 |3.83 | 0.005 | 0.01 | 0.005 | 0.005 | 0.038 | 0.005 - 0.005 | 0.001 -
Al-Sr 0.11 | 017|001 | 001 |0.01| 0.01 | 0.01 | 0.01 | 0.005 - 0.01 | 245 -
uL40 0.05 | 005|001| 001 |002| 0.01 [ 0.02 | 001 | 0.19 | 3.85 | 0.01 | 0.00 -
Al-2Sc 0.06 | 0.04 | 0.02 | 0.01 | 0.02 - 0.01 | 0.02 - - - - 1.38

Table 2: Chemical composition from ICP-AES of the alloys tested in this study. All values in
weight %.
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Figure 1: (a) Typical potentiodynamic polarisation response of selected Al-alloys. (b) Typical
Nyquist plots collected using electrochemical impedance spectroscopy for different samples
the same alloys in (a).
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Figure 2: The range of mass loss values collected for Al-alloys, presented versus the

Mass loss (mg/cm®/day)

corresponding Hardness. Hardness was collected using a 1kg load. Mass loss determined
from 2 weeks exposure in 0.1M NaCl. The inset is the same data as the main plot, but with a
log axis on the x and y axis.
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Figure 3: The correlation between hardness and the average pit density. Hardness was
collected using a 1kg load. Average pit density was determined using optical profilometry
following 2 weeks exposure in 0.1M NaCl. Error bars omitted for clarity. The inset reveals

the average pit depth values, showing little correlation between hardness and average pit
depth.

119
Chapter 4. (4.1) A consolidated presentation of bulk chemical effects on the corrosion kinetics
of some commercial wrought aluminium alloy



0.0005

@2124-T851
0.0004 -
H N = ~ ~
L~ ~. w7150-T773
AN SO
& 0.0003 ~ .
© “~.  High rates of corrosion
~ hRS
o 0.0002 N m7075-T651
e .
- m8090-T8771  g2024-T3 wA-4Cu
< opo0001d4 - 00534y s '
WPl 0 T mAS303
ILWZ'EAl-ﬁﬂN%y ‘. m2297-T3
mORP-38 \ WM25mASA0 gl vigaaoL m6360-T3
0.0000 -{ Lowrates  gso91-gftaRH131 W-gr079-T6 m2090-T3
of corrosion : \
I I I I I I
0.00 0.02 0.04 0.06 0.08 0.10

Mass loss (mg/cm?/day)
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EIS testing and the mass loss determined from 2 weeks exposure in 0.1M NaCl. Error bars

omitted for clarity.
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Figure 5: Schematic representation of the electrochemical impact of alloying elements
studied. The plot depicts the ability of alloying additions to modify anodic or cathodic
kinetics (or both), leading to changes in the resultant corrosion rate, along with changes in

Ecorr and Ep|t
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Figure 6: Fuzzy curve (a) and fuzzy curve range (b) for the empirically determined impact of
alloying elements on the corrosion of aluminium.
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Chapter 5

The role of chemistry in the general corrosion behaviour of Al-
alloys

This chapter includes three distinct ‘sub-chapters’ which together provide a comprehensive
empirical study on the role of alloying elements in the ensuing corrosion behaviour of Al-

alloys.

Section 5.1 is a research paper accepted (September 2013) in the journal ‘Corrosion
Engineering, Science and Technology’. Following the outcomes in Chapter 4, the alloy used
in this study is based on Al-4Mg-0.4Mn system with quaternary addition of various elements
that includes Ti, Zn, Zr, Pb, Nd, Sn, Sr and Si. The aim of this work was to understand the
effect of alloying elements on the (micron scale) microstructure of Al-4Mg-0.4Mn alloy in
relation to the electrochemical response and subsequent corrosion morphology. The presence
of levels of alloying elements (nominally below the maximum solid solubility limit) can
influence the microstructure of the base alloy (by modification of 3-phase as also described in
the subsequent chapters) but also by the formation of dispersoids and additional intermetallic
particles. In this work, the electrochemical response was characterised by potentiodynamic
polarisation, supplemented by immersion testing and optical profilometry to determine the
form and intensity of the localised corrosion. Microstructural characterisation was carried out
by Scanning Electron Microscopy (SEM) and the chemical composition of the particles was

analysed with energy dispersive X-ray (EDX) spectroscopy.

The present chapter also includes a section on the electrochemical behaviour and localised
corrosion associated with the Mg,Si particles in Al-alloys. Section 5.2 is a research paper
published in the journal ‘ECS Electrochemistry Letters’. As previously discussed in Chapter
4, there are several potential alloy systems to be explored throughout this project. The 6xxx
series alloys have higher mechanical strength in comparison to the 5xxx (Al-4Mg-0.4Mn)
series alloys due to the presence of fine Mg,Si precipitates (which can be stimulated and
grown by thermal exposure). This particle however increases the susceptibility to localised

corrosion. In this work, the electrochemical behaviour of Mg,Si was investigated over a
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range of pH by carrying out potentiodynamic polarisation technique and supplemented by
SEM and EDX. This was a unique set of work, because the electrochemical response of
Mg,Si was not previously reported in detail, owing to the great difficulty in preparation of
bulk Mg,Si.The result shows that in Al-alloys, Mg,Si was found to be anodic (less noble) in

acidic and neutral pH hence undergoes selective dissolution in the Al-matrix.

Section 5.3 is a (collaborative) research paper published in the journal ‘Electrochimica Acta’.
It was foundational in further validating, if not establishing, that as alloying elements are
added to improve mechanical strength by increasing the microstructural heterogeneity, pitting
susceptibility increased exponentially. Conventionally, pitting potential (Epi) is used to
indicate pitting susceptibility; however this method lacks more useful information on size and
frequency of the pits. A more effective way in characterising pitting propensity is by using
current transient measurement during potentiostatic polarisation test. The current transient
counted (metastable pitting) have better correlation with the actual number of pits formed as
characterised by optical profilometery. The work is in its own right a complete study;
however its relation to the present thesis is important on the basis of: a) it indicates the merit
in selecting an alloys such as AA5083 as a platform for future work, b) it unequivocally
indicates the microstructure-corrosion relationship as driven by microstructural

heterogeneity.
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Influence of microalloying additions on Al-Mg
alloy. Part 1: Corrosion and electrochemical
response

N. L. Sukiman*, R. K. Gupta®, R. G. Buchheit? and N. Birbilis®

A range of custom alloys based on the A-4Mg-0-4Mn system were produced with selected
quaternary microalloying additions. Alloying elements studied include silicon, zinc, lead, titanium,
tin, zirconium, strontium and neodymium. To characterise the corrosion response, electro-
chemical tests were carried out in 0-1M NaCl, supplemented by constant immersion tests and
basic microstructural characterisation by means of scanning electron microscopy (SEM). Optical
profilometery was used to determine the form and intensity of localised corrosion. The results
indicate that low level quaternary alloying additions can have a marked influence on specific
aspects of the first order correlation between chemistry, microstructure, hardness and corrosion.

Keywords: Corrosion, Hardness, Aluminium alloys, Alloying
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study the influence of the quaternary alloying additions
including silicon, zinc, lead, titanium, tin, zirconium,
strontium and neodymium. Part 1 of this study reports
the specimen selection, production, electrochemical and
corrosion response, while Part 2 of the study reports the
sensitisation behaviour, together with phase analysis and
sensitisation resistance.

The rationale for selection of the alloying elements
studied herein has been abridged in Table 1, together
with the maximum solid solubility for the respective
elements. Each element has been studied on the basis of
a first order hypothesised influence, which required
experimental validation. As will be seen, several addi-
tions had adverse effects, however we believe still worthy
of reporting. Some additional background information
about the elements studied in the context of the AI-Mg
alloys is given below.

In most of the 5xxx series alloys (and in most wrought
Al alloys besides the 6xxx series), Si is present as an
impurity. Excess Si can lead to the formation of Mg,Si
particles which are detrimental to corrosion,”” whereby
Mg,Si is anodic to the matrix. The influence of Mg,Si on
the corrosion of Al-Mg alloys has been investigated®
and it was shown that the enrichment of Si during
selective dissolution of Mg caused the formation of
Mg(OH), and SiO,.nH,O hydroxide that act as an
additional barrier to stop the propagation from forming
deep pits.

The addition of Zn in AA5083 has been reported to
improve SCC and IGC resistance due to modification of
B-phase.'>* Addition of Zn in Al-Mg alloys leads to
the formation of a ternary intermetallic phase known as
7 phase [Mg3(Al,Zn)4],'*'2 which has apparently lower
dissolution kinetics than p-phase hence reducing the
susceptibility to SCC. Zn content is kept low so that
formation of MgZn, phase can be avoided.

Zr, Ti and Sc are noted as serving as grain refiners and
may also contribute to an increment in strength by
forming dispersoids.'®*® The contribution to strength
from grain refinement alone is not large in Al alloys
(compared to say, steels or Mg alloys) as the Hall-Petch

Sukiman et al.

coefficient is low.>' The dispersoid Al;Sc is reported
to be beneficial to mechanical properties of Al-Mg
alloys®233 and does not have significant effect on
corrosion because of inability to support the cathodic
reaction at high rates.'® However, Sc additions are
uncommon due to the high cost of Sc. Zr is known to
form AlyZr dispersoids which are cathodic to the matrix,
however, Birbilis and Buchheit, reported that cathodic
current density sustained by Al;Zr is relatively low and
therefore Zr addition is expected to not significantly
deteriorate the corrosion performance.® Ti has been
used as potent grain refiner and is present in some of the
5xxx Al alloys (such as AA 5083 and AA 5356),%
however, investigations comparing the effect of these
alloying additions (particularly in some excess) on
corrosion and mechanical properties remains scarce.
The amount of Zr, Sc and Ti added to Al-Mg alloy in
the present study is based on the nominal contents of
these alloys in commercial Al alloy systems.

The presence of Pb and Sn in Al alloys can increase
fluidity during production. Both Pb and Sn have almost
negligible solubility in Al, and during heat treatment
they can segregate.’®>° These elements in particular
have been noted as being able to also segregate to the
alloy surface, beneath the aluminium oxide layer, where
they can significantly weaken it.>”***#! In many aqueous
electrolytes the anodic reaction rate thus increases rather
dramatically, from the destabilisation of oxide layer,
known as the ‘activation’ effect which has been well
documented by the Nisancioghi group.’”-%4%4 gn s
reported to have a higher activation effect than Pb. The
activation effect of Sn can be seen at temperature as low
as 300°C but significantly reduced when heated to 600°C
where some Sn is dissolved into solid solution.** The
addition of Pb to AI-Mg alloy reduces the activation
temperature further than with Al-Pb binary alloys as
Mg enhances Pb segregation on the surface. It has been
posited that the presence of Mg is not influencing the
activation effect since Mg segregates at low temperatures
(450°C) and form passive thermal oxide of crystalline
MgAl,0, spinel*® which lessen the activation effect from

Table 1 Maximum solubility of alloying elements in pure Al (compiled from> %)

Maximum solid

Element solubility in Al Cg Rationale for selection of the element as an addition
Mg 1740 Present in base alloy
Mn 1-80 Present in base alloy
Fe 0-05 Present as an impurity, not intentionally added
Si 1-65 High solubility in Al and can be added without stimulating additional phases
Ti 1-20 Added in an attempt to increase hardness and not compromise
corrosion by formation of dispersoids
Zn 80-00 Added to contribute to solid solution and potentially reduce the
effect of g-phase by formation of ternary phase
Zr 0:28 Added in an attempt to increase hardness and not compromise
corrosion by formation of dispersoids
Pb 017 Although known as an ‘activator’, was added to explore the influence
on the cathodic kinetics of the alloy since the alloy is Mg rich and Pb
has a low exchange current density for cathodic reaction.
Nd 0-05 Added to explore the influence of what is a previously unexplored
micro-alloying addition on the basis that it may form
electrochemically homogeneous phase (Al11Nd3)
Sn 0:06 Although known as an ‘activator’, was added to explore the influence on
the cathodic kinetics of the alloy since the alloy is Mg rich and Sn has a low
exchange current density for cathodic reaction.
Sr 0-00 Added to explore the influence of what is a previously unexplored microalloying

addition on the basis that it may form dispersoids and
electrochemically homogeneous ternary phase
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Pb segregation.*’ In this study however, we wanted to
test a hypothesis, concerning whether or not excess
additions of Pb and Sn would have a beneficial impact
on retarding cathodic kinetics, therefore added amounts
of Pb and Sn are kept slightly above their respective
maximum solid solubilities. The exchange current
density of both Pb and Sn* is significantly lower than
that of Al, and it was sought to observe if this may
translate to lower corrosion. The expectation however, is
that the effect of ‘activation’ will be unlikely to be
overcome as it is a persistent phenomenon for obvious
reasons. None the less, the addition of Pb and Sn on
hardness and subsequent sensitisation for the Al-Mg—
Mn contributes to making this a more holistic study.

In a recent report, the addition of Nd has been seen to
reduce the sensitisation of an Al-5Mg alloy by modify-
ing the f-phase composition and the co-precipitation of
an Al;{Nd; which was distributed as fine particles.“
Additionally Nd was also incorporated into coarse
constituent particles. In a separate study Nd was
reported to increase recrystallisation temperature of an
Al-Mg-Mn alloy.*” These studies indicate Nd to be one
of the potential alloying elements leading to an
improvement in properties of AI-Mg alloys and there-
fore the influence of Nd was investigated.

The addition of Sr to Al-Mg alloys has not been
previously reported. Sr has nominally been used as a
modifier for eutectic Si in high Si containing AL-Si
alloys;*-*! which are nominally casting alloys. The
properties of ALSi alloys were improved due to
modification of Si and also due to incorporation of Sr
within the AlsFeSi phase. The effect of Sr on Al-Mg
alloys is investigated for the first time herein due to an
anticipated ability to form dispersoids and potential for
p-phase modification. Sr content of alloys in this study
was kept similar to what it is used in Al-Si alloys as
modifier. !

It is understood that the alloying explored herein is
not oriented towards commercial products, particularly
at such an elementary stage where processing is static,
but allows for a previously unreported platform of
information to more generally assess the corrosion of
Al-Mg alloys and the role of chemical additions.

Experimental

Materials

The alloys tested in this study were produced by melting
an AF-Mg-Mn master alloy (denoted as AMM in
Table 2) with alloying elements either in their pure

form, or in some instances in the form of commercially
available master alloys. The amounts of alloying are
kept at a low level to limit the formation of precipitates.
Commercially pure Mg and Al were added to balance
the chemical compositions in cases where master alloys
were used. Melting was carried out in a muffle furnace.
Regular stirring of the melt was carried out, followed by
casting into a preheated (at 300°C) graphite crucible.
Cast alloys were homogenised below the liquidus
temperature (nominally at 400°C) for two days, and
then cold rolled to a 50% thickness reduction. The
composition of the alloys produced was independently
analysed using inductively coupled plasma — optical
emission spectrometry (ICP-OES) at spectrometer ser-
vices (Australia) and presented along with designation
of the alloys in Table 2.

Characterisation and physical testing

The microstructures were characterised using an FEI
Quanta 200 scanning electron microscopy (SEM) to
identify the presence and nature of particles within the
microstructure. All samples were prepared by metallo-
graphic polishing down to a 1 pm finish, followed by
ultrasonic cleaning. The images were observed using
backscattered electron (BSE) mode and the chemical
composition of the particles was analysed with energy
dispersive X-ray (EDX) spectroscopy. Vickers hardness
testing was performed using a Duramin A300 Hardness
Tester using a 1 kg load. This method of mechanical
testing was preferred, as a large number of replicate
measurements were possible, and the testing could be
performed in-house on all specimens. The size of
specimens produced prohibited a round robin of tensile
tests.

Corrosion testing

Specimens were ground to 1200 grit SiC paper under
ethanol prior to electrochemical testing. All tests were
carried out in 0-1M NaCl. Potentiodynamic polarisation
tests were performed using a standard 3-electrode flat-
cell (PAR) and a Biologic VMP3 potentiostat under the
control of EC-Lab software. A saturated calomel
electrode (SCE) was used as a reference electrode and
platinum mesh was used as a counter electrode.
Potentiodynamic polarisation tests were initiated using
a scan rate of 1 mV s™! after 10 min at open circuit
potential. This period of 10 min was determined to be
sufficient for achieving a stable potential, whereby the
potential did not subsequently alter by more than a few
mV min~'. A longer time at open circuit in dilute

Table 2 Chemical composition from ICP-OES of alloys tested in this study/wt-%

Alloying elements

Alloys Al Mg Mn Si Fe Ti Zn Zr Pb Nd Sn Sr

AMM Bal. 401 0-49 013 0-36

AMM+0-1Ti Bal. 389 048 013 034 010

AMM+0-4Zn Bal. 401 0-48 013 0-33 0-40

AMM+0-21Zr Bal. 417 049 011 0-32 021

AMM+0-23Pb Bal. 384 0-50 011 0-31 023

AMM+0-18Nd Bal. 514 0-01 0-06 015 0-18

AMM+0-34Sn Bal. 397 0-50 013 0-34 0-34

AMM+0-1Sr Bal. 364 047 012 0-32 010

AMM+0-16Zr+0-12Sr Bal. 402 045 014 0-33 016 012

AMM+0-1Si Bal. 4-00 0-48 0-24 0-32
256 Corrosion Engineering, Science and Technology 2014 voL 49 NO 4

132

Chapter 5. (5.1) The influence of microalloying additions on Al-Mg alloy (Al-4Mg-0.4Mn),
Part 1: Corrosion and electrochemical response



chloride electrolytes will ultimately lead to corrosion
initiation following a finite period, after which any
changes in the alloy surface do not reflect the response of
the original surface. Additionally, electrochemical impe-
dance spectroscopy (EIS) was also performed on all
samples. EIS spectra were collected over the range of
500 kHz to 5 mHz in the potential range of OCP+/
—10 mV, and analysed using EC Lab software.

Immersion (mass loss) tests were performed for
samples immersed in 0-IM NaCl for 14 days.
Following immersion, corrosion products were removed
by a short immersion (~ <10 s) and light rubbing in 7%
nitric acid solution before final weighing. This solution
was used in order to preserve the original morphology of
the corrosion attack for subsequent profilometry (shown
to be effective in Refs. 24 and 52). The morphology of
the immersion samples were analysed using SEM and
optical profilometry (Veeco Wyko NT1100). Pitting
attributes such as average pit depth, number of pits and
the volume of pits were calculated with the assistance of
Veeco Vision software package.

All tests were repeated for at least three times for data
reproducibility and standard deviation was used to
generate error bars of the results.

Results and discussion

Effect of alloying on microstructure

The addition of the various alloying elements studied
has an influence on the formation of second phase
particles within the matrix, as shown by backscattered
electron (BSE) images in Fig. 1. The chemical composi-
tion and solubility limit of the alloys studied are listed in
Tables 1 and 2 respectively, for correlation. In this
study, the particles were analysed on the microscale (not
the nanoscale, as TEM studies were not employed),
justified on the basis that alloys were not expected to
precipitation harden and form a nanostructure in the
quenched and wrought condition. As the particles
imaged via SEM are larger than 1 pm, phase identifica-
tion was achieved by energy dispersive X-ray (EDX). In
general the particles which form are smaller than the
constituent particles in the base alloy, and more evenly
distributed. Of the types of intermetallic compounds
identified; there was nominally some remnant constitu-
ent f-phase (Mg»,Al;), and the impurity based constitu-
ents Alg(Mn,Fe), Alj»(Mn,Fe), Al{(Fe,Mn,Si) and
MgsSi for each of the alloys characterised. There are
appreciable amount of Fe and Si present as impurities,
as the alloys are of commercial grade Al-Mg alloy.
These constituent intermetallics identified herein are also
nominally found in commercial AA5083.2%53

The addition of Zr and Ti are nominally added for the
purpose of grain refinement, albeit in somewhat lower
concentrations. For the concentrations tested herein,
these elements were seen to stimulate the formation of
AlZr and ALTi constituents (in addition to any
nanometre scale dispersoids) as identified by EDX
shown in Fig. la and c¢. The presence of Zr retards
nucleation through substructure pinning of the fine
precipitates and causing shape contractions in the as cast
shape of eutectic constituents.'®>* A limited amount of
nuclei lowers recrystallisation which may also reduce
corrosion rate by avoiding the formation of high angle
grain boundaries.>

Corrosion Engineering, Science and Technology
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The addition of Sr in Al-Mg alloy changed the
constituent morphology from branched dendrites to a
less branched plate like intermetallics as shown in
Fig. 1g. The use of Sr in Al-Si alloys is more common
than in AL-Mg alloys but herein some modifying effect is
also readily observed. EDX also traced the presence of
Al-Sr intermetallic which we believe to be Al,Sr but the
size is too small for quantification be seen in SEM. Zn
has a similar modifying effect as Sr, therefore the
morphology of constituents is also changed to smaller
and less branched than those observed in base alloy
(Fig. 1j).!2 With regards to the rare earth element, Nd
(Fig. 1e) what is observed is a reduced density of
micrometre scale intermetallics compared to the base
alloy. Previous study reports the formation of Al;;Nd;
intermetallics in an Mn free Al-Mg alloy,'* however
such quantification was done using TEM. Pb and Sn
have low solubility limits in Al (Table 2) and EDX
analysis confirms an appreciable amount of A-Mg-Pb
and Al-Mg-Sn constituent particles, which are nomin-
ally rich in, and most likely relatively pure, Pb and Sn in
the microstructure seen in Fig. 1d and f. Detected Al
and Mg levels are very small and most likely due to the
overlap between the analysis volume and the surround-
ing matrix.

General properties, hardness and mass loss
Optimisation of corrosion performance and mechanical
strength is one of the biggest challenges in Al alloy
design and therefore understanding simultaneous effect
of alloying additions on hardness (a quick measure of
strength) and corrosion performance is of great interest.
The effect of alloying additions on corrosion (as
presented in a first order sense by mass loss) and
hardness of the alloys studied is shown in a combined
representation in Fig. 2. Alloying additions to the base
alloy did not cause a significant change in hardness. Nd
and Zr additions lead to a slight increase in hardness,
which may be attributed to the formation of fine
dispersoids,zo’”’56 but the effect was subtle, whilst the
presence of elements such as Pb, Si, Sr and Sn lead to a
slight decrease in hardness. Formation of an additional
phase with Mg (for example Mg,Si in presence of Si and
Al;sMgsgSry in case of Sr) would lead to a loss of Mg in
solid solution, and consequently a decrease in hardness
was observed. The individual effect of alloying elements
in Al-Mg base alloy may be summarised as follows:

(i) Zn caused a slight decrease in the corrosion rate
(as assessed by mass loss) and hardness. This
could be ascribed to the co-solubility of Zn in
Al, and the reduction in the formation of second
phases. Additionally Zn is reported to decrease
the anodic activity of p-phase by depleting the
Mg to form ternary phase, AIM%Zn leading to
improved corrosion resistance.'>*
The alloy containing higher Si than the base
alloy was observed to have a higher mass loss,
but with lower hardness. This may be attributed
to the presence of coarse Mg,Si, depleting the
matrix of Mg, but not contributing to hardness
(since hardness contributions would be expected
to occur by Mg,Si on the nanoscale). Since the
alloy was tested in the quenched and wrought
condition, the precipitation of fine MgSi is not
expected.”’

(ii)
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a AMM+0-1Ti; b AMM+0-4Zn; ¢ AMM+0-21Zr; d AMM+0-23Pb; e AMM+0-18Nd; f AMM+0-34Sn; g AMM+0-1Sr;
h AMM+0-16Zr+0-12Sr; i AMM+0-1Si; j AMM
1 Backscattered electron (BSE) images of alloys with various alloying elements in as cast condition

(iii) Additions of Zr increased the hardness of the
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alloy as well as mass loss values. The formation
of AlZr dispersoids impedes dislocations
movement hence higher hardness values, how-
ever the excess of Zr added herein has also
apparently stimulated coarser Al;Zr particles
(>1 pm), which have led to increased levels of
corrosion.
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Ti significantly increased the mass loss value
with a slight decrease in hardness. Similar to the
effect of Zr, the increased in corrosion rate may
be due to the excess of Ti and presence of coarse
Al3Ti.

Addition of Sr was observed to have signifi-
cantly high mass loss with a slight decrease in
hardness. The formation of coarse Al;Sr has a
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greater influence on corrosion rate than on
hardness as it did not deplete Mg from the solid
solution. The modifying effect of Sr on f-phase
also unclear by mass loss evaluation.

(vi) The addition of Nd enhanced the hardness with
only a slight increase in mass loss than the base
alloy. Formation of Al;sMg;Nd phase is reported
to be responsible in impeding the movement of
dislocation hence higher strength.*” Nd is also
reported to form fine Al rich phase, Al;;Nd;
which has lower electrochemical mismatch with
the matrix that contributes to lower corrosion
rate.'4

(vi) The addition of Pb and Sn were found to
increase mass loss significantly without much
influence on hardness. As Pb and Sn have
extremely low solubility limit in Al, one could
assert that they have segregated to the metal/
oxide interface causing a large anodic activa-
tion,**42 described further below.

Influence of chemistry on electrochemical
response

The typical potentiodynamic polarisation curves for
various alloys are shown in Fig. 3 which reveals the
influence of alloying additions on the electrochemical
characteristics. These include the corrosion potential
E., pitting potential Ey;, corrosion current density icorr
values, along with the relative rates of cathodic and
anodic reactions. All the alloying additions, except Sr,
shifted the E., to the less noble direction. Depending
upon the alloying element the shift in E,,, was as much as
170 mV (for Sn). An overall shift of E..,, in the less noble
direction as a result of alloying is expected either due to
increase in the anodic reaction or decrease in cathodic
reaction, or a combination of the change in the rates of
the two reactions. Addition of Zn, Sr, Pb, Si and Ti did
not lead to significant changes in the cathodic reaction
rates. However, Sn, Nd and Zr lead to a rather marked
decrease in the cathodic reaction rate. The effect of these
alloying elements on anodic kinetics was significantly
different than on cathodic kinetics. Additions of Sr
decreased the anodic reaction slightly. All other alloying
additions lead to increase in anodic kinetics and level of
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and b include base alloy (AMM) as benchmark

increment was dependent on alloying addition. Sn and Pb
have the largest impact in increasing the anodic kinetics, a
disproportionate increase concomitant with the phenom-
enon of anodic activation,*73%#!

All alloys tested show a distinct breakdown potential
except for the alloys containing Sn, Pb, Ti and Si
(Fig. 3). These alloys do not show any passivity
windows for the testing herein in 0-1M NacCl. Si does
not lead to a large increase in corrosion current density,
however, Si can contribute to the formation of Mg,Si
particles which are anodic and increases local anodic
reaction rates rather significantly, disrupting passivity.?’

To interpret the electrochemical reactions that are
dominating changes in the corrosion current density,
E,,:: was plotted with respect t0 icorr and the plot was
divided into four quadrants (Fig. 4). Each quadrant
represents whether the cathodic or anodic reaction
kinetics dominate changes in i.o (see caption, Fig. 4).
Most of the alloys are situated in the fourth quadrant
which indicates increases in the anodic reaction,
dominated over any changes in the cathodic reaction.
Only two of the alloys (Nd and Zn containing alloys) fall
in third quadrant which indicated that decrease in the
cathodic reaction dominated over the change in anodic
reaction kinetics.

Mass loss as measured after constant immersion tests
was compared with the i, and polarisation resistance
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R, which is presented in Fig. 5. Mass loss as measured
from the immersion tests was not linearly necessarily
proportional to the electrochemical parameters with a
low scatter, however generally speaking there is a
correlation from these two independent tests (one being
short term, the other long term). Further, the relatively
subtle differences observed in mass loss herein mean that
in the context of alloy corrosion overall, a relative
narrow window of mass loss was observed. As expected
R, increased with decreased in iccorr.

Influence of microstructure on corrosion
morphology

Mass loss only indicates the amount of metal dissolution
during corrosion and not necessarily the severity of the
localised attack that could be more vital in assessing the
performance of structural materials in corrosive environ-
ments. Pitting susceptibility as measured using poten-
tiodynamic polarisation tests sometimes may result in
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5 Correlation between i, and 1/Rp with mass loss: elec-
trochemical response was determined via potentiody-
namic polarisation, PDP (for i..) and via electrochemical
impedance spectroscopy, EIS (for Rp); PDP and EIS were
conducted on independent samples following open cir-
cuit exposure of 10 min in 0-1M NaCl
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misleading information and therefore microscopic obser-
vation of pitting damage to corroborate findings also
becomes necessary. In order to gauge the significance of
the attack, surface characterisation by optical profilome-
try was carried out after immersion revealing the pitting
characteristics relationship with mass loss as seen in
Figs. 6 and 7. The amount of pits (known as the pit
density) does not necessarily correlate linearly with the
mass loss measurements, indicating that the different
alloys tested had rather different localised corrosion
morphologies. Alloys containing Nd, Pb and Sn form
more pits than the base alloy. The alloys that populates in
high mass loss spectrum have wide variation of pit
density, with the Pb containing alloy yields the highest
number of pits. This indicates that dissolution of metal
does not necessarily point to the formation of pits in such
cases, and that a correlation between particle density and
damage may not be so relevant for ‘activated’ alloys
where the surface film has been disrupted en masse.
Again, the results seen here for pit density could be
possibly related to differences in the constituent particle
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bars omitted for clarity
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densities, with those having lower mass loss apparently
having more pits arising due to there being more smaller
constituents, however the relative scatter is rather small.
Additionally, the pit density is not representative of pit
depth, and hence the depth is analysed and presented
separately.

The maximum and average pit depth varied rather
slightly with alloying additions, however there is a
statistically relevant difference, and it is apparent that
there is a trend between mass loss and pit depth (albeit
for the small range of space which these alloys occupy)
as shown in Fig. 7. Alloys containing Sr, despite having
high mass loss, did not form pits deeper than the base
alloy and at par with Nd and Zr containing alloys which
have much lower mass loss. As Sr is insoluble in Al,
AlSt phase was expected to form,* it is however not
visible in the SEM images shown in Fig. 1g and A. This
indicates that the size is small (nanoscale) and localised
attack was not associated with these particles. Sr also
modifies the characteristics of intermetallic particles
such as the S-phase, hence reducing probable sites for
localised attack.**%*-6> Alloy with Si has less pit density
than the base alloy due to the formation of coarse Mg,Si
precipitate. As Mg is a highly reactive element, Mg,Si
tend dissolve selectively and severely leaving deeper pits
(contribute to higher mass loss) than the base alloy. The
segregation of Pb and Sn destabilises the oxide layer
increases sites for localised attack as shown by the
average pit density.’®#!6> This followed by higher depth
of the pits due to increase in the anodic activity. Other
notable element is Zn which effectively lowered the pit
depth and mass loss in comparison to the base alloy.
This indicates that Zn is not only reduced the localised
attack but also the general corrosion. It may be related
to the modification of pg-phase and formation of
electrochemically homogeneous © phase.!!!

Conclusions

1. From an electrochemical perspective, it was
observed that alloying additions did not significantly
alter the rates of the cathodic reaction. Of the influence
on cathodic kinetics, the only statistically relevant
change was the reduction in cathodic kinetics imparted
by Sn additions, however this did not offset the
concomitant increase in anodic kinetics by the activation
effect.

2. The alloying elements Pb, Sn, Zn, Ti, Zr, Nd and
Si showed an increase in anodic kinetics such that
electrochemical corrosion rates were enhanced. This was
attributed to activation in the case of Pb and Sn (noting
that Sn was much more efficient at activation), but also
due to microstructural disruption in the case of Zn, Ti,
Zr, Nd and Si in this A--Mg-Mn system. A more
detailed discussion regarding the changes in microstruc-
ture and phase analyses in relation to heat treatment
(sensitisation) are reported in Part I of this work. The
impact of Sr was reported here for the first time and Sr
additions were seen to reduce anodic kinetics in the base
Al-Mg-Mn alloy.

3. The addition of Pb, Sn, Zn, Ti, Zr, Nd, Sr and Si
had an influence on the hardness of the alloys tested. Of
the elements tested, it appeared that Zr and Nd were
able to impart a statistically relevant hardening effect,

Corrosion Engineering, Science and Technology

Sukiman et al.

whilst the elements Pb, Sn, Zn, Ti, Sr and Si did not have
a significant impact on hardness.

4. In regards to moderating corrosion, from electro-
chemical testing, Nd and Zn indicated that a minor (but
not significant) reduction in icr could be obtained,
however in regards to mass loss tests, the data was rather
inconclusive with the tests indicating (besides for the
high corrosion rates imparted by Pb, Sn, Ti, Sr and Si)
that most mass loss rates were similar. To assess any
localisation of corrosion, profilometry revealed Pb
formed highest number of pit and Zr the lowest,
however again, the results are not varying largely
between alloys (nominally values are within ~20% of
one another).
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The electrochemical properties of intermetallic phases (whether
constituent or precipitated) present in aluminum (Al) and magnesium
(Mg) alloys differ significantly from the matrix, rendering such al-
loys susceptible to localized corrosion.'™ A quantitative understand-
ing of the electrochemical characteristics of the intermetallic phases
which populate an alloy have been shown to be imperative in or-
der to predict, determine and characterize the overall alloy corrosion
behavior.

Si is acommon element present either as an impurity or as an alloy-
ing addition in both Al and Mg alloys.® In the context of Al-alloys, Si
additions nominally form Mg, Si when Mg is also present (the amount
required to form Mg,Si will depend on the Mg:Si ratio in the alloy,
but may be as low as 0.2 wt%). Whilst Si is also present up to 10 wt%
in Al casting alloys where a large population of Mg,Si is reported,’
such alloys are not the principal focus in this work. However, wrought
alloys based on the 6xxx series are critical in structural applications,
since they are nowadays alloyed more heavily to induce precipitation
hardening (via formation of Mg,Si) during paint baking of automo-
tive panels.® Mg,Si has also been noted to form in hypoeutectic die
cast Al-alloys.’ In the context of Mg alloys, even small amounts of
Si will form Mg,Si, with Si being largely insoluble at temperatures
below 600°C.

In regards to electrochemical kinetics, little is known about the
unique electrochemical behavior of Mg, Si, with the exception of one
study that reported the electrochemical response over a range of chlo-
ride concentrations at neutral pH.> More recently the observations
from a selection of experiments on the corrosion of Al-alloy 6061
brazed with Al-Si-(Cu) fillers indicated the ramification of Mg,Si
in the microstructure.'® The former study? employed the microcap-
illary technique where polarization tests were performed on Mg,Si
particles (a few tens of microns in size) embedded in the heteroge-
neous bulk alloy matrix. Additionally, some detailed observations of
the behavior of Mg,Si in Al-alloys were given by Jain,” who was
amongst the first to suggest that in neutral bulk pH, Mg, Si dissolves
by dealloying and preferential dissolution of Mg; which was later
also confirmed by Eckermann and coworkers.!! Given that the elec-
trochemical response is heavily dependant on electrolyte pH, further
tests are warranted, which is the aim of this study. The ability to
elucidate the corrosion potential and dissolution/reduction kinetics of
Mg, Si across the pH range will allow for assessment of whether Mg, Si
is expected to behave as a local anode or cathode (along with the as-
sociated intensity of local currents it may sustain) in the context of
alloys which it may populate. To do this, the electrochemical response
of Mg,Si was compared with that of two common Al (AA6360-
T6 and AA7075-T651) and a Mg alloy (AS31), all containing
Mg,Si.

*Electrochemical Society Active Member.
“E-mail: rajeev.gupta@monash.edu

Experimental

Material.— Mg, Si was synthesized by stacking alternating layers
of thin sheets of pure Mg (99.9%) and Si (99.9%), and encapsulating
the stack in a quartz tube backfilled with argon. This approach was
designed to maximize the wetting of the Si during the melting of the
Mg (T,n(Mg) = 650°C). Given the large difference in the melting
temperature of Mg and Si (7,,,.,(Si) = 1414°C), and the requirement
to stay below the boiling point of Mg for safety concerns (7}, (Mg)
= 1091°C), quartz encapsulation allowed the stack to be held for
extended periods at temperatures above 7,,.;,(Mg) the whilst avoiding
oxidation and giving time for formation of the Mg,Si compound.
Specimens were air-cooled.

To confirm the formation of Mg,Si, X-ray diffraction (XRD)
was performed on the synthesized Mg,Si using Cu K, radiation
(h = 0.1541 nm) at a scan rate of 0.5°/min and at 50 steps per de-
gree (Philips 1130). Microstructural characterization was carried out
using a JEOL-7001 field emission gun scanning electron microscope
(SEM), equipped with energy dispersive x-ray spectroscopy (EDX).

Electrochemical characterization.— Separate anodic and cathodic
potentiodynamic polarization experiments were conducted. Prior to
each test, specimens were ground in ethanol to 2000 grit (SiC pa-
per). All tests were conducted in quiescent 0.01 M NaCl (pH 2,
6 and 13) using a standard three-electrode flat cell (PAR), incor-
porating a saturated calomel electrode (SCE) and a platinum mesh
counter electrode. A VMP3 Potentiostat (BioLogic) under the con-
trol of EC-lab software was used. Polarization commenced after
monitoring the open circuit potential (OCP) for 30 minutes, and a
scan rate of 1 mV/s was used. The exposed surface area of Mg,Si
was about 15 mm?, acetone soluble red-lacquer was used for spec-
imen masking. Experiments were independently repeated at least 5
times to ensure reproducibility. The tested specimens were exam-
ined under an optical microscope to verify that no crevice corrosion
had occurred. Comparative open circuit potentials of AA6063-T6
(nominal composition wt% Al-0.6Mg-0.5Si), AA7075-T651 (nomi-
nal composition wt% Al-2.5Mg-6Zn-1.3Cu-0.2Si) and AS31 (nomi-
nal composition wt% Mg-3Al-1Si) are reported following 30 minutes
immersion.

Results and Discussion

The combination of XRD, SEM, and EDX confirmed the presence
of single phase Mg, Si. The XRD revealed the cubic crystal structure
of Mg,Si (space group Fm3m), however this structural result was
also cross-validated from an EDX determined Mg to Si atomic ratio
of ~2:1, where the EDX spectrum was collected at several points.
Figure 1 shows a typical SEM image of a test sample and a photo-
graph of as synthesized Mg,Si in the inset. The features in Figure 1
correspond to dimples and grinding marks that arise from the brittle
nature of Mg, Si.
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Figure 1. Backscattered SEM image of Mg, Si. Inset shows a photograph of
bulk Mg, Si pieces cut from ingot. Dimples/scratches are remnants from the
grinding of the brittle Mg, Si.

Anodic polarization curves of Mg, Si in 0.01 M NaCl within a pH
range of 2 to 13 are presented in Figure 2. Such curves indicate that the
polarization response is strongly influenced by the electrolyte pH. Re-
tardation of the anodic reaction kinetics are observed as pH increases
from 2 to 6, accompanied by a slight ennoblement in corrosion poten-
tial. In alkaline pH, Mg, Si exhibits a passive window (with a distinct
breakdown at ~0.2 Vgcg) associated with the passivity of Mg at this
pH. Such passive behavior of Mg,Si is not observed at neutral pH. In
a qualitative sense, the polarization response of Mg, Si follows that of
Mg'? as opposed to Si,>!* whereby current densities are highest and
dissolution is rapid at low/acidic pH (i.e. 2), with dissolution slowing
until a critical pH where the metal passivates.

Figure 3 shows cathodic polarization curves for Mg,Si. In the
potential range studied the cathodic reaction is water reduction (the
rate of which was found to be independent of the level of aeration
or oxygen concentration from unreported parallel tests). The cathodic
response is essentially similar for neutral and alkaline pH, however
cathodic kinetics are much more rapid under acidic conditions (which
promote hydrogen evolution).

OCP of commercial alloys that contain a population of Mg,Si have
been overlaid on Figures 2 and 3. Of the Al-alloy OCPs overlaid in
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Figure 2. Anodic polarization curves of Mg, Si in quiescent 0.01 M NaCl at
pH 2, 6 and 13. OCP for AS31, AA7075-T651 and AA6360-T6 are overlaid.
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Figure 3. Cathodic polarization curves of Mg, Si in quiescent 0.01 M NaCl
at pH 2, 6 and 13. OCP for AS31, AA7075-T651 and AA6360-T6 are
overlaid.

Figures 2 and 3 it is observed that at pH 2 and 6, the OCP of Al alloys
is more noble than that of Mg, Si. This implies that at such potentials
Mg,Si acts as an anodic site, undergoing a net anodic polarization
within the Al-alloy matrix. At pH 13 however, the OCP of Al alloys is
less noble (where Al undergoes rapid dissolution) than that of Mg, Si
and therefore at such elevated pH, Mg,Si is polarized cathodically
compared to the matrix. In the case of Mg-alloy AS31, we observe
that although the OCP of AS31 becomes more noble with increasing
in pH, OCP remains less noble than the Mg,Si across the range of
tested pH and therefore Mg,Si was found to be a net cathode with
respect to the Mg-matrix in AS31 in all cases.

We acknowledge that such first order determinations are more
complex in dynamically corroding systems and alloys with complex
surfaces (i.e. with additional second phases or intermetallic encapsu-
lation). However, in order to validate the above assertions, the 6xxx
series Al-alloy and AS31 were immersed in neutral 0.01 M NaCl
for 90 minutes in order to observe the damage morphology that is
associated with Mg, Si (Figure 4).

It is observed that in the case of Mg,Si in an Al-matrix, that the
Mg, Si site itself undergoes dissolution (independent of the matrix) as
seen in Fig. 4a (secondary electron image). The damage accumulation
takes the form of incongruent dissolution which is more obvious in
Fig. 4b (backscattered electron image of Fig. 4(a)), revealing that
dissolution occurs in a manner that leaves behind the (bright) Si. This
is consistent with not only Mg, Si serving as a local anode, but also in
regards to the damage accumulation mode being incongruent, however
the latter is more comprehensively described in.”!!

In the case of Mg,Si in a Mg-matrix, the Mg,Si appears to remain
intact (Fig. 4c) and associated with dissolution of the surrounding
matrix. The lack of incongruent (or any) dissolution of Mg,Si it-
self is also seen in Fig. 4d, where the Mg, Si is seen as the brighter
particle surrounded by a matrix cavity. It appears that prolonged ex-
posure may have led to the undermining of such an Mg, Si particle in
the more advanced stages of corrosion; and indeed surfaces analyzed
from longer immersion times did not permit for ready determination of
corrosion morphology (hence the short immersion time of 90 minutes
was selected for such reactive systems). The electrochemical analysis
with such simple observations indicate that Mg,Si can be cathodi-
cally protected in Mg, which is consistent with work by Yamaguchi
et al.'"* who suggested that Mg,Si undergoes corrosion at rates lower
than Mg-alloys; however in the context of Yamaguchi’s work which
involved Mg,Si coatings, any coating defects would naturally have
caused accelerated corrosion of the Mg substrate.
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Figure 4. a) Secondary electron image showing dissolution of Mg,Si in an
Al-matrix; b) Backscattered electron image of a); ¢) Secondary electron image
showing dissolution around Mg, Si in an Mg-matrix; d) Backscattered electron
image of ¢). Specimens exposed to quiescent 0.01 M NaCl pH6 for 90 minutes.
Specimen preparation was 1 jum diamond suspension; EDS was used to confirm
presence of Mg Si.

Conclusions

A suitable sample preparation technique made it possible to pro-
duce bulk and uniform Mg, Si specimens for electrochemical testing.

The electrochemical/polarization behavior of Mg, Si was investigated
was found to be a function of pH, being highly active at acidic pH,
active at neutral pH and passive under alkaline conditions. Mg, Si was
cathodic (more noble) with respect to Mg alloy AS31 for whole range
of pH tested. Conversely, Mg, Si was anodic (less noble) to Al alloys
6360 and 7075 in the acidic and neutral pH, but cathodic in alkaline
conditions (where Mg is passive and Al dissolves). This study also
lends support to the electrochemical response of Mg,Si being domi-
nated by Mg, and that Mg, Si dissolves incongruently when it is a net
anode.
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In this study we report a comparison between the metastable pitting observed upon AA2024-T3, AA5005-
H34, AA5083-H116, AA6022-0, AA7075-T651 and pure Al, over a range of potentials. Metastable pitting
increased with microstructural (hence electrochemical) heterogeneity of the alloys studied, which
roughly correlates with hardness. In alloys exhibiting a low pitting propensity, metastable pitting activ-
ity completely ceased as the underpotential from E;; was increased, whereas for corrosion prone alloys,
metastable activity continued independently of underpotential. The selection of the test potential is also a
key factor in using the method described herein. It is shown that the Ey,;; value bears little correlation with
the number of pits formed during long-term exposure as measured using optical profilometry, whereas
the metastable pitting rate bears a correlation to the actual pit density.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Pitting is the most common form of corrosion for aluminium (Al)
and its alloys. Of the common electrochemical testing methods,
potentiodynamic polarisation allows a determination of pitting
susceptibility by revealing the pitting potential (Ep;c). Whilst Ep;
is often used as an indication of pitting susceptibility [1], the Ep;
value can however be misleading in the discrimination of pitting
propensity between alloys. For example, if an alloy with a more
noble Ep;; is supposed to be less susceptible to pitting corrosion,
such a judgement is made with no quantification of the number of
pits or their relative size [2-4]. The determination of Ep;; also fails
to explain the mechanism or Kinetics of pit initiation, and does not
give any information about the metastable pitting which occurs in
Al alloys at potentials well below the Ep;; [5-11]. Furthermore, as
indicated by Zavadil et al. [12] there are a number of ‘prepitting’
processes that can occur on aluminium. Therefore, an alternative
quantification that provides information on the size and frequency
of pitting in aluminium alloys is required. Previously, analysis and
quantification of metastable pitting events has shown to be useful
for discriminating between the pitting characteristics of different
alloys or the same alloy processed in a different manner [6,7,13].
Such work follows studies upon ferrous alloys originally conducted
by Williams et al. [14-16], who proposed that the probability of

* Corresponding author. Tel.: +61 3 9905 5323; fax: +61 3 9905 4940.
E-mail addresses: rajeev.gupta@monash.edu, gupt.rajeev@gmail.com
(RK. Gupta).

0013-4686/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2012.01.090

stable pitting (i.e. pits which form and do not subsequently repas-
sivate) was directly related to the occurrence of metastable pitting
(i.e. pits which form and subsequently repassivate). It is therefore
reasonable to study metastable pitting, since metastable events are
not only easier to measure in a practical sense, but they occur more
frequently and thence more relevant for a statistical study [2,5,6].

Metastable pitting can be characterised by current fluctuations
(viz. transient spikes) when an alloy is held potentiostatically below
Epit. These transients correspond to the nucleation, growth and
repassivation of metastable pits. Inclusions, intermetallic particles
(coarse or fine), surface roughness and electrochemical potential
are factors that influence the nucleation and growth of metastable
pits [2,6]. In aluminium alloys, intermetallics may be in the form
of constituent particles, precipitated phases, or dispersoids, as out-
lined in [4,17]. To date, most of the published work in this field is on
stainless steels, with metastable pitting studies on Al and its alloys
being less common. Cavanaugh suggested that the reason for this
lack of attention is due to the larger frequency of metastable pit-
ting events on Al alloys necessitating computer assisted analysis,
and the increased complexity of such analysis [6]. A recent paper in
regards to automated current transient analysis is given by Soltis
et al. [18]. Pride et al. [5] were amongst the first researchers to
investigate metastable pitting of pure Al by counting the current
fluctuations in electrolytes of various chloride ion concentrations.
That work revealed that the number of metastable pitting events
increased with both chloride concentration and applied potential.
The authors reported that the stabilisation of pits (i.e. a change from
metastable to stable pitting) occurred when Ip/rp;; was greater
than 10-2A/cm, with metastable pit radii (rpit) estimated to be
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Table 1
Designation and compositional analysis (weight%, balance Al) of alloys tested.
Cu Mg Si Zn Cr Fe Mn

Pure Al <0.05 <0.01 0.04 <0.01 <0.005 0.03 <0.005
AA2024-T3 4.4 15 0.50 0.25 0.1 0.50 0.6
AA5005-H34 0.2 0.8 0.30 0.25 0.10 0.70 0.20
AA5083-H116 0.10 4.5 0.40 - 0.1 0.40 0.5
AA6022-0 0.04 0.58 135 - 0.10 0.14 0.04
AA7075-T651 1.6 25 0.40 55 0.23 0.50 0.30

0.1 to 6 wm. Inhibitors such as chromate were reported to be very
effective in decreasing the extent of metastable and stable pitting,
whereby Trueman [19] investigated the metastable pitting of 2024~
T3 in NaCl solution and proposed a model for describing stable
pitting by observing metastable pitting. Kim and Buchheit [20] used
quantification of metastable pitting to investigate the effect of cop-
per (Cu) on pitting of Al-Cu alloys; suggesting that the addition
of Cu to Al (in solid solution form) may inhibit metastable pitting
and shift Ey,;; in a more noble direction. Current transients collected
at a constant applied potential (well below E,;;) were analysed to
compare the metastable pitting behaviour of Al and Al-Cu alloys. It
was concluded that Cu additions diminished the metastable pitting
rate. However, the applied potential for transient measurements
was very close to the E,;; for pure Al and more than 100 mV below
the Ep;; for an Al - 2% Cu alloy, which may have influenced the con-
clusions of this work. The effect of applied potentiostatic potential
with respect to Ej,;; is important, as suggested by Pride et al. [5], and
further discussed in this work.

In a specific study that showcased the ability of metastable
pit transients to give electrochemical information sensitive to
nanoscale microstructural features in an age hardened Al-Cu-Mg
alloy, Ralston et al.[7,8] were able to isolate critical precipitate sizes
that led to a large increase in pit susceptibility. Davis et al. [10]
used a similar technique to report that (11 1) crystal facets exhib-
ited the highest number of metastable pits at a given potential,
whilst metastable and stable pitting corrosion of aluminium mod-
ified with carbon was reported by Lensch et al. [11]. Speckert and
Burstein [21] recently investigated current transients in pure Al,
Al-0.35% Fe and Al-0.03% Ti alloys. Current transients appearing in
these materials were distinguished by their unique size and shape,
and the appearance of so-called cathodic transients was reported
for the first time. The cathodic transients occurred exclusively in the
Fe containing alloy and were attributed to the accelerated hydrogen
evolution from the Fe rich pit nucleation site. However, the most
comprehensive compilation of work to date is that of Cavanaugh
[6], who investigated the effect of potential, time, temperature, pH,
and chloride ion concentration on metastable pitting of AA7075-
T651.

To date, there have been few comparisons of the metastable
pitting behaviour of different Al alloys in a consolidated and sys-
tematic presentation. Except for the work of Pride et al. [5] and
Cavanaugh [6], the dependence of metastable pitting events in Al
systems upon the potentiostatic potential has not been sufficiently
investigated in the literature. This paper presents a study on the
comparison and quantification of metastable pitting of various Al
alloys over a wide range of potentials and relates the metastable
pitting to the alloy microstructure, whilst maintaining a broader
and general view of the comparisons.

2. Experimental
2.1. Materials
The aluminium alloys tested in this study, along with their com-

position and designation (and temper [4]) are given in Table 1.
For electrochemical testing, the alloys were cut into “matchstick”

working electrodes and cold mounted in epoxy resin with a wire
connection at the rear. Specimens had an exposed surface of
1 mm x 1 mm. This working electrode size was selected on the basis
that the number of pits measured (which scales with area) would
be more manageable if the number to be analysed were regulated
via the use of a small electrode area.

2.2. Electrochemical testing

Prior to each experiment, specimens were ground to a 2000 grit
SiC paper finish under ethanol. All electrochemical experiments
were carried out in 10 wM NaCl using a standard three-electrode
flat cell (available commercially from PAR), incorporating a sat-
urated calomel electrode (SCE) and a platinum mesh counter
electrode. A solution volume of 300 mL was used for each test.
Prior to testing, the solution was purged with argon gas for at
least 45 min to deaerate the solution. Deaeration was necessary so
that the kinetics of the oxygen reduction reaction could be largely
stifled, thus providing a large window of passivity for the inter-
rogation of each alloy for most accurate determination of Ej;. In
all cases, a VMP3 Potentiostat (BioLogic) under the control of EC-
lab software was used for data collection. Anodic potentiodynamic
polarisation (PDP) experiments were used to determine the pit-
ting potential (Ey;). PDP was commenced after 30 min at the open
current potential (OCP) and scanned upwards at a rate of 1.0 mV/s.

Potentiostatic polarisation was employed to produce measur-
able current transients. Current transients were collected at applied
potentials ranging from 25 to 175 mV below the average Ep;;. In this
study, to be counted as a pit, a transient event must last at least
1.5 s and experience a current increase of at least 0.4 wA/cm?2. Cur-
rent was recorded at a frequency of 4Hz. After a transient event,
if the current recovered to the baseline current (pre metastable
event) value, then the pit was considered metastable, otherwise,
it was deemed stable. Custom software to automate the counting
of metastable (and incipiently, stable) pitting events was applied
to all current records collected; details of the associated software
macro have been reported previously and are outlined elsewhere
[6,13,22].

2.3. Characterisation

In order to quantify pitting that occurred following constant
immersion for 14 days, optical profilometry was performed upon
eachalloy, using a Veeco Wyko NT100. Prior toimmersion, the spec-
imens were ground to a 2000 grit finish. Following the exposure
tests, specimens were cleaned in 7% HNO3 to remove corrosion
products, with negligible attack of the substrate occurring from
such cleaning. Profilometry measurements were carried out at least
in triplicate. Depth resolution of optical profilometry was 0.1 nm.
Microstructural characterisation of Al alloys was carried out using
both transmission electron microscopy (Philips CM-20) and scan-
ning electron microscopy (JEOL 840A). Hardness data was collected
using a Struers Duramin A300 with an applied load of 1kg, and
reported hardness values are an average of 10 hardness tests.
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Fig. 1. Cumulative probability of pitting potentials (Ey;;) as determined by poten-
tiodynamic polarisation in 10 wM NaCl solution.

3. Results
3.1. Pitting potential (Ep;) of Al and Al alloys

Potentiodynamic polarisation was used to determine the pit-
ting potential (Ep;) of each alloy. Ey¢ is a distributed parameter
[5,20], and in order to convey the variability in Ey, a probabil-
ity plot is presented (Fig. 1). The distribution as evident in Fig. 1
is consistent with what has been observed in Al systems [17,20]
and supports the view of Shibata and Takeyama [23] that E; is
a distributed parameter and probability of pitting potential can be
determined as: P(Ey;; < E(n))=n/(N+1), where N s the total number
of samples studied and n is the number of samples that had pitted
at a potential E or lower. The potential at P=0.5 is a representative
value of E;; for a given alloy and surface preparation. In this work,
we will use this single value of potential and term it the average
Epit (El*m), for the context of setting potentiostatic signals. Whilst
Shibata and Takeyama [23] implied that pitting events are stochas-
tic and unpredictable for a given sample, we see rather vividly that
comparison of pitting across the range Al alloys studied is determin-
istic from the point of view that the microstructure and chemistry
of the alloys will dictate the amount of pitting observed in a given
environment.

3.2. Some general observations of current transients appearing in
pure Al and Al alloys

Metastable pitting rate was measured by applying potentials
from 25 to 175 mV below E. at intervals of 25 mV. Representative
raw current transients collected for the alloys (listed in Table 1) at
an applied potential of 25 mV below E;it for each alloy are shown
in Fig. 2.

The shape, size and frequency of current transients depended
strongly on the alloy tested. Current transients appearing in each
material were described by a maximum current density (jmax)
a peak current density (jpeak). @ base current density (jpc), a pit
growth time (tg) and a repassivation time (t;p). These parame-
ters are defined in Fig. 3. Peak current density (jpeax) is defined
as, jpeak =Jjmax —Jpc- The total time for a metastable pitting event
is given by t,;; =tg +trp. The current densities as quoted here are

obtained by dividing the current by the total area of the test
specimen, and therefore the reported current should not be con-
fused by the current density as shown by a single metastable
pit.

Generally the base current density (j,.) decayed rapidly follow-
ing the commencement of the test and the rate of decay decreased
with time. The difference in the ji,. just before the nucleation of
a metastable pit and just after the repassivation was quite large
in all alloys except AA2024-T3 and AA7075-T651, where the j,.
after pit repassivation was often greater than that at the begin-
ning of event. This difference in the base current density may be
due to simultaneous repassivation and initiation of metastable pits,
or most probably a relatively higher number of stable pits (i.e.
metastable pits not fully repassivating) in AA2024-T3 and AA7075-
T651. Current transients appearing in pure Al were comparatively
rare (Fig. 2a). In contrast, frequent, large current transients with
larger jpeak and tp; were observed in AA2024-T3; where it appeared
as though transients in AA2024-T3 also overlapped one another.
Transients occurred very frequently in AA7075-T651, but the jpeax
and tp;c were small. This may be due to a large number of small
metastable pits, or associated with the repetitive repassivation and
growth of the same metastable pit. However, distinction of whether
a current transient arises from the same metastable pit or from
different metastable pit was not possible herein.

The current rise during pit growth for some of the metastable
pitting events appearing in AA 5083-H116 were found to occur in
steps which suggests the simultaneous repassivation and growth
of metastable pits. Overlap of metastable pits seems less proba-
ble as repassivation after attaining peak current density is very
sharp (Fig. 2d). Therefore, metastable pits appearing in AA5083-
H116 are described to have a greater tg than t; (i.e. backwards
to the normal expected shape, whereas for the other alloys, the
t: was greater than the tg). An attempt to correlate the size,
shape and frequency of current transients observed in the differ-
ent alloys with the microstructures is discussed in the following
section.

3.3. Quantification and comparison of metastable pitting

The number of metastable pits per unit area per minute (defined
as the metastable pitting rate) is plotted as a function of potential
below E;*;it (i.e. the underpotential from E;it) in Fig. 4. Metastable
pitting events occurred more frequently and with greater intensity
as the potential approached E;;it' Pure Al had the highest resis-
tance to metastable pitting rate over the entire range of applied
potentials. The metastable pitting rate was greatest in AA7075-
T651. Metastable pitting in pure Al, AA5005-H34, AA5083-H116
and AA6022-0 alloys ceased at a critical underpotential (~75 mV
below El’;it), whereas metastable pitting was observed in AA2024-
T3 and AA7075-T651 at underpotentials as low as E;it —175mV (in
all cases ensuring that the current value was not negative). We note
that 175 mV below E;it falls well below the open circuit potential
of these alloys in naturally aerated aqueous electrolytes (Table 2),
which indicates that these alloys are capable of undergoing pitting
at their respective open circuit potentials.

The frequency of metastable pitting events can be assessed by
presenting data that is binned in 60 s intervals across the i—t record
of 30 min. This is presented for each alloy tested at an applied
potential of E;it —25mV (Fig. 5). Metastable pit initiation rates for
pure Al decreased with time and no metastable pitting event was
observed after ~1000s (Fig. 5a). No metastable pit initiation was
observed in the first 400s for AA6022-0 (Fig. 5¢) but after this,
intense metastable pitting occurred and then the frequency of pit-
ting diminished with no metastable pitting observed after ~1100s.
The decay of metastable pitting events with time is consistent
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other findings reported in the literature [5,6,20]. However, the 3.4. Pitting potential and extent of metastable pitting

-alloys (AA2024-T3,AA5005-H34,AA5083-H116 and AA7075-

) (Fig. 5b,d-f) indicate that the metastable pitting rate did not A comparison of metastable pitting rate (collected at El’;it

/ with time, and a continual germination of pits is observed for  —25mV) versus Ej; shows that, for the alloys studied in this work

5 to at least 30 min. The notion that a steady rate of pit germi- there was no obvious trend between these parameters (Fig. 6). This
n can persist with time was also previously suggested by the  jpgjcates that E%,, cannot be unambiguously used for assessing the
of Cavanaugh for AA7075-T651 [6]. intensity of pittping corrosion. For example, the metastable pitting
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Table 2

Pitting potentials and open circuit potentials of Al and Al alloys in 10 wM NaCl solution.

Epi¢ vs. SCE/mV

OCP vs. SCE/mV in deaerated solution

OCP vs. SCE/mV in quiescent solution

Pure Al —416 (+34) —1390 (+20) —854 (+18)
AA2024-T3 —279 (£25) ~1100 (£25) —350 (+30)
AA5005-H34 —433 (+42) —1220 (+15) —672 (+14)
AA5083-H116 —433(+46) —1250 (£25) —542 (+19)
AA6022-0 —405 (+41) ~1210(+10) —621(+17)
AA7075-T651 —525 (+20) —~1190 (£26) —521 (+22)
42 microstructural heterogeneity usually also corresponds to elec-

_]max

j! uA.cm2

40 45 50 55 60 65
Time /s

Fig. 3. Typical transient seen on a current density versus time plot. The various
parameters used to describe a current transient are labelled.

rate for AA 2024-T3-which displays the most noble EEit' was ~200

times more than that for pure Al in the same conditions.

3.5. Hardness vs metastable pitting

The corrosion behaviour of aluminium alloys is greatly affected
by alloying elements [4]. These elements are deliberately added to
tailor the mechancial properties of the alloy (i.e. strength, hardness,
toughness, ductility, etc.). The strength of these alloys typically
increases with the heterogeneity of the microstructure, and this
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Fig. 4. Mestable pitting rate (defined following 30 min) for pure Al and various Al
alloys as a function of potential below E;i[.

trochemical heterogeneity [20]. As a result, it is reasonable to
expect some correlation between alloy hardness and the propen-
sity for pitting. Fig. 7 reveals the metastable pitting rate (for two
applied potentials) as a function of alloy hardness. A correlation
between the evolution of microstructure, mechanical proerties and
metastable pitting rate was given by Ralston et al. [8] for a model
Al-Cu-Mg alloy. In that work the impact of precipitation from a
solid solution to overaged condition was shown to have a significant
affect on metastable pitting rate, which allowed a realisation of the
metastable pitting rate vs. hardness relationship to be attained for a
single alloy. Herein however, we represent a more general property
space for the hardness of commercial alloys vs. metastable pitting
rate to indicate a correlation exists more broadly, and emphasise
that such a relationship can only be relaised via the use of the
metatstable pitting rate parameter.

3.6. Charge transferred through metastable pits

The total charge emanating from metastable pitting events
(i.e. the total area under all transient spikes) which accumulated
over the 30 min test period was evaluated (with the aid of Ori-
gin Pro®). This charge is presented versus the metastable pitting
rate (Fig. 8). The charge related to metastable pitting was the
greatest for AA 2024-T3, and the least for pure Al. No direct cor-
relation between charge transferred and metastable pitting rate
was observed however, which indicates that pit size and shape
may vary from one alloy to other. For example, the total charged
transferred through metastable pits in AA2024-T3 is greater than
that through AA7075-T651, whereas, metastable pitting rate of
AA7075-T651 is greater. This indicates that metastable pit size
for AA7075-T651 should be smaller than that for AA2024-T3 and
similar trend should be applicable for all other alloys under con-
sideration. A detailed study on this topic in the future will be very
interesting.

3.7. Relationship between metastable pitting and stable pitting

The correlation between stable pitting and metastable pitting
events has been reported in the literature [14-16] for stainless
steel. Williams [14-16] proposed a linear relationship between the
two; however, the existence of such a relationship for Al and Al
alloys has yet to be established. Whilst it is not the goal to corre-
late Al with stainless steel (the systems being inherently different
in many aspects), we opted to present the number of pits arising
from a unit area after constant immersion of each alloy in quiescent
NaCl solution for 14 days (as measured using optical profilometry)
and plot this against the metastable pitting rate (collected at El’;it
—25mV) in Fig. 9. There appears to be a correlation between the
values determined from short term potentiostatic testing and the
longer-term immersion tests. The parameters are left in their native
units to emphasise that they are fundamentally different in their
evaluation and time scale, hence it is simply the revelation of a
correlation that is being emphasised. It is evident from the images
obtained from the optical profilometer (Fig. 9), that AA7075-T651
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Fig. 5. Number of metastable pits occurring per 60s in: (a) pure Al, (b) AA2024-T3, (c) AA6022-0, (d) AA5083-H116, (e) AA5005-H34 and (f) AA7075-T651, measured at

25mV below E;it of each respective alloy.

had a large number density of fine pits. AA2024-T3 had fewer pits,
but they had a larger diameter and are deeper. It is also interest-
ing to note that pure Al, AA5005 (not shown) and AA5083 had
much fewer stable pits, however a small number of them grew
to comparatively large depths (~20 wm) in 14 days. In service con-
ditions, both size and number of metastable pits are important, In
contrast, the density of stable pits, as measured by profilometry is
plotted with against EEit in the Fig. 10, which indicates no obvious

correlation between the two, suggesting (as in Fig. 6) that E;it is not
a good indication of propensity for pitting.

4. Discussion

It was observed that the composition of the alloys tested played
asignificant role in the metastable pitting response. In order to give
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an overall account of the results of this study, selected microstruc-
tures of the alloys tested are presented (Fig. 11).

It was observed that for a 5xxx series alloy, as per typical Al-
alloys, on the microscale a number of constituent particles from
impurities and alloy production persist on the length scale of
~1-50 p.m. However, the nanostructure is free of any features, with
the alloy being a ‘solid solution’ alloy designed to be precipitate
free and non-age hardenable (Fig. 11A, B, K and L). In the case of
AA2024-T3 and AA7075-T651, we also observe the typical con-
stituent particles on the micron scale, however we observe a large
number density [24] of strengthening precipitates in the nano-
structure; AA7075-T651 having the greater number density. It is
important to emphasise that on the micron level, all the alloys have
coarse constituent particles that are present from alloy production
and insoluble (due to the high melting point of Fe, Mn containing
intermetallics and coarse Cu and Si containing constituents [25]).
Such constituents are there in all commercial alloys, and this must
be appreciated.

The ability of fine changes in microstructure to dictate the
metastable pitting response has been previously observed by
Cavanaugh [6] in two contexts. In that work, it was shown that
when AA7075-T651 was solution heat treated to dissolve all the
nanoscale precipitates, that a decrease in the number of metastable
pitting events was observed. However, that decrease was only one
increment, and when compared with pure Al, a further decrease
in the number of metastable pitting events was observed, suggest-
ing that the composition of the solid solution also plays a role (as
coarse insoluble constituents still remain after solution heat treat-
ment). In the work of Cavanaugh, it was further shown that even
fewer metastable pits were observed in ultra high purity Al, indi-
cating that the constituent particles also have a role in metastable
pitting events [6]. However, the case of highly pure Al was not stud-
ied in this present work, and all samples tested in this work have
a constituent particle population. Further, the work of Ralston also
shows that metastable pitting events increased with the number
density and size of precipitates [7].

Bearing in mind the above, as a tentative summary, it is possible
to postulate that based on the work herein:

(1) The presence of nm scale precipitates dramatically increases
the number of metastable pits observed.

(2) The size and composition of the nm scale precipitates can influ-
ence the transient size and length, whilst the greatest number of
metastable pitting events was observed in AA7075-T651, these
events were also characterised by rapid repassivation time and
comparatively low transient peak current density. In contrast,
AA2024-T3 produced the largest current transients with large
tz and fpp.

(3) Coarse constituents that were present in all alloys did not play
the major role in dictating pitting response. In AA5005-H34,
and pure Al, where no precipitates exist, the current transients
and repassivation time are small. We cannot comment on cases
where ‘no constituents exist’ or ‘model solid solutions’ based
on the work herein, however such fundamental works are in
progress.

(4) The metastable pitting rate bears correlation with the pitting
damage measured following exposure testing, whereby the
value of E;it can be biased by bulk alloy chemistry and not
necessarily correlate with the extent of pitting that evolves.
Future work should emphasises the validation and develop-
ment of higher fidelity correlations such as that seen in Fig. 9;
given how important such relationships can be in the context
of accelerated testing.

(5) The observation that Cu can increase Esit but also increase the
pitting damage which evolves was also confirmed.
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Fig. 9. Actual (i.e. stable) pit density as measured from profilometry (following 14 days of immersion) versus metastable pitting rate measured at 25 mV below E;it.

Whilst not the focus of this paper, the purpose of which was
to show a general utility of the potentiostatic transient method in
the context of discrimination between alloys, it is apparent that
the above findings can be used as a criterion for studying pitting
susceptibility of Al alloys in a manner that can be directly related
to microstructure in model systems which has only been exploited
by Ralston et al. to date [7] when coupled with high-resolution
microscopy. Such fundamental works may also shed light on some
aspects related to current transient interpretation; for example a
greater charge transfer through an individual metastable pitting
event may suggest a larger metastable pit size, etc.

One critical outcome of the present work also indicates that
the measured metastable pitting rate strongly depends on the
applied potential (Fig. 4). Metastable pitting rate was highest at
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Fig. 10. Actual (i.e. stable) pit density as measured from profilometry versus E;it'

potentials closest to the E (where the driving force is the greatest).
For a direct comparisons of the metastable pitting activity between
alloys, the use of a constant underpotential from E;it (i.e. constant
driving force) may be more informative than applying a fixed value
of potential (i.e. an isopotential versus a reference electrode). In
prior works, most authors have used a standard isopotential with
respect to reference electrode for comparison of the metastable
pitting susceptibility of alloys with significantly different E;it. For
example Kim and Buchheit [20] compared the pitting susceptibil-
ity of Al with two Al-Cu alloys and established that the addition of
Cu (in solid solution form) decreased the number of metastable
pitting events compared with Al. However, this trend may not
have been manifest if a constant driving force were employed,;
as the applied potential in that work was very close to the pit-
ting potential of Al, and well below the ESit of Al-2Cu. In other
instances however, Cavanaugh [6] used an isopotential and a range
of underpotentials from E;it to study the effect of environmen-
tal variation on the same alloy (in that case AA7075-T651) which
seems to be the most effective way to study the variation of envi-
ronmental factors whilst not varying the substrate. Consequently,
researchers have the ability to choose between constant driving
force (from E[*m) or isopotential tests, depending on the information
they require/seek. In the present study, we have established that
the choice of potential with respect to El’;it is critical to compare
the metastable pitting frequency of different alloys (e.g. Fig. 12). At
a potential of —475 mVscg, the number of metastable pits occur-
ring on the AA2024-T3 were less than those on AA5005-H34 and
AA5083-H116. Therefore the comparison of the metastable pitting
rate of AA5005-H34 and AA5083-H1115 against AA2024-T3 at an
applied potential of —475 mVscg may falsely give the impression
that AA2024-T3 is less prone to pitting. However, profilometry and
exposure measurements confirm that this was not the case. This
observation establishes that the choice of applied potential for com-
parison of metastable pitting response between different alloys is
a key parameter and should be chosen based on the respective

.
Ef.
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A) AA 5083-H116 SEM

B) AA 5083-H116 TEM

D) AA 2024-T3 TEM

J) AA6022-0 TEM

L) AAS005-H34 TEM

K) AA5005-H34 SEM

200pm

Fig. 11. Microstructure of various alloys: (A) SEM image of AA5083-H116, (B) TEM
image of AA5083-H116, (C) SEM image of AA2024-T3, (D) TEM image of AA2024-T3,
(E) SEM image of AA7075-T651, (F) TEM image of AA7075-T651, (G) SEM image of
Pure Al, (H) TEM image of Pure Al, (I) SEM image of AA6022-0, (J) TEM image of

AA6022-0, (K) SEM image of AA 5005-H34 and (L) TEM image of AA5005H34.
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Fig. 12. Metastable pitting rate as a function of applied potential.

5. Conclusions

1. Metastable pitting occurs upon Al and its alloys, and this may

be quantified with good fidelity using current transients from
potentiostatic polarisation. Metastable pitting rate data can
allow one to discriminate between the pitting propensity of
different alloys in a more relevant manner than that of the pit-
ting potential alone. The E*; values of individual alloys showed
little correlation with the actual number of pits formed upon
an Al-alloy surface following immersion test and profilome-
try, whereas there was a correlation between the number of
metastable pitting rate and pitting density.

. Metastable pitting has a strong correlation with the applied

potentiostatic potential. The number of metastable pitting rate,
and the size of the transients measured, continually increased
as the applied potential approached E;it. These characteristics of
metastable pitting are alloy dependent. As a result, comparison
between the response of alloys is best determined with test-
ing at a constant underpotential below E;it. In low to medium
strength alloys, metastable pitting activity completely ceased as
an applied potential is ~75 mV below E;it‘ while in high strength
alloys metastable pitting occurred at potentials well below E;it,
even at 175mV below E;; (and as far down as could be prac-
tically measured). Such alloys have pitting susceptibility ‘built
in’ to the alloy and will pit in most aqueous environments. This
finding is an important revelation in the broader characterisa-
tion of Al-alloy corrosion, also revealing a criterion for when an
alloy will be susceptible to pitting corrosion. This is defined by
situations when the amount of metastable pitting does not cease
at significant underpotentials from E;it.

. The metastable pitting rate observed tended to increase with

electrochemical heterogeneity of the alloy studied; hence the
metastable pitting rate was strongly dependent on the alloy
composition. This sensitivity to alloy composition means that the
determination of metastable pitting rate is capable of providing
unique information. For example, this electrochemical method
has a very good sensitivity to microstructure.

. Increases in hardness were found to be proportional to the rate

of metastable pitting observed, indicating rather vividly that a
corrosion penalty that arises in commercial alloys as hardness
increases. The density of stable pits determined after long-term
immersion tests was well related to the number of metastable
pitting events measured potentiostatically.
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Chapter 6

The role of chemistry in intergranular corrosion of Al-4Mg-
0.5Mn

This chapter includes a research paper accepted in the journal ‘Corrosion Engineering,
Science and Technology’. Following the outcomes of Chapter 4 and Section 5.1, the same
alloys produced which are based on Al-4Mg-0.4Mn system with quaternary addition of
elements that including Ti, Zn, Zr, Nd, Sr and Si were studied. The purpose of this chapter
was to elucidate the effect of microalloying additions on the intergranular corrosion
susceptibility, and indeed in relating this to the B-phase characteristics. Exposure to elevated
temperature for the sensitisation of the Al-Mg-Mn was carried out, as opposed to the
experimental condition in Chapter 5. In the sensitised condition, Al-Mg-Mn alloy are
nominally prone to intergranular attack, as the active B-phase tends to precipitate at the grain
boundaries. Herein, the alloys were heat treated at 150°C followed by the Nitric Acid Mass
Loss Test (NAMLT) as outlined in ASTM G67-04. The results highlighted the effectiveness
of Sr in minimising the intergranular corrosion by modifying the fraction of B-phase or

reducing the amount of Mg available to form [3-phase.
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Influence of microalloying additions on Al-Mg
alloy. Part 2: Phase analysis and sensitisation
behaviour

N. L. Sukiman**2, R. K. Gupta®, R. Zhang’, R. G. Buchheit® and N. Birbilis®

A range of alloys based on the Al-4Mg-0-4Mn system were produced with selected quaternary
microalloying additions. In Part 1 of this study, the electrochemical and corrosion response was
studied. To characterise the sensitisation behaviour of these alloys, where sensitisation is the major
mode of degradation of 5xxx alloys, heat treatment at 150°C was carried out and followed by the Nitric
Acid Mass Loss Test (NAMLT) according to ASTM G67-04. Herein the alloying elements studied
include silicon, zinc, titanium, zirconium and strontium. The results indicate that strontium (Sr), silicon
(Si) and titanium (Ti) have a significant influence in reducing intergranular corrosion (IGC) suscepitibility.

Keywords: aluminium, alloying, aluminium alloys, sensitisation, intergranular corrosion

anodic polarisation of S-phase (a few tens of mV) can
result in large dissolution currents.'!

In Part 1 of this work, the aim was to assess the
electrochemical and corrosion influence of alloy addi-
tions on the Al-4Mg-0-4Mn system. Given that an
important (and maybe dominant) mode of deterioration
of alloys with this base composition (similar to that of
AA5083) is due to sensitisation and subsequent inter-
granular corrosion; a holistic reporting of the perfor-
mance of such alloys we believe also warrants testing
and discussion relates to the sensitisation and IGC
performance. More specifically, the ability of low level
alloying additions to potentially reduce the susceptibility
to IGC was sought to be evaluated. Microalloying with
elements (<1 wt-%) to improve the properties of an
alloy has been employed for decades. As suggested by
Carroll, the addition of Zn to Al-Mg alloys can modify
the f-phase by forming a less anodic ternary phase
AlMgZn (z phase) and by thus potentially reducing the
amount of Mg available to form g-phase.'> Another
study by Caroll incorporating Cu in conjunction with
Zn also produces a similar result with Cu enriched <
phase.'* To ensure the addition of Cu and Zn is effective
in reducing IGC, Unocic revealed that a higher amount
of Cu and Zn increased the precipitation of S-phase
within the grain instead of at the grain boundaries.'> Sr
is a less common type of alloying element in Al-Mg
alloys. The effect of Sr in modifying the intermetallic
phase in Al-Si is widely studied.'®'8

Herein, prior to describing the performance of the
alloys in detail, some thermodynamic calculations were
performed in order to assess a priori the phases that may
form in the sensitised condition. This can then be related

Introduction

The aluminium-magnesium (Al-Mg) alloys are typically
used in structural applications due to their strength to
density ratio, good formability, weldability and their
relatively exceptional corrosion resistance in many
environments. The Al-Mg alloys are designated as the
5xxx series alloys. Of the 5xxx alloys, a common alloy in
the rolled sheet and plate form in a structural context
(particularly for marine vessels) is AA5083. The 5xxx
alloys are non-age hardenable, strengthened by solid
solution strengthening by Mg and strain hardening.
Most 5xxx alloys contain a >3+5 wt-% Mg' to optimise
strengthening and meet mechanical requirements.
During the production and processing of 5xxx alloys,
quenching of such alloys from elevated temperatures
allows the retention of a supersaturation of Mg in the
alloy. This can lead to in-service precipitation of f-phase
(Mg,Al;)) which has no impact in increasing the
mechanical properties,” but dramatically increases
the susceptibility to intergranular corrosion (IGC) since
the presence of B-phase precipitates typically at grain
boundaries.® Reports of increased susceptibility to IGC
and stress corrosion cracking (SCC) exist when 5xxx
alloys have been exposed to elevated temperature (as
low as 50°C).%™® The electrochemical characteristics of f-
phase are not discussed in this paper but as reported
previously, B-phase is a highly anodic with respect to
the Al matrix.”'2 In 5xxx alloys, f-phase is polarised
anodically, and it has been shown that only a minor
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to the relative increase or decrease in measured IGC.
The Nitric acid mass loss tests (NAMLT) as per the
ASTM G67-04 standard'® was used herein as a method
to evaluate the degree of sensitisation.
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Experimental

Materials

The alloys tested in this study were produced by melting
an Al-Mg-Mn master alloy (denoted as AMM in Table 1)
with alloying elements either in their pure form, or in some
instances in the form of commercially available master
alloys. Pure Mg and Al were added to balance the
chemical compositions in cases where master alloys were
used. Melting was carried out in a muffle furnace. Regular
stirring of the melt was carried out, followed by casting
into a pre-heated (at 300°C) graphite crucible. Cast alloys
were homogenised below the liquidus temperature (nom-
inally at 400°C) for two days. The composition of the
alloys produced was independently analysed using Induc-
tively Coupled Plasma — Optical Emission Spectrometry
(ICP-OES) by Spectrometer Services, Australia, and pre-
sented along with designation of the alloys in Table 1.

Testing

The degree of sensitisation to intergranular attack of the
alloys was determined by measuring the Nitric Acid Mass
Loss Test (NAMLT) values according to ASTM standard
G67-04."° The samples were immersed in 5% NaOH
solution at 80°C for 1 minute and rinsed with water. Then,
a 30 seconds immersion in nitric acid was carried out.
Finally the samples were rinsed and dried in air. This
procedure was adapted from ASTM standard G67-04."°
After this preparation, all samples were immersed in
concentrated nitric acid (70 wt-%) for 24 hours at 30°C.
Following immersion, corrosion products were removed
by brushing of the samples. The test was repeated for three

times for data reproducibility and standard deviation was
used to generate error bars of the results.

Characterisation
The corrosion morphologies were characterised using an
optical microscope (Olympus PMG3) to identify the degree
of intergranular attack on the alloys. All samples were
mounted in epoxy resin and micro polished to a 0-25 pm
diamond suspension finish, followed by ultrasonic cleaning.
To assist in interpretation of alloy characterisation,
the phase analysis was conducted using Pandat® soft-
ware package (CompuTherm LLC, Madison, WI).2
This software is capable of calculating the most stable
phase equilibrium without requiring prior knowledge of
the diagram by mathematical analysis of thermody-
namic properties between the Gibbs free energy and
stable phase equilibrium.?! The PanAluminum database
was used for thermodynamic calculations in this work.
This software has been previously used in literature to
calculate phase dia%ram and fraction of phases present
in Al based alloys.”>2*

Results & Discussion

Calculated phase fractions

The equilibrium phase diagram for Al-xMg-0-4Mn as
calculated by Pandat® software is presented in Figure 1.
The diagram reveals the phases present at various com-
position of Mg as a function of temperature. From the
phase diagram, when the alloy is sensitised at 150°C,
presence of substantial amount of f-phase (Mg,Al;) and
Al;;Mn phase are predicted. The complete composition
of the alloys studied and quaternary alloying elements in
the Al-xMg-yMn alloy is listed in Table 1.

The addition of various elements can alter the existing
phases and/or form additional phases. In Table 2, equili-
brium phase fractions of the alloys produced (using the
actual alloy compositions for calculations) were calcu-
lated at 150°C. We emphasise that these are equilibrium
calculations reflecting an infinite time at 150°C, however we
believe that they serve a great utility for interpretation of
the response of the alloys studied herein.

The main cause for the increase in IGC susceptibility
of 5xxx alloys is the formation of S-phase. A beneficial
influence from any microalloying would be either to
modify the composition of the p-phase to ales active
state, or to minimise the fraction of this phase.

From Table 2, the relative influence of quaternary
additions can be visually gauged. The addition of Sr has a
significant impact in reducing the volume fraction of -
phase (also shown in Figure 2), with formation of
additional Sr containing ternary phase, Al;oMgxSr,. The
use of Sr as modifying agent typically in Al-Si alloys is
widely known,''®% however a similar effect may be

Table 1 Chemical composition determined using ICP-OES for the alloys tested in this study. All values given in weight
%

Al Mg Mn Si Fe Ti Zn Zr Sr
AMM ~Bal 401 049 013 0-36
AMM+0-1Ti ~Bal 3-89 048 013 0-34 010
AMM+0-4Zn ~Bal 401 048 013 0-33 0-40
AMM+0-2Zr ~Bal 417 0-49 011 0-32 021
AMM+0-1Sr ~Bal 364 047 012 0-32 010
AMM+0-16Zr+0-12Sr ~Bal 402 045 014 0-33 016 012
AMM+0-1Si ~Bal 4-00 048 024 0-32
Corrosion Engineering, Science and Technology 2014 voL 49 NO 4
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2 Calculated equilibrium fraction of phases present in the
alloys at 150°C. The predicted phases are populated
mainly by the a-Al solid solution (FCC phase enriched in
Mg), f-phase (MgzAls) and Al;;Mn, however, the alloying
addition are also able to impart additional intermetallics,
and in some cases modify the fraction of the g-phase

gained in Al-Mg alloys as well. The addition of Zn is
expected to have similar modifying effect to S-phase
following the formation of ternary Mg containing phase.!>
However, based on the phase fraction analysis in Table 2,
the formation of AlyMg;Zn, ( phase) does not reduce the
amount of f-phase in the alloy, only a small amount of Zn
(~4-7 wt-%) was found incorporated in the S-phase. The
calculations however are conceded to not offer any further
insight into morphology or location of S-phase that would
result (i.e. whether it is displaced from grain boundaries).
The addition of Si above the base level gives a slight
reduction in S-phase following the formation of Mg,Si
intermetallics. As the amount of Si is more than 0-1 wt-%,
Al-Mn dispersoids containing Si was also found.?® In this
case, the stoichiometry of the Mn containing intermetallic
is AligMn,Si and the amount of Si present in the
intermetallic is quite substantial. For other alloys in this
work, there is no significant change in the amount of f-
phase. Depending on the alloying elements, a small
amount of other intermetallics (such as Al Ti and Al;Zr)
were found. The following section will discuss how these
phases affect the susceptibility to IGC.

IGC performance as per ASTM G67-04
Degree of sensitisation

The resistance to IGC attack can be assessed by measuring
the weight loss during nitric acid mass loss test (i.e.,
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NAMLT values). These values represent the degree of
sensitisation; a higher value indicates higher susceptibility
to IGC. From Figure 3, degree of sensitisation (DoS) for
the baseline alloy was found to be 22 mg/cm?

The influence of the quaternary alloying additions on
the mass loss of the Al-xMg-yMn alloy is presented in the
order of highest to lowest mass loss (Figure 3). Of the
alloys tested, the highest mass loss was recorded from the
AMM + 0-2Zr alloy (40 mg/cm®). The calculations
suggest a slight increase in f-phase with Zr addition and
also formation of an additional phase Al;Zr. The rank
followed by AMM+0-4Zn with mass loss valued at
35 mg/em?, which indicates Zn as ineffective in reducing
B-phase. This result is on contrary to previous research
reporting possibility of improving sensitisation resistance
of Al-Mg alloys by addition of Zn.'**’

A small addition of Si (0-1 wt-%) to the base alloy
causes only a slight reduction in S-phase fraction. How-
ever, the mass loss value recorded as 13 mg/cm? is much
lower than that for the base alloy. This indicates that the
formation of f-phase might be less concentrated at the
grain boundaries or this slight reduction in -phase would
have been enough to disrupt the continuous network of -
phase at grain boundaries. Experimental validation of
this proposal using the electron microscopy is beyond the
scope of this paper but on the basis of literature that the
B-phase population within the grain and discontinuous

Table 2 Equilibrium fraction of phases present in the alloys produced, calculated at 150°C using Pandat® software.
*Denotes that these values may be subject to slight variations, as the calculations for Ti were conducted in
isolation of Mg due to limitations of the PanAluminium database. This particular alloy was calculated in the
basis of the binary Al-Ti system using the PanTitanium database

Phase Fraction

Influence of microalloying additions on Al-Mg alloy. Part 2

Alloy a(Al) B (MgaAls) AloMn  AlgTi AlgMg7Zn,  AlgZr AligMgogSr,  AligMn Si MgoSi
AMM Rem  0-0566 0-0319
AMM+0-1Ti Rem  0-0566* 0-0319*  0-0022*
AMM +0-4Zn Rem  0-0578 00319 0-0029
AMM+0-2Zr Rem  0-0569 00319 0:0024
AMM +0-1Sr Rem  0-0450 0-0319 0-0077
AMM+0-16Zr+0-12Sr Rem  0-0429 00319 0-0018 0-0092
AMM +0-1Si Rem  0-0536 0-0141 0:0010
Corrosion Engineering, Science and Technology 2014 voL 49 NO 4 265
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formation along the grain boundary contribute to
improving the resistance to IGC.*

Of the alloying additions studied, Sr had the most
significant effect in reducing mass loss and improving
resistance to IGC. The small addition of Sr (01 wt-%)
was sufficient to reduce the IGC susceptibility to the
lowest value of 11 mg/cm®. A drop in the amount of f-
phase with the presence of Sr was observed following the
formation of ternary phase, Al;oMgyoSt,. This phase is
responsible in depleting the amount of Mg available to
form f-phase hence the increase in IGC resistance.

Whilst the alloy containing Zr has the highest mass
loss amongst the alloys tested, after Sr is added, the mass
loss value (of Zr containing alloy) was reduced to almost
half the value of only Zr containing alloy. This
emphasises the effectiveness of Sr as modifying agent
in Al-Mg alloys, and highlights an area of potential
future work.

Intergranular corrosion

The severity of IGC attack was supplements by optical
images of the cross sections following nitric acid mass loss
test as shown in Figure 4. According to ASTM G67-04,
an alloy is highly susceptible to IGC if the mass loss is
greater or equal to 25 mg/cm?. In this condition, a visibly
significant attack on the grain boundaries is expected.

The alloy containing Zr (AMM+0-2Zr) had the
highest nitric acid mass loss test value of 40 mg/cm?,
indicating great susceptibility to IGC. The cross section
image in Figure 4(d) shows a significant metal dissolu-
tion on the surface. Any fissures formation from IGC is
no longer visible except for several of the fissures tails.
The high mass loss is mainly contributed by IGC rather
than general corrosion due to an increase in fS-phase
fraction compared to base alloy displayed in Figure 2.

Another alloy that is highly susceptible to IGC
contains Zn (AMM +0-4Zn) with mass loss at 35 mg/
cm?. The severity of IGC attack is evident in the cross
section image in Figure 4(c). The fissures are deeper and
more attack is observed on the surface forming a
network of IGC resulting in rougher surface than the
base alloy.

The alloys with highest resistance to IGC contain Si
(AMM +0-1Si) and Sr (AMM +0-18r) with mass loss at
13 mg/cm® and 11 mg/em® respectively. As shown in
Figure 4(f) and 4(g), both alloys appear to have deep
fissures on the surface. The occurrence however, is more
isolated and the density of the attack is small leaving the
surface smooth and hence an overall lower mass loss.

The presence of Sr in conjunction with Zr
(AMM +0-16Zr+0-12Sr) has mass loss at almost half
the value of the alloy with only Zr. It is apparent in
Figure 4(¢) that the fissures are shallow and narrow
compared to AMM + 0-2Zr in Figure 4(d). It has a very
much similar cross section image of the base alloy in
Figure 4(a). Alloy containing Ti further improves the
resistance to IGC with mass loss smaller than base alloy
at 16 mg/cm®. The cross section image in Figure 4(b)
shows that there are some attacks on the alloy.
However, the surface remained fairly smooth and the
attacks occurred horizontally underneath the surface
making it less likely due to IGC.

General discussion
The effort to improve resistance to IGC generally starts
with modification of B-phase through alloying, heat

Corrosion Engineering, Science and Technology 2014 voL 49

treatment or thermomechanical processing.'>?*=! This
work herein is focussed on alloying and the subsequent
effect of changes in chemistry to the presence of f-phase.

The addition of Sr shows the most significant result in
improving the IGC resistance to a value considered as
highly resistant according to ASTM G67-04 compared to
other elements. This enhancement is majorly owed to the
ability of Sr to form a high Mg containing ternary phase,
Al;gMg,oSr, at the expense of f-phase. Furthermore, Sr is
also effective even with the presence of additional element
such as Zr, lowering the amount of damaging phases as
discussed in previous section and shown in Table 2. In
normal condition, Zr containing alloy does not pose
much threat to corrosion but after an extended period of
exposure to elevated temperature, the morphology of
Al Zr dispersoid may change and consequently affecting
the IGC resistance.

Addition of Zn was initially thought to have a positive
effect in improving resistance to IGC'>?’ but the present
study showed an increase in IGC susceptibility due to
Zn addition which is in contrary to the previously
reported work.'>!° The phase analysis however point
out that the stoichiometry of Zn containing ternary
phase AlyMg;Zn, has a much lower amount of Mg than
Sr containing ternary phase AljoMgyoSr,, rendering it
less effective to significantly reduce the p-phase. An
optimum amount of Zn might also play a role as
previously reported,’® before any conclusion can be
made regarding the effectiveness of Zn. The degree of
modification by alloying additions in Al-Mg phase is
also influenced by the diffusion mechanism but the
literature is still very limited, leaving opportunities for
further work on this area in order to appropriately
assess the effectiveness of these modifying agents in
reducing f-phase and hence IGC.

Any excess additions of Si were seen to form the
benign Al;sMn,Si phase avoiding the possibility of Si
segregation at the grain boundaries leading to IGC.
Unlike Zr, the addition of Ti mainly as grain refiner
reduced the IGC susceptibility. Ti tend to form
dispersoids such as Al;Ti, but they are less studied in
terms of their role on corrosion.>> However in the case
herein, it is seen that such elements can have an impact
on the subsequent precipitation of B-phase, which is
relevant in the context of IGC for 5xxx series alloys, and
may also influence the resistance to recrystallisation
which was not studied herein.®> Although the IGC
initiation is not solely depending on the continuity of §-
phase at the grain boundary, the -phase may influence
the severity of the attack.>*>¢

Further work is essential to thoroughly gauge the
effect of an individual element to improve IGC
resistance in Al-Mg alloy. As the composition dictates
the type of phases present, a comprehensive work on
varying amount of alloying elements is important to
isolate chemical effects. Further, the precipitation in
5xxx alloys is also dictated by factors such as grain size,
and level of prior cold work (given that f-phase can
nucleate heterogeneously at dislocations, and that the
grain size will dictate the fraction of boundary available
for grain boundary precipitation). Transmission elec-
tron microscopy is essential to elaborate the details of
the interaction between the alloying elements and
phases. The need for IGC resistant Al-Mg alloys is
increasing with wider application of Al-alloys, and any
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4 Optical images of cross sections following nitric acid mass loss testing and showing the extent of IGC for (a) AMM,
(b) AMM+0-1Ti, (c) AMM+0-4Zn, (d) AMM+0-2Zr, (¢) AMM-+0-16Zr+0-12Sr, (f) AMM+0-1Si, and (g) AMM-0-1Sr

new alloys must consider strength as a first order of
representation in this work, Figure 5 shows the
relationship between nitric acid mass loss test value
and hardness of the alloys (whereby hardness is a proxy
to strength). The high IGC resistant alloys apparently
populated at the low hardness spectrum and high
hardness alloys have low IGC resistance. The main goal
in the alloy design is to achieve high hardness and low
mass loss. From Figure 5, alloy containing Zr and Sr
has high potential to achieve this.

Corrosion Engineering, Science and Technology

Conclusions

1. The ability of low-level quaternary additions to Al-
4Mg-0-4Mn (wt-%) was able to provide relatively
significant differences in the degree of sensitisation and
hence the IGC susceptibility. This is noteworthy, since
the corrosion response of the alloys (in a general sense)
in 0-1M NaCl was rather similar for the alloys tested.
Further, equilibrium phase calculations also showed
that some elements have a differing propensity for either
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5 The property space for the Al-alloys tested in this
work, presented as mass loss (NAMLT value) versus
hardness

the stimulation of additional phases, or the modification
of the f-phase fraction.

2. The addition of Ti, Si and Sr significantly reduce
the IGC susceptibility, with nitric acid mass loss test
values lower than that of the base alloy, and in the case
of Sr, below that of what would be considered a
hazardous nitric acid mass loss test value (i.e. greater
than 25 mg/cm?). This is a significant finding, and is
attributed to the ability of these elements to either
modify the fraction of g-phase (Sr, Si) or reduce the
amount of Mg to form p-phase (Sr, Si) or possibly
modify the grain structure, orientation and grain size
(Ti, Zr). We however acknowledge that the pursuit of
more IGC resistant 5xxx alloys would necessitate
significantly more research, including TEM and varia-
tion of the microalloying content, along with relevant
thermomechanical variations; however the first order
observation that singular additions can have such a
significant impact on the performance of the alloy (with
no corrosion or hardness penalty from Part 1) is
noteworthy.

3. The presence of Sr in the Zr containing alloy
significantly reduces the extent of f-phase formation via
calculations, as compared to the additions of Zr alone,
and this is reflected from the nitric acid mass loss test
values. This suggests that the formation of a small
fraction of Al;oMgyoSr, phase may be enough to
significantly reduce f-phase fraction or continuity.
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Chapter 7

Alloying additions to improve the corrosion performance of Al-
Mg-Mn alloys

This chapter includes three ‘sub-chapters’ for a more detailed study on the effect of Sr and
Nd in improving the corrosion resistance of Al-Mg-Mn alloys, following the outcomes in
Chapter 5 and 6.

Section 7.1 is a research paper published in the ‘Journal of The Electrochemical Society’.
The results from previous chapters highlighted the ability of strontium (Sr) to reduce
corrosion attack whilst having minimal impact on hardness. This section provides a more
detailed study on the microstructural aspects of this alloy and the critical amount of Sr to
achieve the best result. The studies were carried out in the isolation of Mg in order to
investigate the true effect of Sr in Al. In this work, the electrochemical response was
characterised by potentiodynamic polarisation technique, supplemented by immersion test
and optical profilometry to determine the form and intensity of the localised attack.
Microstructural characterisation was carried out by SEM and the chemical composition of the
particles was analysed with EDX. The results point to an increase in formation of Al4Sr with
Sr addition. The localised attack however was not associated with Al,4Sr, instead with Fe-
containing constituent particles which present as impurities in commercial grade pure Al

alloy used as the base metal. This is a very important finding, as outlined in Section 7.1.

The other promising element in improving corrosion performance of the Al-Mg alloy system
as suggested in previous chapters is neodymium (Nd). This section (7.2) includes a research
paper published in the journal ‘Corrosion Science’. Nd is a rare earth element that is an
uncommon alloying addition in Al-alloys due to price. In this work, part of which was
collaborative, low levels (up to 0.17 wt%) of Nd were added to an Al-5Mg alloy and the
same experimental set up as in Section 7.1 was carried out. The results revealed a segregation
of Nd to AlIMnFe intermetallic particles and formation of apparently electrochemically
homogeneous Al;1Nd; particles that were not associated to intensifying localised attack of

this alloy. The NAMLT values also point to better resistance to intergranular corrosion.

In order to further investigate the effect of Nd on the susceptibility to intergranular corrosion,
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Section 7.3, a research paper published in ‘Corrosion’ journal, provides a study focussed on
the sensitisation behaviour of the same alloy in Section 7.2. In this work, the alloys were heat
treated at 150°C, followed by Nitric Acid Mass Loss Test (NAMLT) as outlined in ASTM
G67-04. The results highlighted that intergranular corrosion was reduced when the Nd
content was more than 0.11 wt%. Even though the presence of Nd did not reduce the fraction
of B-phase, Transmission Electron Microscopy (TEM) indicated the formation of fine
Al;1Nds particles along with B-phase at the grain boundaries which may contribute to the

improve intergranular corrosion resistance by disrupting the continuity of B-phase.
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The influence of strontium (Sr) on the electrochemical response and corrosion of aluminum (Al) was studied over the range of 0
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and the results herein revealed that corrosion attack is not predominantly associated with Sr containing phases, but rather Fe-rich
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Aluminum (Al) alloys are widely used as engineering materials
due their strength to density ratio, toughness and corrosion resistance.
The physical properties of Al alloys can be improved by the addition
of alloying elements in combination with appropriate heat-treatment
or work hardening.? The addition of alloying elements produces a
heterogeneous microstructure, which from a corrosion perspective
contributes heavily to the increase in susceptibility to localized at-
tack (e.g. pitting).>® The difference in electrochemical properties of
intermetallic particles (be it constituent particles, dispersoids or pre-
cipitates) that can populate the Al matrix'? is rather diverse. The
often multi-element and complex chemistry of intermetallic particles
can render them either anodic (i.e. MgZn,, Mg,Si) or cathodic (i.e.
Al,Cu, AlsFe, Al;Cu,Fe) to the Al matrix. The relative potential of
the intermetallics determines whether they will be polarized in the
Al matrix to undertake the role of net anodes or cathodes, however it
is the kinetics of the respective anodic and cathodic reactions at the
equi-potential of the alloy which determines the extent of local attack
that can occur.>’$

In an era of light-weighting for reduced energy consumption and
for more advanced manufacturing, ongoing efforts are being carried
out in attempt to improve the properties of Al alloys - particularly by
chemistry modification. In the context of Al-Si alloys (which represent
the family of Al-casting alloys), additions in the range of a few hun-
dred ppm of Sr have been noted to significantly improve the properties
of castings.*"'2 Al-Si alloys typically contain coarse needle-like eutec-
tic Si phase and Fe-containing intermetallics, which are detrimental
to mechanical properties. Traces of Sr transform these phases to fine
fibrous structure by changing the solidification characteristics.''"13-1¢
Sr is also noted to promote the formation of lower-Si containing inter-
metallics, modifying AlsFeSi to AlgFe,Si,'”?° leaving an excess of
Si in the alloy available for precipitation of the strengthening Mg, Si
phase. The effect of this chemical modification was discovered over
90 years ago,”' and only decades later was it ascribed to modification
of the Si-eutectic morphology. As indicated recently by Timpel and co-
workers, the effect was however insufficiently understood until even
more recently, aided by their study with atom probe tomography.??
The detailed interaction between Sr and other elements in Al-alloys
will not be covered here, however we emphasize the paucity of infor-
mation available on the role of Sr on Al-alloys in any context outside
of the Al-Si series of casting alloys, and there is no significant reports
of the electrochemical influence of Sr in Al. Of the reports that exist
in the context of Al-alloys where Sr has not been applied to modify

to the Li-containing high strength 2xxx and 7xxx with attendant im-
provement in some properties. As demonstrated by Xu and Song et al.,
microalloying (less than 0.1 wt.%) with Sr enhanced the resistance to
intergranular and exfoliation corrosion, posited to be due to refining
the microstructure and improving recrystallisation characteristics®?*
— however the electrochemical impact of Sr remains unclear and es-
sentially unstudied.

Sr is a reactive element, and largely insoluble in Al. According
to the phase diagram, the Al,Sr phase is the intermetallic compound
to form in the wide compositional range of when Sr content is be-
low ~45 wt.%.?>"?" In this study we seek to determine the influence
of binary Sr additions on the corrosion and electrochemistry of Al,
revealing this information for what we believe is the first time. The
rationale behind this fundamental study is several fold, however was
conceived on the basis that: i) Sr may be a useful addition to a large
number of Al-alloy classes in the context of controlling precipitate
fraction and growth kinetics; ii) because of its reactivity it may be
electrochemically compatible with Al and which remains unknown;
iii) as a potential dispersoid that is cost effective in comparison with
additions of elements such as scandium (Sc).

Experimental

Materials— The alloys tested in this study were produced by
melting an Al-Sr master alloy (Al-2.45 wt.% Sr) with commercially
pure aluminum (Alfa Aesar). The melting was carried out in a muffle
furnace at ~720°C. Regular stirring of the melt was carried out over
a period of about 2 hours, followed by casting into a pre-heated
(to 300°C) graphite crucible. Cast alloys were homogenized below
the liquidus temperature (nominally at 600°C) for two days. The
composition of the alloys produced was independently analyzed using
Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-
OES) at Spectrometer Services (Coburg, Australia) and presented
along with designation of the alloys in Table I. The Si content in

Table I. Chemical composition from ICP-OES of the alloys tested
in this study. All values in weight%.

Alloying Elements

Al-Si cast structures, there are some reports that Sr has been added Alloys Al Si Fe Sr
Pure Al ~Bal 0.06 0.14 0
Al-0.03Sr ~Bal 0.06 0.15 0.03
. . Al-0.11Sr ~Bal 0.06 0.13 0.11
*Electrochemical Society Student Member.
**Electrochemical Society Fellow. Al-0.43Sr ~Bal 0.06 0.15 0.43
***Electrochemical Society Active Member. Al-0.858r ~Bal 0.06 0.15 0.85
“E-mail: nick.birbilis@monash.edu Al-2.45Sr ~Bal 0.11 0.17 2.45
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Al-2.45Sr specimen is higher than that in other specimens. The Al-
2.45Sr alloy was the master alloy used herein, and it contained a fixed
level of Si as a result of its initial production. As such, the Si content in
the other alloys is slightly lower, as they were produced by diluting the
Al-2.45Sr master alloy. Throughout the remainder of this manuscript,
all alloy compositions are given in wt.%.

Characterization— The microstructures developed were charac-
terized using an FEI Quanta 3D-FEG scanning electron microscope
to identify the presence and relative fraction of particles within the
microstructure. All samples were prepared by metallographic pol-
ishing to a 0.05 pm colloidal silica finish, followed by ultrasonic
cleaning. Images were collected using back-scattered electron imag-
ing, and the chemical composition of the particles was analyzed with
energy-dispersive X-ray Spectroscopy (EDXS). Image analysis was
conducted to determine actual phase fractions using Fovea Pro. To
assist in interpretation of alloy characterization, the phase diagram
and phase analysis was conducted using PANDAT software.

Corrosion testing— Specimens were ground to a 1200 grit SiC
finish under ethanol prior to electrochemical testing. All tests were
carried out in quiescent 0.1M NaCl (pH 6). Potentiodynamic polar-
ization tests were performed using a VMP3 potentiostat (BioLogic)
under the control of EC Lab software. A standard 3-electrode flat-
cell (PAR) incorporating a saturated calomel electrode (SCE) as the
reference, and platinum mesh as the counter electrode, was used. Po-
tentiodynamic polarization tests were conducted using a scan rate of
1.0 mV/s after a period of 10 minutes at the open circuit potential. This
period of 10 minutes was determined to be sufficient for achieving a
stable potential, whereby the potential did not subsequently alter by
more than a few mV/min. A longer time at open circuit in dilute chlo-
ride electrolytes will ultimately lead to corrosion initiation following
a finite period, after which any changes in the alloy surface do not
reflect the response of the original surface. In this exploratory study,
the anodic and cathodic scans were carried out separately in order to
survey the true electrochemical response by avoiding the interference
of prior polarization on electrode kinetics (i.e. the cathodic reaction
produces hydroxyl ions that may subsequently influence the anodic
reaction).

Values of i.o; were determined from a Tafel fit of the polarization
data. Owing to the presence of a passive region, which frustrates the
Tafel analysis of anodic polarization data, the reported values reflect
the values of extrapolations from the cathodic data. In addition, to gain
an unbiased and benchmark level of corrosion, immersion (mass loss)
tests were also performed, with the samples immersed in quiescent
0.1M NaCl for 14 days. All tests were repeated at least three times.
Following immersion, corrosion products were removed by a short
exposure (~15s) and light rubbing in 7% nitric acid solution, prior to
final weighing. This solution was used in order to preserve the original
morphology of the corrosion attack.'*

Results and Discussion

Influence of Sr on microstructure— The backscattered elec-
tron SEM images for the Al-Sr alloys produced are presented in
Figure 1. It can be seen that there is clear evidence of a brighter
second phase. To assist in determining the second phase from an
equilibrium standpoint, PANDAT software was used to calculate the
Al-Sr phase diagram for the compositional range of interest, revealing
that the intermetallic observed in the micrographs is the Al;Sr phase
(Figure 2). The PANDAT calculations were also determined to ascer-
tain the possibility of any precursor or additional intermetallics, which
are however not predicted to form.

The volume fraction of the Al,Sr intermetallic phase (as judged
qualitatively by the inspection of the area fraction) increases with
increasing in Sr content. Image analysis reveals there is approxi-
mately 8.5% Al,Sr with 0.85 wt.% Sr additions, and ~14% Al,Sr with
2.45 wt.% Sr additions. From EDX analysis, the intermetallics were
found to contain the near stoichiometric proportions of Al and Sr,

Figure 1. Back scattered electron (SEM) images of alloys with various content
of Sr in as-cast condition. (a) Al-0.03Sr, (b) Al-0.11Sr, (c) Al-0.43Sr, (d) Al-
0.85Sr, (e) Al-2.45Sr.

however it is also noted that a low fraction of constituent particles
(concomitant with Fe, Si and Mn) are also present. The typical sto-
ichiometry of such constituents is rather consistent across Al-alloy
classes and their type and electrochemical influence has been cov-
ered in previous works.>323-30 Such constituent particles are present
in essentially all Al-alloys, including commercially pure AL'? As
commercial purity Al was used herein, Fe and Si impurities are also

800
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6 7004
=
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6504—R A
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550 : , ' T
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Figure 2. Phase diagram for Al-Sr calculated using PANDAT.
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Figure 3. Anodic polarization curves for Al alloys with various amount of Sr
in 0.1M NaCl using a scan rate of 1 mV/s.

present. Such constituents also appear as bright phases, and are diffi-
cult to isolate unless using EDX mapping (which is presented in the
context of corrosion further below).

Influence of Sr on electrochemical response of Al-Sr binary
alloys— Given that there is no prior works on the influence of
Sr on the electrochemical response of Al, the characteristic poten-
tiodynamic polarization curves were conducted as separate anodic
(Figure 3), and cathodic scans (Figure 4), to permit a more holistic
interpretation. The polarization curves shown are representative of the
typical response. We note that there is scatter between the the E o
values determined from the anodic and cathodic scans, and the total
scatter for E, across all tests conducted was as high as 100 mV for a
given sample, which we believe is within the statistical variation and
depicted further below.

Inspection of the anodic polarization scans suggest that the low-
level additions (0.03 and 0.11 wt.%) of Sr shift the corrosion potential
(Ecorr) to less noble values whilst revealing an increased passive current
density (ipass), of approximately 10 pwA/cm?. The increase in passive
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Figure 4. Cathodic polarization curves for Al alloys with various amount of
Srin 0.1M NaCl using a scan rate of 1 mV/s.
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current density is rather marked, and in spite of this, the pitting poten-
tial (Ey;) remains essentially unchanged. Interestingly, additions of
Sr at higher concentrations (0.43 and 0.85 wt.%) also showed a very
similar Ep; to pure Al, with an attendant decrease of the passive cur-
rent density to values somewhere intermediate between pure Al and
Al with 0.03 or 0.11% Sr. For Sr contents to 0.85 wt.%, windows of
passivity in the range of ~300 mV were seen in 0.1M NaCl, in spite of
the presence of appreciable fractions of Al4Sr. The highest addition of
Sr (2.45 wt.%) revealed a passive current density essentially identical
to that of pure Al, however with a comparatively lower Ej;.. The E;
of Al-2.45Sr was ~—800 mVgcg, about 100 mV less noble than that
of pure Al.

In regards to cathodic kinetics, the polarization curves (Figure 4)
indicate that the cathodic reaction rates are rather similar for all the
Al-Sr alloys, irrespective of the relatively large difference in the alloy
content and relatively dramatic difference in microstructure. The rates
of cathodic reaction are somewhat faster with Sr additions, as opposed
to commercially pure Al. The differences in the respective E,, values
are not interpreted to a large extent here, as we believe these values
are largely dictated by shifts in the anodic kinetics.

A first order interpretation of the polarization kinetics would sug-
gest that in instances where Al is alloyed with Sr, even in the case
where relatively significant fractions of intermetallic exist, that Al-Sr
alloys are spontaneously passive, indicating that dissolution of the
Al,Sr is not expected to be rapid. Further, if the Al4Sr phase is to take
the role of supporting cathodic reactions, the attendant rates are only
slightly higher than those upon pure Al and apparently insensitive to
increasing St content. This is in contrast to the influence of most other
alloying additions to Al, which tend to have a monotonic effect (i.e.
one classic example is that Cu increases cathodic kinetics in a manner
that scales with the amount of alloying).3!3?

To bridge the results in Figures 3 and 4, the electrochemically
determined corrosion current density (icorr) and pitting potential (Ep;)
are plotted against alloy content and the determined Al;Sr volume
fraction (which was determined from repeated analysis of Al,Sr area
fractions via image analysis of BSE-SEM images) in Figure 5. The icorr
values were obtained by Tafel extrapolation and the standard deviation
was used to generate the error bars. BSE-SEM images were taken in
three different areas to appropriately represent the variation of Al,Sr
volume fraction on the surface of the alloys. Whilst the data is reported
along with the relative scatter, it appears as though the corrosion
current density (i) increases with low levels of Sr, after which at a
critical Sr value the i ., decreases. This trend is also reproduced when
described in terms of % Al,Sr. It should however be mentioned that
all of the i, values for the Al-Sr alloys are relatively low compared
with commercial Al-alloys such as the age-hardenable alloys (which
display i values of several wA/cm?), and the variation between
all samples is not necessarily high. The pitting potential (Ey;) also
shows a small scatter between 20 mV except for the highest amount
of Sr. The trend in i and Ey; values is unique, and one explanation
may be the modification of impurity based constituent particles is
sensitive to some critical Sr increase. Since the data gathered from
electrochemical tests has only small variation, mass loss was carried
out to holistically evaluate the corrosion response.

To further understand the rate controlling reaction, Figure 6 shows
the E.o plotted with respect to ico. In order to capture the range of
Ecorr at various OCP, an average of E,,, extracted from the anodic
and cathodic polarization curves are used to generate the plot, and
the error bars reflect the standard deviation. From Figure 6, it is seen
that electrochemical kinetics appear to be controlled by the anodic
reaction as opposed to the cathodic reaction rate, whereby increases
in corrosion rate are accompanied by less noble E.,,, values.

Influence of Sr on corrosion— Following immersion testing in
0.1M NaCl for 14 days, the mass loss values are presented as a
function of Sr content (Figure 7). A very minor, but not negligible
increase in mass loss is observed with Sr, with the exception of the Al-
0.11Sr sample. Whilst not reported more widely herein, the specimens
were also characterized using optical profilometry, which indicates the
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corrosion morphology was essentially localized (as seen in the inset of
Figure 7 for the specimen with the highest mass loss). The relatively
low levels of mass loss, and the relative similarity in range of values
with pure Al is also consistent with the electrochemical tests.

The similarity from tests with higher levels of Sr would tend to
suggest that the mass loss is rather independent of the Sr and Al,Sr
content. In order to validate this, post immersion SEM was carried out,
revealing profound results. Figure 8 shows the form of corrosion on
the alloy surface after exposure to 0.1M NaCl, and it is revealed that
in spite of a significant volume fraction of Al,Sr intermetallic, that
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Figure 6. The relationship between icorr and Ecorr €xtracted from potentiody-
namic polarization curves of the alloys determined at open circuit potential
after 10 minutes in 0.1M NaCl using a scan rate of 1 mV/s.

the corrosion is not localized at, on, or adjacent to the Al,Sr. Inall in-
stances observed, corrosion was localized, and tended to be localized
at constituent-type particles that were rich in Fe (from Fe impurity),
which is particularly evident in Figure 8b. In fact, the identification
of where the constituent phases exist was possible after corrosion had
occurred, whereby the localisation of corrosion with constituent par-
ticles made it obvious how to discriminate from the Al,Sr. Validation
that corrosion was associated with regions of high Fe concentration
(i.e. Fe-bearing constituents) is given in Figure 9 via the EDX maps. It
is evident that the sites of corrosion are associated with the Fe. Itis also
very interesting however to note that regions containing Sr, also tended
to have an association with segregated Si (which is nominally always
present in low levels in commercially pure Al). In fact, there is a sig-
nificant richness in the data in Figures 8 and 9, suggesting that Si mo-
bilizes with Sr, and also that the form of the constituent particles rich
in Fe are modified by addition of Sr. On causing corrosion, it appears
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Figure 7. Effect of Sr content on the corrosion rates as determined by mass
loss test in 0.1M NaCl for 14 days. As a comparison, in the same conditions
2024-T3 is 0.0582 mg/cm?/day and 7079-T6 is 0.707 mg/cm?2/day. Inset shows
the localized nature of the corrosion attack on the specimen with the highest
mass loss, via Optical Profilometry imaging.
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Figure 8. Scanning electron (SEM) images of Al-2.45Sr alloy after immersion
in 0.1M NaCl for 5 hours showing (a) the extent of pitting on the surface and
(b) close up observation of the pit.

as though the Fe rich particles are somewhat attacked themselves,
and the remnants indicate a complex structure of needles. This is not
synonymous with the classic ‘trenching’ observed around whole (i.e.
non-needle like Fe-constituents) observed in Sr-free systems®0-33-37
and noteworthy in itself. The apparent electrochemical heterogeneity
of intermetallics in the Al-matrix was previously shown for the case
of Sc additions leading to Al;Sc intermetallic particles.®** The cost
of Sc prohibits its use in commercial alloys, however a similar effect
is observed herein with the addition of Sr.

If Sr can in fact modify the constituent particles, this may ex-
plain why at the lowest Sr content the highest mass loss was observed
possibly linked with insufficient Sr to cause significant constituent
modification. In any case, the modification of constituent particles by
Sr would require dedicated study on the basis of isolating when the
modification occurs (i.e. is it during the molten state) and the impact
on the constituent chemistry and structure, which is beyond this study.
Whilst the present work was largely focused on revealing the elec-
trochemical and corrosion aspects of binary Sr additions, it appears
that the rather general observation that Sr has the potential to modify
particles and segregation in systems outside of the Al-Si casting alloys
may be maintained. In the authors” opinion, there remains significant
future work in elucidating the more detailed electrochemical mecha-
nisms at play involving the additions of Sr to Al. Certainly the apparent
electrochemical heterogeneity, and its influence in localized corrosion
and propagation will require a more dedicated appraisal. Further, the
increased passive current density with Sr additions, however without
a diminished Eg;;, also merits further investigation.

Figure 9. High magnification observations and EDS element mapping anal-
ysis of Al-2.45Sr alloy after immersion in 0.1M NaCl for 5 hours showing
Fe enrichment inside the pits and no attack was observed on Sr containing
intermetallics.

Conclusions

1. The addition of Sr to Al led to the formation of the Al,Sr inter-
metallic phase, which increased in volume fraction as Sr content
increased. The level of electrochemical corrosion remains low,
irrespective of Sr content, and the associated mass loss is also
low and largely independent of the Sr and Al,Sr content.

2. The SEM images after exposure to a dilute chloride electrolyte
indicate that localized corrosion is associated with Fe-containing
constituent particles, whilst Al,Sr particles were un-attacked.

3. Pitting potentials (Ey;;) for Sr containing alloys are identical to
pure Al despite an increase in passive current density, except for
the highest Sr content studied (2.45 wt.%).

4. Cathodic reaction rates for Al-Sr alloys are slightly higher than
pure Al but similar regardless of the alloy content and microstruc-
ture. This indicates that increasing Al,Sr fraction did not support
rapidification of cathodic kinetics.

5. The corrosion current density (icor) increases with low levels
of Sr but decreased after adding more than 0.11 wt.% Sr. A
similar trend was observed with the volume fraction of Al,Sr.
This implies that there might be a critical amount of Sr required
to significantly modify the constituent particles hence lowering
corrosion rate. Significant future work is needed to fully interpret
the mechanisms imparted by Sr additions, however the findings
are unique in the context of particle induced localized corrosion
of Al and its alloys. They are highly reproducible and indeed we
believe merit wider dissemination for a general assessment by the
field.
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The influence of neodymium (Nd) additions from 0 to 0.17 wt.% on the electrochemical response, corro-
sion, and hardness of a model 5xxx alloy (Al-5Mg) was studied. The combination of SEM, polarisation,
constant immersion and nitric acid mass loss testing, followed by optical profilometry, revealed that
Nd had no significant effect on pitting or general corrosion of Al-5Mg; however with Nd additions the
extent of intergranular corrosion following sensitisation was decreased substantially. Nd additions also
increased alloy hardness and thus microalloying with Nd was shown to improve the properties of Al-
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1. Introduction

The 5xxx series (Al-Mg) aluminium alloys are weldable
wrought alloys with good corrosion resistance, generally used in
transport and marine applications [1-3]. Al-Mg alloys do not re-
spond to age hardening and their strength is due to the combina-
tion of work hardening and solid solution strengthening [1-4].
The properties of 5xxx aluminium alloys can be marginally en-
hanced by the addition of small amount of elements (microalloying
additions), which can form fine dispersoids [1,5,6]. The addition of
alloying elements to what are nominally solid solution alloys re-
quires relatively careful selection of the element to be added, and
the concentration in which it is added, since the electrochemical
properties of any additional phases are likely to be rather different
than those of the Al-Mg matrix [7-9]. Some less common alloying
additions including the rare earth elements and transition metals
(such as Sc, Er, Zr, Ce, Mn, Cr, and Ag) are believed to improve
mechanical properties without deteriorating corrosion perfor-
mance [10-22]. Al-Mg-Ag alloys with elevated Mg content can
be age hardened [21]. Additions of Mn, Zr, and Sc have been sug-
gested to increase mechanical properties as well as SCC resistance
of Al-Mg alloys by hindering recrystallisation [23,24]. Er addition
to Al-Mg alloys is reported to improve corrosion performance in

* Corresponding author. Tel.: +61 3 9905 5323; fax: +61 3 9905 4940.
E-mail address: gupt.rajeev@gmail.com (RK. Gupta).

0010-938X/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.corsci.2013.03.034

chloride containing solution [25]. Sc is reported to improve
mechanical properties without significant loss in corrosion proper-
ties [26-29]. Small amounts of Sc increase ductility and strength of
5xxx Al alloys due to the formation of fine Al;Sc precipitates which
not only refines grains, but also provides some precipitation hard-
ening [23,30-32]. Moreover Sc has been reported to also permit
superplasticity in Al-Mg alloys [33]. To date, no significant delete-
rious effect of Sc additions on general corrosion or pitting corrosion
behaviour of Al-Mg alloys has been reported [27,28] which is
attributed to inability of Sc to sustain a large cathodic current den-
sity [28]. These combinations of the influence of Sc suggest that Al-
Mg-Sc alloys are promising for use in high performance sports
equipment and aerospace applications [26,34].

However, in spite of beneficial effects of Sc in improving prop-
erties of Al-Mg alloys, the prohibitive high cost of Sc (whilst fluc-
tuating, is presently several hundreds of thousands of US Dollars
per ton) limits applications, and any cheaper alternative alloying
additions of similar effectiveness are desirable. Pursuit of this goal
is topical, and in one instance the addition of Zr along with Sc was
reported to be effective in improving properties whilst decreasing
the Sc content for the equivalent mechanical properties obtained
from a high Sc content. In search of a substitute for Sc, the effect
of erbium (Er) on properties of Al-alloys has been investigated in
detail by the group of Nie, who reported that Er imparts an
improvement in mechanical properties without significant loss in
corrosion performance [12,25,35,36]. Nd was reported to be effec-
tive in increasing the recrystallisation temperature of Al-Mg-Mn
alloy as well as grain refinement [37]. Additions of Nd to an Al-Mg
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Table 1
Composition (wt.%) of alloys tested in this study, as determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES).

Mg Nd Fe Si Al
Al-5Mg 5.17 0 0.18 0.07 Bal.
Al-5Mg-0.06Nd 4.89 0.06 0.15 0.07 Bal.
Al-5Mg-0.11Nd 5.07 0.11 0.16 0.06 Bal.
Al-5Mg-0.17Nd 5.14 0.17 0.15 0.06 Bal.

alloy were also reported to increase yield strength and elongation
simultaneously. However, the systematic effect of Nd on the corro-
sion of Al-Mg alloys has not been reported in literature.

When exposed to elevated temperatures for extended periods
(~50-200 °C), Al-Mg alloys can become susceptible to intergranu-
lar corrosion (IGC) as a result of the formation of Mg,Al; along the
grain boundaries. Mg,Alj is anodic in nature and can lead to a pref-
erential dissolution path at grain boundaries [38-42]. This phe-
nomenon is termed ‘sensitisation’ and has attracted considerable
research attention in recent years [38-43]. Some strategies for
minimising the extent of sensitisation in Al-Mg alloys have been
recently discussed, and include decreasing Mg,Al; content, altering
the chemical composition of Mg,Al; to make it less electrochemi-
cally active, and introducing additional particles to disrupt the con-
tinuous network of Mg,Al; [43-45]. Zn, Cu in combination with Zn
and Ag were reported to improve sensitisation resistance of Al-Mg
alloys [46-49]. Preliminary work suggests theoretically and exper-
imentally that the addition of Nd to an Al-Mg alloy is effective in
improving sensitisation resistance from a metallurgical perspec-
tive as determined by nitric acid mass loss tests (NAMLT) [45].
To date however, the influence of Nd on the electrochemical prop-
erties, or general corrosion and physical properties of Al-Mg alloys
is yet to be reported - and the purpose of this study.

2. Experimental
2.1. Materials

Al-5Mg-xNd (wt.%) alloys used in this investigation were pre-
pared by melting pure Al (99.9%), pure Mg (99.9%) and an Mg-
Nd master alloy in a muffle furnace. Initially the pure Al was
melted at ~720 °C, after which the other elements were added to
the melt and stirred. Regular stirring of the melt was carried out
over 60 min in the molten state, followed by casting into a pre-
heated (to 300 °C) graphite crucible. Alloys were homogenised just
below the liquidus temperature for 2 days, followed by solution
treatment at 450 °C for 1 h, then water quenched, then cold rolled
to a 50% thickness reduction. Compositions of these alloys were
analysed by inductively coupled plasma-optical emission spec-
trometry (Spectrometer Services, Coburg, Victoria, Australia) and
are presented in Table 1.

2.2. Corrosion tests

Prior to each experiment, specimens were ground to a 2000 grit
SiC paper finish under ethanol and dried with air. All the corrosion
tests were carried out in quiescent 0.01 M NaCl using a standard
three-electrode flat cell (PAR), incorporating a saturated calomel
electrode (SCE) and a platinum mesh counter electrode. A VMP3
potentiostat (BioLogic) under the control of EC-lab software was
used for potentiodynamic polarisation tests that were initiated
after 10 min at open current using a scan rate of 1.0 mV/s. All tests
were repeated at least five times.

Mass loss was measured after constant immersion of test cou-
pons in 0.01 M NaCl solution for 14 days, followed by chemical
cleaning of corrosion products with 15% HNO3. Optical profilome-
try (Vecco Wyko NT-1100) was used to measure number and depth

Fig. 1. Typical back-scattered electron images of (a) Al-5Mg, (b) Al-5Mg-0.06Nd, (c¢) Al-5Mg-0.11Nd and (d) Al-5Mg-0.17Nd alloys.
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Fig. 2. Phase diagram of Al-5Mg-xNd alloy as calculated using Pandat [51]. Inset
shows phase fraction of Al;;Nd; as a function of Nd content.

of pits after constant immersion tests. A scan area of 1.2 x 0.9 mm?
was used.

IGC susceptibility was measured in terms of mass loss per unit
area (mg/cm?) adopting the Nitric Acid Mass Loss Test (NAMLT)
as specified in ASTM G-67 [50]. All experiments were conducted
three times and the average values are reported with the
standard deviation. To artificially sensitise the alloys, isothermal
heat treatment was carried out at 150 °C for 7 days. 150 °C was
used to accelerate the sensitisation kinetics for this laboratory
studies. The degree of sensitisation at 150 °C/7 days is approxi-
mately equivalent to that achieved from 100 °C/100 days or
60 °C/220 days.

2.3. Characterisation

Hardness was measured using Struers Duramin A300 with a
1 kg load. Reported hardness values in this paper are an average
of ten measurements. Back scattered electron imaging and energy
dispersive X-ray spectroscopy mapping were conducted via an FEI-
Quanta 3D FEG scanning electron microscope. Specimens used for
SEM were polished to 0.05 um (Beuhler Masterprep) finish fol-
lowed by ultrasonic cleaning.

|
Nd

Fig. 3. High magnification observations and EDS element mapping analysis of the Al-5Mg-0.17Nd alloys showing Nd enrichment of Al-Fe-Mn types of intermetallic.
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3. Results and discussion
3.1. Effect of Nd on the microstructure of Al-5Mg

SEM images for the Al-5Mg-xNd alloys produced are presented
in Fig. 1.

The microstructures in Fig. 1 reveal similar morphologies of the
coarse intermetallic phases present, irrespective of Nd content. To
rationalise the observations, the phase diagram of Al-5Mg-xNd al-
loys was calculated using PANDAT [51] and is presented in Fig. 2.
From calculations, it is predicated that the presence of an Al;;Nd;
phase may occur. The relative volume fraction of the Al;;Nd; phase
is expected to increase with Nd content (Fig. 2), whilst overall
existing in a low volume fraction of 0.157% for 0.17 wt.% Nd. Like
a constituent phase, Al;;Nd; phase is stable to elevated tempera-
tures (Fig. 2), and its fraction does not have a dependence on solu-
tion treatment or aging temperature. From SEM investigations
coupled with EDXS, no Al;;Nd3 phase could be detected using
SEM. This suggests that either few Al,;Nd; particles were formed,
or those which formed were very fine. Further investigation of ele-
mental distributions in the micron scale range revealed (via EDXS
element mapping) that Nd was also incorporated in AIMnFe coarse
constituent intermetallic particles (Fig. 3). Such segregation has
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Fig. 4. Effect of Nd content on the Vickers hardness (measured using a 1 kg load) of
Al-5Mg alloy.
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Fig. 5. Potentiodynamic polarisation curves for Al-5Mg-xNd alloys in quiescent
0.01 M NaCl using a scan rate of 1 mV/s.

not been previously reported, and any change in the electrochem-
ical properties of AIMnFe due to Nd incorporation is unknown and
will require further work.

3.2. Effect of Nd on the hardness of Al-5Mg

Vickers microhardness testing was carried out and has been re-
ported in Fig. 4. It was observed that the hardness of the alloys in-
creased with Nd content. The increase in hardness was observed
both in as quenched and cold rolled samples, with the relatively
minor addition of 0.17 wt.% Nd leading to an increase in hardness
of ~10%. This increase is rather significant given the amount of Nd
present is ~1 in 1000 atoms. The fraction of Al;;Nd; increases with
Nd content (inset of Fig. 2) which is expected to contribute in
strengthening if a fine dispersion on the nanoscale is present (how-
ever this will need future TEM analysis to validate). An increase in
hardness is consistent with some reported effects of Nd on proper-
ties of pure Al used in electronic applications [36].

3.3. Effect of Nd on the electrochemical response and corrosion of Al-
5Mg

Potentiodynamic polarisation tests were carried out to reveal
the effect of Nd additions on the electrochemical response of Al-
5Mg. Representative polarisation curves for Al-5Mg-xNd alloys
are presented in Fig. 5, revealing that Nd additions (=>0.11 wt.%)
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Fig. 6. Effect of Nd on corrosion of Al-5Mg alloy as measured in terms of (a)
corrosion current density in 0.01 M NaCl as determined from Tafel extrapolation,
and (b) mass loss per unit area per day following 14 days immersion is 0.01 M NaCl
and subsequent cleaning of corrosion products.
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Fig. 7. Three dimensional optical profilometry images followed by constant immersion test (in 0.01 M NaCl for 14 days) and cleaning of corrosion products for (a) Al-5Mg-

ONd; (b) Al-5Mg-0.06Nd; (c) Al-5Mg-0.11Nd; and (d) Al-5Mg-0.17Nd.
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following cleaning of corrosion products.

lead to a slight decrease in anodic as well as cathodic kinetics -
whilst corrosion potential (E.,,) remained essentially unaltered.
Corrosion current densities (icorr) Were obtained from the Tafel
extrapolation and are presented in Fig. 6. i.o values for all alloys
were in the range of 0.55-0.87 uA/cm?. If we consider the com-
bined factors such as; the relatively small comparative difference
in icor, the inherent difficulty in Tafel fitting, and the qualitative
observation that all alloys displayed an i.o of <1 pA/cm?, we are
able to suggest that the Nd additions did not lead to any increase
in corrosion rate. Rather a marginal decrease in icor, albeit not out-
side the scatter, was noticed for higher Nd content (=0.11 wt.%)
however no statistically relevant change in icor and Eco values
due to Nd additions can be concluded from this work alone. This
response following the Nd additions to Al-5Mg indicates two pos-
sibilities, in that either the electrochemical characteristics of
formed Aly{Nd; phase are compatible with the Al-Mg matrix or
the size of this Al;;Nd3 phase is too small to cause any significant
change in electrochemical response as judged by potentiodynamic
polarisation.

Mass loss after constant immersion tests in 0.01 M NacCl fol-
lowed by chemical cleaning of corrosion products for alloys with
varying Nd contents as presented in Fig. 6 exhibits similar mass
loss throughout the composition range. This is consistent with
potentiodynamic polarisation test results and indicates that up to
0.17 wt.% Nd does not influence corrosion of Al-5Mg alloy.

Pitting susceptibility of the Al-5Mg-xNd alloys was investi-
gated by counting number and depth of pits using optical profilom-
etry. Three dimensional surfaces of various alloys as presented in
Fig. 7 show that size, shape and number of pits are similar in all
the alloys. Average number and depth of pits (Fig. 8) revealed that
Nd addition did not affect pitting corrosion. Pitting corrosion is lar-
gely influenced by presence of secondary phases, i.e., constituents,
dispersoids or precipitates, and a relatively similar distribution of
intermetallics for the alloy compositions tested herein explains
the similar pitting behaviour of alloys. It is important to note that
number, size and composition of the secondary phase particles are
important in causing pitting corrosion [52,53].
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Fig. 9. SEM images for (a) Al-5Mg and (b) Al-5Mg-0.17Nd alloys after constant
immersion test in 0.01 M NaCl for 2 days showing severe localised corrosion due to
Fe containing intermetallics. Inset of Fig. 9b shows BSE image of Al;;Nd3 constituent
particle which did not cause any localised corrosion.

A selection of Nd containing alloys were analysed using SEM
following constant immersion tests for 2 days. The representative
SEM images of AlI-5Mg and Al-5Mg-0.17Nd after immersion test-
ing are seen in Fig. 9, which reveals localised corrosion occurring
around the coarse constituent intermetallics (Al-Fe-Mn type).
The incorporation of Nd into coarse constituent intermetallics
(which occurs 0.17Nd), did not seem to moderate the ability of
constituents to cause localised corrosion. The Al,{Nd3 phase, which
could not be easily detected via SEM of well polished sample
(Fig. 1), was able to be identified in a low number density in spec-
imens following immersion testing, due to no evident corrosion
around these particles. The chemical composition was confirmed
using EDXS, and the backscattered electron image (BSE) in the inset
of Fig. 9b, indicates the presence of this phase. We note that the
occurrence of Al;;Nd; particles was rare and only evident in the
in 0.17 wt.% Nd containing alloys. This indicates that Al;;Nd; par-
ticles are most likely present as very fine dispersoids, whilst the.
Aly1Nd; phase did not appear to cause any significant localised cor-
rosion in Al-5Mg.

3.4. Effect of Nd on hardness and IGC of Al-5Mg

Improving sensitisation resistance of Mg containing Al alloys,
prone to IGC caused by sensitisation during prolonged service
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Fig. 10. Simultaneous effect of Nd on corrosion and hardness of an Al-5Mg alloy as
represented by: (a) mass loss after NAMLT, a measure of IGC, versus hardness, and
(b) mass loss (measured after 14 days constant immersion in 0.01 M NaCl following
cleaning of corrosion products) versus hardness.

conditions, is one of the major challenges in engineering applica-
tion of the alloys. The degree of sensitisation can be measured in
terms of NAMLT values as described in [50]. Fig. 10 presents effect
of Nd content on IGC and hardness simultaneously which reveals
that >0.17 wt.% Nd is very effective in improving sensitisation
resistance. It is interesting to note that 0.05 wt.% Nd content did
not cause a significant change in NAMLT value. A significant de-
crease (by ~40%) in NAMLT value was observed due to addition
of 0.11 and 0.17 wt.% Nd. Fig. 10 demonstrates that it is possible
to increase hardness and a resistance to sensitisation simulta-
neously. For example, simultaneous reduction in degree of sensiti-
sation (by 40%) and increase in hardness (by 10%) was caused by
0.17 wt.% Nd addition. This improvement in properties could be
attributed to formation of Al;,Nd; on grain boundaries potentially
disrupting the Mg»Al; network, or incorporation of Nd in Mg,Als;,
or even by altering the Mg,Al; formation kinetics [45], however
the precise mode will need future work. A focused study on influ-
ence of Nd upon sensitisation resistance can be found in [45],
which also reveals that alloyed Nd has no effect on NAMLT values
of unsensitised (i.e. solution treated and quenched) alloys.

Fig. 10 also presents the relationship between corrosion (indi-
cated by mass loss following by constant immersion tests) and
hardness which also showed that Nd addition lead to increase in
corrosion rate while not deteriorating corrosion resistance. This
is an important finding demonstrating that the beneficial effects
of Nd addition can be exploited without significant loss in corro-
sion performance of alloy.
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3.5. General discussion

Improving physical properties without the loss of corrosion per-
formance for Al alloys is of great industrial interest, as corrosion
rate is nominally increased with any increase in hardness. Only a
limited examples reporting simultaneous increase in hardness
and corrosion performance are available in the literature. Nd addi-
tions to Al-5Mg alloys in this study indicated a possibility of
improving strength and sensitisation resistance simultaneously
while pitting corrosion (as presented in terms of number and
depth of pits) and general corrosion (as presented by polarisation
and mass loss data) remained unaffected. This interesting corro-
sion performance, hardness and Nd content relationship will need
further investigation, as will the phenomenon which is possibly
capable of being imparted by other rare earth elements and yet
to be reported. The electrochemical characteristics of the Al;;Nd;
phase are not known, however, work herein indicates that if Al;;-
Nd; formed, was not deleterious for corrosion and further investi-
gations will be required to understand role of Nd and the
electrochemical behaviour of the Al,;Nd; phase more precisely.
More generally, Nd could be a cost effective candidate to Sc, and
further detailed studies could confirm if Nd could be a substitute
for Sc or may be used in combination with Sc to improve properties
of various Al alloys.

4. Conclusions

1. Arange of custom alloys containing variable levels of Nd added
to a model Al-5Mg composition were successfully produced.

2. Alloying with Nd did not affect the morphology of coarse (con-
stituent type) intermetallics significantly. However, Nd micro-
alloying did tend to reveal some segregation of Nd to coarse
AlMnFe intermetallic particles. There was no evidence of Nd-
rich intermetallics from SEM observations in alloys with Nd
content <0.11 wt.%. Only a few Al,;Nd3 particles were detected
in Al-5Mg-0.17Nd alloy.

3. For the range of compositions tested, Nd addition to Al-5Mg
alloy leads to significant improvement in sensitisation resis-
tance and a notable increase in hardness.

4. From an electrochemical perspective, microalloying additions
of Nd statistically had a rather negligible effect on the E.,
and icor values realised, in addition to no significant alteration
of anodic or cathodic kinetics. Post immersion SEM indicated
that the Al;;Nds phase did not contribute to localised corrosion.
The addition of Nd also had no significant effect on the general
and pitting corrosion of Al-5Mg from mass loss testing, which
suggests that the beneficial effect of Nd (on sensitisation resis-
tance and hardness) can be exploited without loss in corrosion
performance.
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Imparting Sensitization Resistance to an Al-5Mg
Alloy via Neodymium Additions
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ABSTRACT

Low-level Nd additions, up to 0.17 wt%, were added to Al-5Mg
to explore the impact on the subsequent degree of sensitiza-
tion. Following heat treatment at 150°C for 1 day and 7 days,
nitric acid mass loss (NAMLT) tests revealed that additions of
>0.11% Nd were effective at decreasing the amount of subse-
quent intergranular attack.

KEY WORDS: 5xxx aluminum alloys, aluminum, intergranular
corrosion, neodymium, sensitization

INTRODUCTION

5xxx series Al alloys are non-heat-treatable and work-
hardenable alloys based on the Al-Mg(-Mn) system.'
Alloys of this series are generally regarded as corro-
sion-resistant and used in a range of applications,
including marine structures.'* When Mg is present

in levels greater than ~3.5 wt%,'® intergranular cor-
rosion (IGC) and stress corrosion cracking (SCC) can
occur if the alloy has been exposed to elevated ser-
vice temperatures (ranging from ~50°C to 200°C). This
is because of the insidious precipitation of Mg,Al; (B
phase) at grain boundaries,>*® which is anodic in
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nature.”® Dissolution associated with the presence of
grain boundary B phase is a key contributor to IGC
and SCC,”® in addition to propagation by a hydrogen
embrittlement mechanism.'® A deeper insight into
the factors involved and mechanism of IGC and SCC
in Al-Mg alloys has been provided.'' "

In spite significant research in understanding
and quantifying the IGC of 5xxx alloys arising from
sensitization,”'” comparatively limited attention has
been given to the development of 5xxx alloys with
greater resistance to IGC.'®?® The methods available
to achieve greater resistance include:

(1) Reduction in the amount of Mg present. This,
however, ultimately leads to reduced strength
and hence is not a universal option.

(2) Rendering B phase “less anodic” by micro-
alloying (and doping of the B phase).

(3) Introduction of secondary precipitates (other
than B phase) at grain boundaries to interrupt
the B-phase network and potentially reduce
IGC attack.

(4) Alloying to decrease the volume fraction of
B-phase precipitates.

(5) Thermomechanical treatment to stabilize
the microstructure rendering it less prone
to sensitization. Such a microstructure may
correspond to a structure that contains dis-
continuous B phase.'®'?

Of the above approaches, (2), (3), and (4) have not
been pursued or reported to an appreciable extent,
and provide an area where significant future work is
required. Some notable exceptions include parcels of

ISSN 0010-9312 (print), 1938-159X (online)
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work carried out since the late 1950s,%°*° to recent
patents that indicate improved resistance to sensiti-
zation may occur with Cu additions (up to 0.43 wt%),
while also indicating the relevance of appropriate
thermomechanical treatment.?®?!

Caroll, et al.,?*?® showed that addition of Zn, and
a combination of Cu and Zn (in the range of ~0.15 wt%
to ~0.7 wt%), to Al-Mg alloys can modify  phase to
form Mg;,(Al,Zn),y, which was posited as less suscep-
tible to anodic dissolution at grain boundaries. In a
separate study, Caroll, et al.,?* showed that the addi-
tion of Zn, and Cu with Zn, can suppress SCC by
modification of the Mg,Al; precipitate chemistry, and
that co-precipitation of an Al-Mg-Zn phase enriched
with Cu may occur at grain boundaries. Unocic,
et al.,”® reported that higher levels of Cu and Zn
decrease the IGC of AA5083 (Al~4.4Mg-0.5Mn [UNS
A95083]"). Trace amounts of Ag were reported to
improve IGC resistance by decreasing the amount of
grain boundary precipitates.*® Some pioneering work
by Polmear and coworkers®?® also had indicated that
addition of Ag was beneficial to Al-Mg alloys, minimiz-
ing the extent of sensitization by exploiting that a
strengthening component from Ag could be accompa-
nied by lower Mg levels for an equivalent strength.

In this study, the effect of Nd additions upon
the sensitization of an Al-5Mg model alloy are inves-
tigated and reported. Nd additions were selected on
the basis of studying the impact of the presence of an
additional Al,,Nd; phase, which, being Al-rich, would
have a presumably lower electrochemical mismatch
with the matrix phase. The alloy phases were deter-
mined from thermodynamic analysis (Figure 1) reveal-
ing the relative fraction of equilibrium phases present
at 150°C, using Pandat’ software (Pandat’ and PanAl'
databases, Computherm LLC, http://www.compu-
therm.com).

EXPERIMENTAL PROCEDURES

Al-5Mg-xNd alloys with varying Nd content (listed
in Table 1) were prepared by melting pure Al (99.99%)
ingot, commercially pure Al shot (99%), pure Mg
(99.9%), and an Mg-Nd master alloy (99.9%) in a muf-
fle furnace. The resulting alloys were cast into molds
in air. The chemical composition of the alloys was
analyzed using inductively coupled plasma-optical
emission spectrometry (ICP-OES) (Spectrometer Ser-
vices, Coburg, Victoria, Australia). Alloys were homog-
enized at 450°C for 3 days. Prior to testing, alloys
were solution-treated for 1 h in a salt bath, quenched,
and rolled to a 50% thickness reduction.

To sensitize the alloys artificially, isothermal
heat treatment was carried out at 150°C for 1 day and

' UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.

* Trade name.
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FIGURE 1. Equilibrium fraction of phases present in Al-6Mg-xNd
alloy calculated at 150°C using Pandat’. The phases predicted are
the a-Al solid solution (face-centered cubic [fcc] phase enriched in
Mg), the Mg,Al; B phase, and the Al,,Nd; phase.

TABLE 1
Composition (wt%) of Alloys, as Determined
Using Inductively Coupled Plasma-Optical
Emission Spectroscopy

Mg Nd Fe Si Mn Al

Al-5Mg 5.17 0 0.18 0.07 0.03 Bal.
Al-5Mg-0.06Nd  4.89 0.06 0.15 0.07 0.02 Bal.
Al-5Mg-0.11Nd  5.07 0.11 0.16 0.06 0.02 Bal.
Al-5Mg-0.17Nd  5.14 0.17 0.15 0.06 0.02 Bal.

7 days. IGC susceptibility was measured in terms of
mass loss per unit area (mg/cm?), adopting the nitric
acid mass loss test (NAMLT) as specified in ASTM
G67.%° All experiments were conducted three times,
and the average values are reported with the stan-
dard deviation. To quantify IGC that occurred follow-
ing NAMLT and for verification of differences in the
extent of IGC, cross sections of the alloys were exam-
ined using optical microscopy. Optical profilometry of
exposed surfaces also was performed using a Veeco
Wyko NT-1100".

Grain size of the alloys was determined optically
following polishing to a 0.05 micron surface finish
followed by etching in Keller’s reagent. Transmis-
sion electron microscopy (TEM) was carried out upon
3 mm disks electropolished at =13 V in a 30% nitric
acid-70% methanol (30%HNO,-70% CH,O) solution
and at -30°C, and imaged in high-angle annular dark-
field scanning TEM mode using an FEI TF-20".
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FIGURE 2. Results from ASTM G69 NAMLT (reported in mass loss per unit area) as a function of Nd content for unsensitized
and sensitized at 150°C for 1 day and 7 day specimens. Optical images of cross sections following NAML testing and
showing extent of IGC for (a) Al-5Mg and (c) Al-6Mg-0.17Nd alloy, sensitized at 150°C/7 days. Surface profiles after NAMLT
are presented for (b) Al-5Mg and (d) Al-5Mg-0.17Nd sensitized at 150°C for 1 day. Optical microscopy images showing the

grain size for (e) Al-6Mg and (f) Al-56Mg-0.17Nd.

RESULTS AND DISCUSSION

The NAMLT results (Figure 2) indicate the effect
of varying Nd contents for three sensitization condi-
tions, namely, unsensitized and sensitized at 150°C
for 1 day and 7 days. Mass loss per unit area val-
ues for unsensitized alloys were less dependent on
Nd content, although a slight decrease in mass loss
was observed for Nd < 0.11 wt%. The NAMLT values
were, however, highly dependent upon the Nd content
for samples sensitized at 150°C. In fact, the effect of
Nd on NAMLT values (which correlate with IGC sus-
ceptibility) of Al-5Mg alloys can be seen clearly after
sensitization for compositions with Nd > 0.11 wt%.

In the case of 1 day at 150°C, the NAMLT value was
nearly halved for alloys with >0.11 wt% Nd. This
trend also remains for specimens treated for 7 days at
150°C. A NAMLT value of 150°C/7 days is equivalent
to about 100°C/100 days and about 60°C/220 days
(for AA5083). These results indicate that Nd is effec-
tive in suppressing the IGC susceptibility of Al-Mg
alloys during sensitization at elevated temperatures—
an effect that has not been reported previously for Nd
additions.

Relating this to the thermodynamic calculations,
we observe that the addition of Nd should not affect
the fraction of § phase (Figure 1). In fact, the f-phase
fraction remains essentially unchanged with increas-
ing Nd content, with rather the fraction of Al;;Nd,
increasing linearly (and a concomitant minor decrease
in the fraction of §-Al). As such, the decrease in mass
loss per unit area values of Al-5Mg alloy as a result of
the Nd addition may be attributed to either:

—incorporation of Nd into § phase, which may

decrease the activity of this phase,

—coexistence of Al};Nd; particles on grain bound-

aries interrupting the network of § phase, or

—retardation of the B-phase growth kinetics.
Theoretical analysis, which was based on current
thermodynamic databases (www.computherm.com),
suggests that essentially no Nd can be substituted
into the B phase, and that the Nd content in the o-Al
is ~1 x 107'° wt%.

Grain size as determined via optical microscopy
indicates that Nd has only a minor effect on grain
refinement (Figure 2). The average grain size for Al-
5Mg, Al-5Mg-0.06Nd, Al-5Mg-0.11Nd, and Al-5Mg-
0.17Nd was 200, 165, 152, and 155 wm, respectively.
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FIGURE 3. High-angle annular dark field scanning transmission microscopic (HAADF-STEM) images of an Al-5Mg-0.17Nd
specimen held at 150°C for 7 days, revealing (top) the grain boundary nanostructure, and (bottom) a coarse constituent
particle. Corresponding EDXS spectra indicate (i) and (ii) low Nd levels appearing to be incorporated in grain boundary
B phase, (iii) an Al,,Nd; particle, and (iv) obvious Nd segregation in a coarse Al-Fe-Mn constituent particle.

Comparison between grain size and NAMLT values
indicates that NAMLT values can vary as a result

of compositional changes for a similar grain size,
which supports the basis of the study (i.e., the differ-
ence between Al-5Mg-0.06Nd and Al-5Mg-0.11Nd).
However, more detailed studies are required more
generally in regard to the effect of grain size on sensi-
tization.

To probe further the possible mechanism of
such decreased rates of NAMLT values, transmis-
sion electron microscopy (TEM) was used (Figure
3). TEM indicated the random presence of relatively
fine Al,,Nd; particles (Figure 3, inset [iii]) along with
B phase on grain boundaries (Figure 3, insets [i] and
[ii]). The associated energy-dispersive x-ray spectros-
copy (EDXS) spectra are included. While EDXS is only
semi-quantitative, elemental ratios reveal that there

CORROSION—Vol. 69, No. 1

was reproducibly detectable Nd in the B phase at the
level of ~3 at% to 5 at%, even though this was not
predicted. One possible reason is that the Nd may be
associated with the Mg®' and possibly can segregate
with and substitute for Mg, although this would need
to be validated in future work, such as 3D atom probe
studies. Nd presence in 3 phase also could be a factor
in the reduced NAMLT values. An additional charac-
teristic of the Nd-containing alloys is that the Nd had
also segregated (in all cases tested by EDXS) to Al-
Fe-Mn-type constituent particles (Figure 3, inset [iv]);
however, this is not expected to have a great impact
on IGC. Analysis to date has revealed that low-level
Nd additions are potent at reducing IGC susceptibil-
ity; however, further work is needed—and underway—
to isolate the specific mechanism, which could be
associated with the following:
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—the Nd presence in B phase as indicated herein

—changes in the f-phase size distribution

—changes in the kinetics of B-phase formation
(each of these being a dedicated study)

CONCLUSIONS

< This study has revealed that the addition of low
levels of Nd can decrease the IGC susceptibility of an
Al-5Mg alloy that was sensitized at 150°C. Of the con-
centrations studied, this beneficial effect was observed
when Nd was present at 20.11 wt%, with a maximum
tested Nd concentration of 0.17 wt%. The microstruc-
ture revealed a very low fraction of isolated Al;;Nd,
phase. However, the incorporation of Nd into § phase
was observed, and this is conjectured to contribute

to the decreased IGC rates. Nd was also incorporated
into the Al-Fe-Mn constituent phases surveyed.
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Chapter 8

Discussion and Future Works

8.1 General Discussion

A review of the literature highlighted a deficiency of archival public domain works that have
focused on the aim of rationalising a scientific approach for the development of more
corrosion resistant Al-alloys (both in the compositional selection but also in the attendant
rationale). This is in contrast to the body of work that evolved some decades ago regarding
stainless steels, and modified ferrous alloys. In contrast to the Al-alloy development work,
there is, in contrast, significant (hundreds) of works that have focused on corrosion of
existing commercial alloys (such as AA7075-T6 or AA2024-T3) [1-8]. The works carried out
in this project herein, were based on the hypothesis that by controlling chemistry (and hence
microstructure) it is possible to alter the corrosion rate (a logical notion which is appreciated
from the literature in itself) with a view to development Al-alloys that are more corrosion
resistant for equivalent or better mechanical properties. Whilst it is appreciated and
emphasised that a single dissertation can only contribute part way to this endeavour, there is a
large amount of scientific learning which comprises this thesis, that has been elucidated and
is original. As such, this chapter will discuss/consolidate some of the key findings from the
body of work in Chapters 4 to 7 in relation to the Research Aims set at the beginning of this

project.

As for contributing towards foundational information, Research Aim 1 is focused on
establishing (if not, revealing) the corrosion rate vs. hardness property space. There are some
caveats here, in that hardness was used as a proxy to strength. This was justified on the basis
that many of the commercial alloys don't have the dimensions to permit tensile testing (i.e.
3xxx alloys are very thin sheet, destined for can-stock, etc.). Further the corrosion rate vs.
hardness property space was really represented to serve as a baseline to rationalise (and
identify the relevant property space for) the development of new Al-alloys with improved
corrosion resistance. Consequently, various commercial Al-alloys were tested and the results
provided a significant amount of consolidated information of the corrosion behaviour of Al-

alloys — rather generally. There was a realisation of a correlation between higher mass loss
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being associated with alloys that have higher measured hardness. The presentation of the so-
called ‘property space’ also allowed some rather obvious — but not previously reported —
aspects to become obvious. For example, alloys that contain beyond a critical concentration
of Cu - which can contribute to strengthening of Al-alloys such as the 2xxx series and
modifying the 7xxx series alloys - occupy the high corrosion, high mass loss space. The tests
also indicated that AA5083, which is a medium strength alloy, displays low corrosion rates,
and can be rationalised to be the best compromise alloy for the strength and corrosion
performance of the alloys surveyed. This in itself justifies the empirical evidence which
suggests AA5083 is the benchmark (industrially) for Al-alloys corrosion — and hence the
benchmark herein for what can be further developed; serving as a baseline in assessing the
improvement of corrosion performance for the experimental alloys produced from this point

forward.

Research Aim 2 centres on understanding the effect of alloying elements in relation to
electrochemical response of Al-alloys. In Chapter 4, extensive potentiodynamic polarisation
tests were carried out on various types of commercial Al-alloys whilst Chapter 5 (Section
5.1) covers the Al-4Mg-0.4Mn alloys with regards to the addition of elements including Ti,
Zn, Zr, Pb, Nd, Sn, Sr and Si. An important criterion in discussing the electrochemical
response is the anodic and cathodic reactions kinetics. From the results, the value of Ecor was
seen to vary with the presence of alloying elements. Variation was dictated by either an
alteration in the anodic reaction or cathodic reaction, or a combination of the change in the
rates of the two reactions. As such, the value of E.r alone was seen to be a crucial parameter
in the assessment of the corrosion performance. An exception is in high strength commercial
Al-alloys that contain significant Cu, where the Ecor is ennobled but not associated with
reduced corrosion (with significant pitting observed during subsequent exposure and
profilometry). From a mechanistic perspective, attention is given to the anodic and cathodic
reaction kinetics (more specifically, their relative shifts with alloying) where the rate of
reaction associated with electrochemical kinetics is better explained. Section 5.1 (Chapter 5)
highlighted that microalloying did not have major impact in the anodic/kinetic reaction rate
compared to the base alloy, where only a handful of elements have a statistically significant
impact. For instance, the presence of Sn, Nd and Zr were able to reduce the cathodic reaction
rate which is in itself considered good; however this phenomenon was offset by high mass

loss in the case of Sn addition, mainly contributed to the anodic activation effect [9-12], also
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demonstrated by a massive increase in anodic reaction Kkinetics in the potentiodynamic
polarisation curve. Such results were interesting from a scientific perspective, because they
highlighted some fundamental challenges. The reduction in cathodic kinetics which may be
derived from the utility of alloying elements with a low exchange current density, has a
deleterious second order effect. This can thus rule such elements out in terms of alloy design,
perhaps in itself a contribution (from a negative result). In a (very) positive sense, the
presence of Sr was able to reduce the anodic reaction rate, whilst the cathodic reaction rate
remained unchanged; the mass loss value however was not however significantly reduced in
comparison to other alloys, but none the less a useful result (particularly when considering
sensitisation), as where all the reported results in a unique manner) — which will not be

repeated in their entirety here.

In order to elucidate the results from different types of corrosion tests, emphases on the
understanding of the microstructural aspect of the alloys are given in Research Aim 3 and 4.
Microstructural heterogeneity, gained from alloying elements and heat treatments, contribute
to the increase in strength for commercial Al-alloys (generally). Chapter 4 demonstrated that
high strength alloys have high mass loss values and high average pit density observed after
long term immersion tests. This indicates that improvement in strength caused susceptibility
to localised corrosion — deterministically linked to the increased presence of intermetallic
particles. For 2xxx series Al-alloys, such particles are Al,CuMg (S-phase) and Al,CuLi (T).
Whilst in the 7xxx series Al-alloys, they are MgZn,, whilst many alloys include a range of
constituent particles such as Al;CuzFe, Mg,Si, AlsMn and Al,Cu (to name but a few). This
justifies the electrochemical tests discussed above, perhaps pointing to the notion that one
path to developing more corrosion resistance Al-alloys is to minimise the use of Cu as

alloying element where possible.

In Section 5.1 (Chapter 5), microalloying Al-4Mg-0.4Mn alloys did not result in significant
changes in heterogeneity of the microstructure. Therefore the hardness gained by the alloys
had only a small variation. The caveat is made that limited TEM was conducted to report the
nanostructure due to constraints related to breadth versus depth. The polarisation tests also
revealed that small additions of alloying elements did not cause significant alterations in the

electrochemical response of the alloys.

In regards to the morphology of corrosion that occurred, as stated in Research Aim 4, for the
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Al-alloys studied herein and in the electrolyte used throughout (0.1M NacCl), corrosion attack
was observed to be largely in the form of pitting. Corrosion localisation was associated with
the presence of intermetallic particles and obviously aided by the 0.1M NaCl. There was
some unique interactions reported, as described in Section 5.2 (Chapter 5), pitting associated
with Mg,Si was manifest as attack localised to the Mg,Si causing the formation of deep pits
as verified by profilometry work (Section 5.1, Chapter 5). It was revealed in such instances
that that there was a more diffuse correlation between pit depth, pit density and mass loss
value. It was demonstrated by Ti containing Al-4Mg-0.5Mn alloy that has high mass loss
value, the pit density however was low and pit depth was high. This is perhaps the form of
attack that is most typical with instances that are dictated by more rapid cathodic Kinetics as a
result of alloying (providing better electrochemical support for pits to deepen). Again, such
discussion points are being made to reveal the number of complex factors that are of
relevance in Al-alloy corrosion and corrosion morphology. The revelation of a number of
factors, some of which were better explored than others, is not considered a weakness — but a
progress — on the basis that there exists a catalogue of considerations. The original parts of
the work have been summarised in the respective papers, but also in the conclusions.

The susceptibility of pitting which is typically / nominally related to the Ep;; obtained from
polarisation curves, was seen to not be able to estimate the pitting propensity in the most
efficient manner. Section 5.3 (Chapter 5) highlighted the application of current transient
measurements to quantify metastable pits. In this work, the potential was held at a constant,
(under)potential below Epi. The current transient counts were found to correlate with the
actual pits that formed after a long-term immersion as characterised as demonstrated by
profilometery images, and also scale with the microstructural heterogeneity. This parallel
work was also a good rationalisation of the initial research aims as they relate to general

understanding.

In slight deviation, but in theme with the study of 5xxx alloys, a propagation form for
corrosion (subsequent to pitting) is intergranular attack of sensitised microstructures. This
was described as the deleterious precipitation which can occur for the 5xxx series alloys (with
an excess of Mg) during operation or exposure at an elevated temperature. A parallel
assessment was made of intergranular attack via nitric acid mass loss testing (NAMLT). The
works related to this aspect was covered in Chapter 6, using the same alloys as in Section 5.1.

With the aide of phase analysis and NAMLT, alloys which displayed a lower susceptibility to
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intergranular corrosion contained Sr, Ti and Si. This realisation was a significant finding, and
was attributed to the ability of these elements to either modify the fraction of B-phase or to
modify the B-phase itself. However, from a discussion perspective, perhaps one of the more
universal outcomes of that line of work, was that it revealed the ability of calculated phase
diagrams (i.e. CALPHAD packages) to provide a desktop experiment in regards to aspects
which are noted to dictate corrosion and corrosion propagation. As such, there is ahead a
blue-sky for similar approaches to be used to aide in tackling the development of Al-alloys
for future applications — as they pertain to unique applications. A demonstration was however
seen here, no less, whereby calculations were useful in the selection elements for sensitisation

resistance — demonstrating the approach and its potential utility.

Information gained in Chapter 4 to Chapter 6 was useful in elucidating several of the key
critical factors in the corrosion of Al-alloys more generally, and can be used as foundational
knowledge towards assisting the design of new Al-alloy compositions as listed in Research
Aim 5. This leads to a shortlist of elements that are potentially able to moderate corrosion
behaviour by minimising pitting (as well as intergranular corrosion), in the context of this
work. This distinction was made on the basis that we rationalised the research boundaries on
the basis of leaning towards the 5xxx (non-heat treatable) path. There is perhaps likely to be
unique aspects yet to be un-earthed in the context of the identified 6xxx series (heat treatable
alloy) path. Herein, the promising elements Sr and Nd were further explored in Chapter 7, by
incremental additions to the baseline 5xxx (Al-Mg-Mn) composition. The results pointed
towards optimised / critical values of Sr and Nd which were effective from a corrosion

perspective — as summarised in the attendant manuscripts.
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8.2 Future Work

The findings from this project revealed a considerable amount of future work. The amount of

future work can be reported to be very extensive, or instead — as done herein — can be

rationalised towards a few focused aspects. There are indeed two paths for future work,

which include (i) several new opportunities to improve corrosion performance of Al-alloys,

whilst being sympathetic to mechanical aspects, and (ii) fundamental aspects which can be

further explored in depth following some of the empirical revelations of the general work

herein. In focusing on the former (i.e. (i)), some of the following are two suggestions that can

be explored:

1. An extensive study on the effect of Sr and Nd in Al-Mg-Mn alloys (and more

widely in commercial Al-alloys as a functional modification):

Investigation of electrochemical response of previously un-studied intermetallics

on a phase-by-phase basis.

Addition of alloying elements at or above the solubility limit in Al will introduce
heterogeneity in the microstructure (which is essential to achieve certain level of
strength for commercial use). The downside of heterogeneity is the increase in
pitting susceptibility. The findings in Chapter 7 revealed that corrosion attack was
not associated with the Al,Sr and Al;1Nds intermetallics. This is interesting in
regards to imparting so called ‘passive heterogeneity’ into the microstructure -
which be useful in exploiting the corrosion-strength relationship. The project
stopped short of understanding if such Al,Sr and Al;;Nds intermetallics are
effective in strengthening (or other properties, both positively and negatively). In
particular if this effect is understood, alternate elements that behave similarly — or
perhaps more beneficially across a range of properties - may also be deployed.
Information on the characteristics of Al,Sr and Al{1Nds is still limited in the
literature. A complete microstructural level characteristic can be done by
microelectrochemical testing supplemented by higher level of electron microscopy
including TEM.
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=  Modification of B-phase by the formation of ternary phase

The addition of Zn to Al-Mg(-Mn) alloys was previously reported to improve
resistance against intergranular corrosion due to the formation of an Al-Mg-Zn (t
phase) instead of AlsMg, (B phase). This project demonstrates similar, in fact
enhanced, results can be achieved by the addition of Sr and Nd. There was limited
advanced characterisation herein, but extensive studies of the microstructure (in a
quantitative sense) at a deeper level will help to improve the understanding on the
segregation of these elements in either modifying the fraction of B-phase or the
ability of other co-precipitated intermetallics to reduce the amount of Mg
available in the alloy to form [-phase. Other factors that have to be considered in
reducing intergranular corrosion are the location of the additional (or perhaps
ternary) phase; whether by functioning by interrupting the continuity of B-phase or

removing the B-phase from grain boundaries.

2. Formation of sub-critical features in the microstructure of Al-alloys as
stimulated by heat treatments

The key factor in 5xxx series alloys with regards to retention of corrosion resistance is
a result of the ability of aluminium and magnesium to form a solid solution over a
wide range of compositions. Solid solution alloys are good candidates for more
corrosion resistant Al-alloys; however the limitation in the strength they can achieve
is one technical barrier to their potential wider usage. As was revealed by Ralston and
co-workers, careful low aging time heat treatments can stimulate early or pre-
precipitation processes which lead to re-organisation of the solid solution but with
insufficient driving force for en masse nucleation and growth to form large
precipitates. This so-called engineered or heterogeneous solid solution is effective at
increasing strength, but not deteriorating corrosion performance. Although the alloy
system used in the work by Ralston contained Cu (which our work and all evidence
has suggested is an element to avoid), it is a good indication of possibility that this

concept may be viable for non-copper containing alloy. The reorganisation of solute
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atoms can be explored for systems containing Mg or Si — however this would require

dedicated future work.
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Chapter 9

Conclusions

It can be summarised that the work in this thesis was an evolution of learnings from the
initial to the final experiments. The work relates to the technological issue, which is the
development of more corrosion resistant Al-alloys. From conducting a comprehensive
literature review, there is an evident paucity of the reported archival work that has focused on
the development of more corrosion resistant Al-alloys, particularly in regards to
compositional selection or balancing industrially useful properties, in spite of the wide usage
of Al-alloys. This may not reflect the extent of industry knowledge; however such
information is not openly available, nor may it be related to the underlying science. Herein, it
was hypothesised that by controlling chemistry and microstructure it is possible to develop
Al-alloys that are more corrosion resistant for equivalent or better mechanical properties. The
individual tasks carried out in this thesis, presented as unique papers / reports, in their own
right each provide new information of scientific significance. As described previously, it was
decided that following initial work defining the primitive property space, and the subsequent
rationalisation in terms of structure and electrochemical properties, the remainder of the work

would focus on the non-heat treatable 5xxx Al-Mg-Mn system (i.e. a finite endeavour).

Whilst the relevant conclusion have been presented within the relevant reports / papers
included in this dissertation, some key conclusions drawn from this work is summarised as

the following:

= The presence of alloying elements contributes to the increase in strength by the
formation of a heterogeneous microstructure. This also leads to an increase in the
susceptibility to localised attack. The corrosion rate vs. hardness property space
revealed that medium-to-high strength commercial Al-alloys (i.e. 2xxx and 7xxx
series) populate the high corrosion rate spectrum. The presence of Cu in these alloys
enhances precipitation hardening (in 2xxx alloys) hence increasing the localised
attack sites. In the case of 7xxx alloys, an MgZn2 precipitate (along with often
appreciable amounts of Cu) is a known issue. However, the low strength commercial

Al-alloys (i.e. 3xxx and 5xxx series alloys) populate the low corrosion rate spectrum.
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The alloying elements in these alloys are typically Mg and Mn, that have appreciable
solubility in Al. The strength is gained from solid solution strengthening therefore the

microstructure is homogeneous.

= The mode of corrosion attack observed after long-term immersion testing in 0.1M
NaCl was mainly localised, in particular, pitting. In general, an increase in
microstructural heterogeneity arising from increased alloying increases the pit density.
However, the composition and size of the particles also influence the formation of
pits. For instance, AlsZr, AlgMn and Al;Ti present as evenly distributed nano-scale
dispersoids were not found to cause appreciable corrosion. The Al,Sr intermetallics
that typically exist as coarse branched constituents were not associated with the
formation of pits due the unique effect (and electrochemical homogeneity) of Sr. In
order to assess pitting susceptibility of Al-alloys, potentiostatic measurement of
metastable pitting events was found to be effective in estimating the number of pits
that will subsequently form following open circuit exposure. The metastable pits
measured using current transients from potentiostatic polarisation correlates with the
number of stable pits that were observed after long-term immersion tests. This

validates that the technique can be used with higher confidence in the future.

= In the Al-4Mg-0.4Mn alloy system, microalloying with Sr, Zn, Nd, Zr, Si, Ti, Pb and
Sn, increased the anodic reaction kinetics (in an ascending order). The increase in
anodic reaction Kinetics was associated to the presence of B-phase (Mg,Als), Mg,Si
and impurity based constituent particles Al (Mn,Fe) (i.e. AlgMn, Al;,Mn and AlsFe).
In the case of Pb and Sn containing alloys, a significant increase in the anodic reaction
rate was ascribed to the anodic activation phenomenon. The cathodic reaction kinetics
however showed no significant changes with microalloying except for alloys
containing Nd, Sn, Sr and Zr. In the case of Sn, the reduction in cathodic reaction rate
was offset the anodic activation effect that lead to a significant increase in icor. The
addition of Nd, Sr and Zr reduced the size of constituent particles and evenly

distributed within the matrix. This lead to lower cathodic reaction rates overall.

= The mass loss values from long-term immersion tests of Al-4Mg-0.4Mn microalloyed

with Nd, Pb, Si, Sn, Sr, Ti, Zn and Zr showed a very weak correlation to the number
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of pits formed. For instance, the average number of pits for Si containing alloy was
lower than the Al-4Mg-0.4Mn base alloy whilst mass loss value was amongst the
highest compared to the other alloys tested. This was due attributed to the formation
of coarse Mg,Si particles (in the as-cast condition) that lead to severe localised attack
when exposed to dilute chloride solution. The selective dissolution phenomenon of
reactive Mg in coarse Mg,Si particle left significantly deeper/larger pits that

contribute to higher mass loss with less number of pits.

= With regards to intergranular corrosion (IGC) in the Al-4Mg-0.4Mn alloy system, the
addition of Si, Srand Ti had a positive effect. The nitric acid mass loss test (NAMLT)
revealed that these alloying elements yield better IGC resistance than the Al-4Mg-
0.4Mn alloy alone. The most significant reduction in mass loss was the addition of Sr.
This addition (Sr) indicates enhanced resistance to IGC, due to the ability of Sr to
cause appreciable modification of the B-phase volume fraction. This finding was
supported by phase fraction calculations that showed the formation of a small fraction
of Al;gMg,sSr, phase that may be significant enough to reduce p-phase fraction or
continuity. This is relevant in the context of developing more IGC resistant 5xxx
series Al-alloys that are typically exposed to elevated temperature during operation.
The strength of the improved 5xxx series Al-alloys must also be considered. In this
work, the high IGC resistant alloys were populated at the low hardness spectrum.
With the exception of alloy containing Zr and Sr, which has slight potential to
improve IGC resistance whilst maintaining the hardness, it is apparent that more

research in this area is essential.

= In the development of 5xxx series Al-alloys with improved corrosion resistance, it is
important to find a balance between improving corrosion resistance to different types
of attack. After considering the outcomes of the corrosion response of different
alloying elements, it can be concluded that the addition of Nd and Sr were found to
have a good balance between reducing the susceptibility to localised attack and IGC.
Both elements improved the corrosion resistance by forming electrochemically

homogeneous phases that are not associated with the localised attack that occurred.

= The addition of Sr in commercially pure Al alloy formed a coarse Al,Sr intermetallic

Chapter 9. Conclusions 195



phase that increased in volume fraction as the Sr content increased. On exposure to
dilute chloride solution, it was observed that the localised corrosion was not
associated with the presence of the Al,Sr intermetallic particles but rather the Fe-
containing constituent particles. In addition, the pitting potential (Epi;) for Sr
containing alloys was identical to pure Al, indicating enhanced localised corrosion
resistance to a level similar to that of pure Al. A decreased in icr Was observed for
alloys with more than 0.11 wt.% Sr, this implies that there might be a critical amount
of Sr required to effectively reduce the corrosion rate.

= The addition of Nd in the AI-5Mg alloy system did not significantly affect the
morphology of coarse intermetallics particles. However, phase fraction analysis
revealed the presence of Al;1Nd; phase. Hardness values increased with the increase
of Nd content. On exposure to dilute chloride solution, a slight decrease in anodic and
cathodic reaction kinetics was observed whilst no significant changes in the E¢or and
icorr With varying Nd content. The electrochemical response suggests the possibility of
Al;1Nd3 phase is compatible with Al-Mg matrix and/or the size of Al;;Nd; phase is
too small to cause any significant changes. The mass loss values after long-term
immersion tests showed no statistically significant changes than the base Al-5Mg
alloy. Subsequent optical profilometery analysis of the surface confirmed that Nd

addition did not influence pitting corrosion.

= Alloys containing Sr and Nd significantly reduced the susceptibility to IGC. Both
elements increased the resistance to IGC by modifying the volume fraction of B-
phase. For the addition of Nd, it was observed that some segregation of Nd to coarse
AlMnFe particles and B-phase did occur. The incorporation of Nd into B-phase
changed the electrochemical characteristic of the B-phase, leading to a decrease in the
possibility of corrosion attack hence increasing the resistance to IGC. For the addition
of Sr, shows the most significant result in improving the IGC resistance to a value
considered as highly resistant compared to other elements. This enhancement is
majorly owed to the ability of Sr to form a high Mg containing ternary phase,

Al19Mg2oSr at the expense of  phase.
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