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Abstract

Al-Li alloys were introduced for the use in aerospace applications due to its many advantages over steel
such as its low density, good thermal and electrical conductivity and corrosion resistance of these al-
loys. The current generation of Al-Li alloys were developed to replace the currently used AA2024 alloy
in commercial airframes, military and space applications. Traditional joining methods cannot be used to
join dissimilar aluminium alloys. Thus, friction stir welding (FSW) was used to join the 2 dissimilar Al-Li
alloys - AA2099 T83 and AA2060 T8E30 alloys. FSW causes several changes in the microstructure
due to the rotational movement of the tool which results in localised plastic deformation and a thermal
cycle in the alloys. This leads to 4 distinct zones in the alloys - the stir zone, thermo-mechanically
affected zone, heat affected zone, and the base metal. The differences in microstructure is suggested
to cause a change in the mechanical properties and localised corrosion behaviour of the alloys.

In this work, the localised corrosion behaviour of the friction stir welded Al-Li alloys were investi-
gated. The effect of FSW on the microstructure and corrosion behaviour was also studied. Microstruc-
tural characterisation was done for both the alloys and their respective weld zones. Coarse constituent
particles were found in all weld zones with a decreasing trend in average size towards the weld centre.
Strengthening precipitates such as the T, phase particles were observed on the grain boundaries of
the alloys. This had a decreasing trend of distribution density towards the weld centre with virtually
no precipitates in the SZ. In order to assess the corrosion performance potentiodynamic polarisation,
open circuit potential, linear polarisation resistance, and immersion tests were deployed. Furthermore
scanning electron microscopy with energy dispersive X-ray spectroscopy was used to evaluate the
morphology and chemical composition of the of the corroded surface. It was found that for the BM
and HAZ regions of both alloys, the attack occurred mainly on the grain boundaries which were sites
for the T; particles. These particles were suggested to be the controlling factor of localised corrosion
behaviour in these regions due to their high electrochemical behaviour, which also resulted in almost
no passivity in these regions. A large attack site was also observed on the surface of the matrix which
was the site of hydrogen evolution during initial immersion time periods. Pits were also formed on the
sites of coarse intermetallic particles. For the SZ regions the dominating attack was due to the coarse
particles in the matrix.

The effect of anodising the surface and sol-gel coating of the surface on the corrosion behaviour was
determined in this project. It was found that the anodised layer did enhance the corrosion performance
of the alloys. The SZ of the anodised sample was found to be most prone to corrosion compared to
the anodised base metals. The sol-gel coating on the surface was also found to increase the corrosion
resistance of the surface due to its self healing properties thus protecting the surface of the alloys.

Keywords: Aluminium-Lithium alloys; Corrosion; AA2060 T8E30; AA2099 T83; Anodising; Hydro-
gen evolution; Passivity; Intergranular attack; Friction stir welding; Immersion tests; Potentiodynamic
polarisation; Linear polarisation resistance; Scanning electron microscopy; energy dispersive X-ray
spectroscopy; Sol-gel coating
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Introduction

Aluminium alloys have been used in the aerospace industry since the 1920’s, when they began to re-
place wood [1, 12]. These alloys also became popular amongst auto-manufacturers to produce several
parts and the bodies of their vehicles. In the last few decades, the usage of these aluminium alloys
has steadily increased and in high end vehicles it has replaced steel and iron by almost 90 %. The
advantages of these alloys over traditional iron-based alloys are lightweight, corrosion resistance, and
very good thermal and electrical conductivity [2, 13, 14]. These factors and the fact that some of these
alloys can be formed in a soft condition and heat treated to a temper comparable to that of structural
steel, make them a very desirable material for use [15]. One of the most widely used aluminium al-
loys in aircraft manufacturing is the AA2024 alloy. It is a high strength and lightweight aluminium alloy.
However, the new third generation Al-Cu-Li alloys, such as the AA2099 T83 and AA2060 T8E30 alloys,
are investigated as a possible candidate to replace the AA2024 alloy in aerospace structures, due to
their highly desirable combination of mechanical properties [16].

The third generation of Al-Li alloys were developed for various applications such as military, space,
and also for commercial airframes [17]. These alloys show improved mechanical properties such as
strength-to-weight ratio as compared to the traditional 2xxx and 7xxx series [16, 18]. Al-Li alloys have
3 major advantages that make them desirable to the transportation industry [19]. Firstly, lithium is one
of the the lightest metallic element with a very low density equal to 534 kg m~3. Therefore, alloying
aluminium with lithium (density 2700 kg m~3) lowers the density of the resultant alloy. As a matter of
fact, for each 1 wt% Li added to Al, the density is reduced by 3% or approximately 80 kg m~3. Further,
lithium is the only metal when added to aluminium, increases elastic modulus by almost 6% or approxi-
mately 3 GPa per 1% Li added [18, 20, 21]. Thus, they possess high specific modulus and high specific
strength. Finally, these alloys can be fabricated using existing production facilities since their behaviour
during extrusion, forging, machining, and forming is very similar to that of conventional aluminium al-
loys. Despite these advantages, it is reported that these alloys are still susceptible to localised forms of
corrosion, which is associated with the high reactivity of Li and the resultant Li-containing intermetallic
phases [22].

The intermetallic particles in the aluminium alloy play a very important role with respect to mate-
rial properties as well as corrosion behaviour of the alloy. A major strengthening precipitate is the
T, (Al,CulLi) phase. This T, precipitate nucleates on matrix dislocations and sub-grain boundaries
[2, 23, 24]. Other such precipitates that may be found in these alloys are T, (AlsCulLis), 6' (Al3Li), S
(Al,CuMg), and other constituents depending on the alloying components and heat treatment received
[20]. The T; phase is the most dominant one in the parent metal of the 3rd generation Al-Li alloys. It is
also the phase of interest in terms of strengthening and corrosion resistance of these alloys [6, 23]. The
formation of these precipitates has a detrimental effect on the corrosion resistance of the alloys, due to
galvanic coupling between the aluminium matrix and these precipitates. Additionally, aluminium alloys
are more likely to undergo localised corrosion, such as pitting and severe localised corrosion (SLC), as
a result of defects on the passive protective film occurring near the secondary phase particles [25, 26].



2 1. Introduction

During friction stir welding (FSW), the alloys undergo heavy plastic deformation, heat cycles, and
recrystallisation. This causes numerous changes in the microstructure such as grain size and texture,
composition of precipitates, added impurities, and redistribution of alloying elements. This leads to 4
characteristic zones in the weld sample - the stir zone (SZ), the thermo-mechanically affected zone
(TMAZ), the heat affected zone (HAZ), and the base metal (BM) [27]. The metallurgical variations
between the various zones in the friction welded joint can cause preferential corrosion susceptibilities
and promote galvanically enhanced dissolution of the most active regions [3]. Reports in literature in-
dicate that the corrosion susceptibilities of friction stir weldments of Al alloys are unpredictable [3]. A
small change in temper conditions and/or welding parameters can significantly change the corrosion
behaviour as well as the corrosion susceptibility of that alloy [28, 29]. This is why it is important to study
the electrochemical behaviour of these zones and thus determine the localised corrosion behaviour of
the welded alloys.

The most common form of corrosion attack in these aluminium alloys is pitting. This occurs in the
presence of aggressive chloride ions [6, 25]. The other type of attack found in these alloys is called se-
vere localised corrosion (SLC) and it was characterised by hydrogen gas evolution and corrosion rings
around the attacked areas [13, 30]. The origin of SLC is related to the selective dissolution of the T;
phase [24]. However, the type of attack on each alloy is different due to the difference in microstructures
of each alloy and various precipitates found in them depending on the alloying elements. The exact
nature of the attack is also not well defined in most literature. Although they have narrowed it down
and proposed a few methods of the corrosive attack due to the strengthening and intermetallic phases,
there is still a lot to be studied and to determine the exact process of the corrosion attack on Al-Li alloys.

1.1. Scope of the project

Since the Al-Li alloys were developed for aerospace applications, the localised corrosion behaviour
of the alloy weld regions must be determined to find out whether they are suitable candidates for the
replacement of the AA2024 alloy. Therefore, the main focus of this project is to investigate the changes
caused in the microstructure of the AA2099 T83 and AA2060 T8E30 alloys due to joining by friction stir
welding and how this affects the localised corrosion behaviour of the alloys. The types of corrosion at-
tack on the weld zones and their mechanisms need to be evaluated. Lastly, the efficiency of protection
methods such anodising and sol-gel coating on the corrosion behaviour of the alloys is to be studied.

1.2. Research Questions and Objectives

The main objectives of this research is to determine the localised corrosion behaviour of the FSW
Al-Li alloys and the effect of anodising and sol-gel coating on the surface. To fulfil this, the following
questions need to be answered:

» How does the friction stir welding process change the microstructural characteristics of the alloy?

* How does the change in microstructure at the various weld zones affect the electrochemical
behaviour and kinetics of corrosion?

* What is the role of the intermetallic particles on the corrosion behaviour of the alloys?
» What are the types of corrosion attacks observed in the alloys weld regions?
» Does anodising of the surface enhance the corrosion protection for the alloys?

» Does the sol-gel coating on the surface increase the resistivity to corrosive attack?

This project has been divided into 2 parts based on the goals of the research. Part A, which in-
cludes chapters 4, 5, and 6, deals with the effect of FSW on the microstructure and localised corrosion
behaviour of the alloys. Here, microstructure characterization of the weld zones were done on the as-
received sample to investigate the differences between the weld zones in terms of average grain size,
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grain morphology, the intermetallic particles found, and the average size and distribution of the inter-
metallic particles. Next, electrochemical tests were carried out to determine and quantify the kinetics of
corrosion of each weld zone such as the passivity, pitting corrosion, nobility, and the rate of corrosion
for the weld zones of the alloys. This was followed by in-situ immersion tests of these zones to show
the localised corrosion behaviour and the microstructural features that control the corrosion behaviour
of these alloys. Part B, which includes chapter 7, deals with the effect of anodising the surface and
sol-gel coating applied on the surface on the localised corrosion behaviour of the alloy. Anodising and
sol-gel coating on the surface of the sample were tested to determine whether they are effective in
protecting the alloys from corrosion attacks and how effective they are in doing so as compared to the
bare alloys.






Literature Review

Aluminium-Lithium alloys are described as the future of the aerospace industry. However,the lack of
understanding provided by existing literature regarding the corrosion behaviour of AA2099 and AA2060
is one of the main challenges in making these alloys industrially applicable. To counter this roadblock,
aluminium alloys of similar alloying elements, microstructures, and other features were studied to give
an impression of these alloys. Most of these alloys were from the 2xxx series of Aluminium alloys,
which have a major alloying element of Cu in them. Some of them include - AA2219, AA2198, AA2020,
AA2050, and AA2024 alloys.

However, the corrosion attack on each alloy is different due to the difference in microstructures
of each alloy and various precipitates found in them depending on the alloying elements. The exact
nature of the attack is also not well defined in most literature. Although they have narrowed it down
and proposed a few methods of the corrosive attack due to the strengthening and intermetallic phases,
there is still a lot to be studied and to determine the exact process of the corrosion attack on Al-Li alloys.

Friction stir welding (FSW) is a recent and innovative solid state welding technique. It produces
high integrity joints in difficult to weld materials such as aluminium, copper and magnesium. Since its
invention, many manufacturers have adopted this method for producing lightweight structures where
high strength, low weight, good toughness, and excellent fatigue life are required [31]. The friction
stir welded alloy undergoes heavy plastic deformation, heat cycles, and recrystallisation. This causes
numerous changes in the microstructure such as grain size and texture, composition of precipitates,
added impurities, and redistribution of alloying elements. This leads to the formation of zones in the
alloy depending on the deformation and thermal cycle undergone by that region. The metallurgical
variations between the various zones in the friction welded joint can cause preferential corrosion sus-
ceptibilities and promote galvanically enhanced dissolution of the most active regions [3].

It was reported that the corrosion susceptibilities of friction stir weldments of Al alloys are unpre-
dictable. A small change in temper conditions and/or welding parameters can significantly change the
corrosion behaviour as well as the corrosion susceptibility of that alloy [28, 29]. The tool pin profile
used in FSW strongly influences the change of microstructure in various zones of the weld. Hence, the
tool pin profile also plays a very important role in the corrosion behaviour of a friction stir welded alloy
[32].

In this chapter, the microstructure and corrosion behaviour of various Al-Li alloys are investigated to
give an overview of what could be expected for the localised corrosion behaviour of friction stir welded
AA2099 and AA2060 alloys. The various factors influencing the corrosion behaviour of the welded
alloys have been also been studied to give an idea about the performance of the same.

5



6 2. Literature Review

2.1. Aluminium Alloys - Microstructure and Corrosion Behaviour

The first generation of the Al-Li alloys were introduced in 1958 with the first commercial alloy AA2020.
This was withdrawn in the 1960’s over concerns of its fracture toughness. The gas crisis in the 1970’s
and the potential threat of replacement of aluminium alloys by carbon fibre composites led to the de-
velopment and research of the 2nd generation Al-Li alloys. This was to be the solution for a lightweight
and cost effective material for the industry. However, these alloys weren’t successful due to unaccept-
able degrees of property anisotropy, low short transverse properties, and thermal instability [1].

The 3rd generation Al-Li alloys were developed in the 80’s and 90’s. These alloys have a lithium
content of less than 2% in them. They have overcome the major shortcomings of the previous genera-
tions and show improved mechanical and physical properties relative to the traditional 2xxx alloy series
[1, 21]. A few of these 3rd generation alloys have been described below (Figure 2.1).

Alloy Li Cu Mg Ag Ir Mn Zn

2195 1.0 4.0 0.4 0.4 0.1

2196 1.75 2.9 0.5 0.4 0.1 0.35 max 0.35 max
2297 1.4 2.8 0.25 max 0.1 0.3 0.5 max
2397 1.4 2.8 0.25 max 0.1 0.3 0.10
2198 1.0 3.2 0.5 0.4 0.11 0.5 max 0.35 max
2099 1.8 2.7 0.3 0.09 0.3 0.7

2199 1.6 2.6 0.2 0.09 0.3 0.6

2050 1.0 3.6 0.4 0.4 0.1 0.35 0.25 max
2060 0.75 3.95 0.85 0.25 0.1 0.3 0.4

2055 1.15 3.7 0.4 0.4 0.1 0.3 0.5

Figure 2.1: Chemical Composition of 3rd - Generation Al-Li Alloys (Wt%) [1]

2.1.1. AA2099

The AA2099 alloy, also known as the (AF/C 458), is one of the new 3rd generation Al-Li-Cu alloys that
was introduced firstin 2003 [33]. This alloy has been found to save up to 14% weight on major structural
components of the aircraft wings. The AA2099 alloy has also been found to have a higher transverse
ductility, excellent stress corrosion cracking resistance, and excellent toughness as compared to its
predecessor in the 2nd generation, the AA2090 alloy [17]. The alloy has found widespread use in the
aircraft industry since they can be commonly produced by extrusion with T8 as the final heat treatment
temper [34].

2.1.2. AA2060

The AA2060 alloy is a relatively new Al-Li-Cu alloy introduced in 2011 by Alcoa Inc. [33].This alloy is
said to provide exceptional mechanical properties such as low density, high stiffness, and high strength-
to-weight ratio and therefore it has been developed for aerospace applications such as the fuselage
panels, and upper and lower wing structures of jetliners [18, 35, 36]. The alloy in T8 temper provides
significant gains in both strength and toughness due to the nucleation and growth of intermetallic hard-
ening precipitates in the Al matrix.[1, 35].

Other alloys of the 3rd generation are AA2198, AA2050, AA2199, AA2195, and a few others. Most
of these alloys have been developed for various components in an aircraft. The 2195 alloy has been
used on the super lightweight tank of the Space Shuttle that was first flown in 1998 [1].
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2.1.3. Microstructural Features
A key aspect of the microstructure is the intermetallic particles. The intermetallic particles in aluminium
alloys can be divided into 3 main types:[37]

1. Coarse constituent and impurity particles (> 0.5 um)
2. Dispersoids (100 - 500 nm)
3. Hardening precipitates (< 200 nm)

The intermetallic particles, hardening precipitates, and dispersoids present in the microstructure
of Al-Li alloys have a detrimental effect on the corrosion behaviour of the alloy, as mentioned earlier.
Hence, it is important to study these phases in the alloy and how they contribute to the corrosion of the
alloys.

Al-Li — ALLi-Zr ——* A-LiHigh Cu—-Zr —5— A-Li-High Cu—Low Mg—Zr
a0 a', o, g &, a8 ,T1, Tz,ﬁ' o', o, S',T1, T2, i
M M S M SMS S M S M S
(includes alloy 2090) (includes alloy CP 278,
Boeing AE)
—* A-Li-High Cu-—High Mg—Zr
Phases &, 0,3, Tg,
&' = Alg, Li T T
: B M S
4 = AlLi (equillibrium phase) -
= AlZr (includes alloys 2091 & 8091}
Ty = AlCuli (equillibrium phase) | _ AlLiLow Cu-Zr —— Al-Li-Low Cu—Low Mg—Zr
T3 = AlgCuli (equillibrium phase) &, 8, Ty, Ta, 4,8,8, T4, Ta, f
(sometimes contains Mg)
&' _CUAIQ
AlMgLi (equillibrium phase) M s - Ms S
S = Al,CuMg (includes alloys 8090)
* The phases noted above are typically found — Al-Li-Low Cu—High Mg—Zr
in various heat treatment conditions &', 8,8, AlaMgli, To, §f

+ Relative volume fraction: M = major, S = small
S

Figure 2.2: Schematic of the precipitate phases that form in Al-Li alloys [1]

Dispersoids

Dispersoids are nano to micron range sized second particles comprising elements that are highly in-
soluble in aluminium. These particles have a significant effect on recrystallisation, grain growth, and
grain size control, which is why they are homogeneously dispersed in the alloy. The most common
dispersoid formers are Cr, Ti, Zr, and Mn which are generally passive in the environments where Al is
used, with the exception of Mn. There are basically 3 types of dispersoids present in aluminium alloys
depending on the alloying elements: AlgMn, Al,,Cu,Mn3, and Al;Zr particles [18, 38].

Y. Ma et al. [39] studied the distribution of intermetallics in AA2099 aluminium alloy extrusion. With
the help of Transmission electron micrograph, they observed that rectangular or spherical dispersoids
were randomly distributed within the alloy matrix. The rectangular and spherical shapes corresponded
to long and short transverse faces of a rod-like shape. An EDS analysis was used to determine the
elements in these dispersoids which found that these rectangular and spherical dispersoids contain Al,
Mn, and Cu in them.

It is known that lithium is undetectable by EDS, thus they used EELS to determine whether these
dispersoids contained lithium in them or not. The dispersoids were revealed as bright regions in the
EELS map of lithium, thus confirming the presence of Li in them and also suggesting that they were rich
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in Li. The dispersoids were found to be Al-Cu-Mn-Li intermetallics. An EDS scan of the light spheres
in the microstructure of AA2099 also confirmed the presence of Zr in them. This suggested that the g’
(Al;Zr) phase was present in this alloy. This phase is the primary phase that pins the high angle grain
boundaries and is therefore important in controlling and restricting recrystallisation and subsequent
grain growth [1].

Coarse Constituent and Impurity Particles

Constituent particles are comparatively large and irregularly shaped (0.5 um - 10 um). These particles
can be formed during alloy solidification and are not dissolved during subsequent thermo-mechanical
processing. Processing mechanisms such as rolling and extrusion tend to break up and align these
particles into bands within the alloy. Since these particles are rich in alloying elements , their electro-
chemical behaviour and hence corrosion behaviour is significantly different than that of the surrounding
aluminium matrix. The most commonly found elements in the constituent particles are generally Cu,
Fe, Si, Mg, and Mn. In high strength Al alloys, pitting occurs partly due to some fraction of the con-
stituent particles present in the alloy [38]. Donatus et al.[23] found that constituent particles, with regard
to corrosion, cause trenching of the surrounding aluminium matrix leading to observable cavities on the
surface of the alloy.

The intermetallic particles in the AA2099 alloy were observed by performing SEM to generate a
backscattered electron micrograph [39]. This revealed the particles were aligned to the extrusion di-
rection. EDS analysis of the particles revealed that these particles contained Al, Fe, Mn, and Cu.
However, the Cu concentration varies in these particles from 2.9 - 3.1 wt.%. The high-Cu-containing
phase is located in the central region and low-Cu-containing phase in the peripheral region.

Campestrini et al. [40] had observed similar results in AA2024 alloy with intermetallic phases of
different concentrations and also located in the central and periphery regions. Y. Ma. et al. [39] sug-
gested that the copper atoms from the high Cu phase migrated to the low Cu phase by diffusion. The
high Cu phase was formed during casting and the low Cu phase formed subsequently due to diffusion.
These different types of constituent particles were dependent on the conditions of heat treatment and
thermomechanical processing. This inhomogeneity of the intermetallic particles may cause a highly
localised galvanic coupling between them and thus result in localised corrosion.

Precipitates

Precipitates are generally nanometers sized particles. They can be spherical shaped, needle-shaped,
plates, and various other shapes depending on the elements found in the particles itself. They are
formed by nucleation and growth from a supersaturated solid solution during natural or artificial ageing.
When they are homogeneously dispersed, their effect on localised corrosion behaviour is difficult to
evaluate. However, when they are concentrated on grain boundaries and sub-boundaries, they may
affect intergranular corrosion (IGA) and stress corrosion cracking (SCC) susceptibility [38, 41].

As mentioned earlier, there are a number of hardening precipitates found in Al alloys such as T;
(Al,CuLli), T, (AlgCuLis), 6’ (Al;Li), and 8’ (Al,Cu) phases [1, 42]. These can be present depending
on the alloy composition and ageing conditions of that alloy. The precipitates play an important role in
the mechanical behaviour of the alloy such as hardness, elasticity, and corrosion susceptibility.

The T, phase, needle like shaped, is the major strengthening phase of the third generation Al-
Li alloys [20, 23]. T; nucleates on matrix dislocations and low-angle subgrain boundaries. Subgrain
boundary precipitation can be heavy in unstretched alloys. However, stretching before heat treatment
introduces dislocations which serve as additional nucleation sites for T; phase away from the bound-
aries and within the subgrains. Stretching allows a homogeneous distribution of the T; phase within
the alloy. This in-turn has quite a beneficial effect on the strength, ductility, and toughness of the alloy
[18]. The T, (Al;CuLis) phase is typically found on high-angle grain boundaries after over-ageing.

The Metastable &' (Al;Li) phase is present only in slight quantities under normal ageing conditions
[20]. This phase leads to an increased strength, however it has an negative effect on the corrosion
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resistance of the alloy. Although it is generally homogeneously distributed in the matrix, it is not usually
found in alloys containing Li less than 1.3%[43, 44]. The 6’ (Al,Cu) phase is the major strengthening
phase in the first generation Al-Li alloys.

The T, phase is the phase of highest metallurgical interest in the new generation Al-Li alloys. It
dictates the strength level of the alloy and also the localised corrosion resistance of the alloy [23]. Ac-
cording to Y. Ma et al. [39], needle-like precipitates were observed in the AA2099 alloy. Dark shadows
were revealed around these precipitates, suggesting the presence of a strain field. The EELS mapping
of Cu and Li revealed that these elements were in abundance and that the needle-like precipitates ob-
served were in fact the T; phase precipitates. Although the T; phase is very beneficial for the mechanical
properties of the Al-Cu-Li alloys, the effect it has on corrosion behaviour of the alloy is still controversial.

Figure 2.3: TEM micrographs of the hardening precipitates found in the Al-Cu-Li alloys (A) ', (B) 8', (C and D)T; precipitates.
(11

2.2. Corrosion

2.2.1. Corrosion on base metal

Recent reports in literature have indicated that the Al-Cu-Li alloys are highly susceptible to localized
corrosion. This is mainly characterised by selective attack or dissolution of certain grains and grain
boundaries. However, the exact nature of the attack has not been confirmed despite a number of the-
ories put forward by various researchers, as will be seen in this section. Therefore, it is important to
evaluate and conclude the findings on the corrosion behaviour of these alloys.

The most common form of corrosive attack on Al alloys is said to be pitting [25]. However, pitting
initiation and growth can occur due to various factors and reasons. One of the main reasons for the
corrosive attack is claimed to be the T; phase in these alloys [2, 20, 24, 30, 34, 45]. The other type of
localised corrosion found in these alloys is called severe localised corrosion (SLC). This type of cor-
rosive attack is characterised by hydrogen (H,) gas evolution and corrosion product rings around the
attacked areas [30].

There have also been reports on intergranular attack (IGA) and inter-subgranular attack(ISGA) on
these aluminium alloys due to electrochemically active precipitates nucleating on the grain and sub-
grain boundaries [12, 20]. However, it is still not clear why this attack is localised within certain areas
and why certain grains are more susceptible to this type of corrosion compared to other grains.
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2.2.2. Mechanisms of Corrosion Attack

Pitting

Evidence in the literature suggests that the constituent particles which contain aluminium, iron, copper,
and manganese had caused pitting in the AA2099 alloy. This attack was also related to the distribution
of these constituent particles in the alloy [30]. These intermetallics are said to be the initiation sites for
pitting in Al-Li alloys. The particles are cathodic with respect to the aluminium matrix and promote the
dissolution of the matrix. Thus, the corrosion attack occurred at the matrix surrounding these particles
[32].

Severe Localised Corrosion

Y. Ma et al. [24] suggested that the origin of SLC in AA2099 alloy is related to the selective dissolution
of the T; phase. The T; phase precipitates at the grain and subgrain boundaries and also dislocations
within the grains which had undergone plastic deformation during forming processes. Due to high elec-
trochemical activity of this phase, corrosion attack occurred preferentially in the more deformed grains.
At the beginning of immersion in chloride environment, the T; phase is anodic to the alloy base, re-
sulting in its anodic dissolution and corrosion. During this process, Li is dissolved and Cu enriches on
its surface layer. This makes the potential of the T; phase move to a positive direction with immersion
time. The corroded T; phase then becomes cathodic to the base metal, leading to the anodic dissolu-
tion and corrosion of the alloy base at the regions close to the precipitates [45].

Boundary Attack

Aluminium alloys are susceptible to 2 forms of boundary attack. The first type is the intergranular attack
(IGA) which is the preferential dissolution of grain boundaries. The other type is inter-subgranular attack
(ISGA). This is the preferential dissolution of subgrain boundaries. Theories for the mechanism of these
types of attack have been put forward by various researchers [20, 46]. Two basic mechanisms are given
below:

+ Selective dissolution of active precipitates concentrated on boundaries.
+ Selective dissolution of a precipitate free zone

A selective T, dissolution mechanism for IGA for AA2020 proposed that since the T, phase con-
tained large amounts of lithium, it was more active than the matrix. Thus, galvanic cells formed once it
was exposed to an aqueous solution. This resulted in large anodic current densities along the bound-
aries where the phase had precipitated, causing preferential boundary attack [47]. Therefore, in the
AA2090 alloy, it is expected that the T; phase would be susceptible to preferential dissolution under
free corrosion conditions.

Kumai et al.[46] suggested that the IGA in AA2090 was associated with the dissolution of Cu-
depleted zones that formed adjacent to grain and subgrain boundaries due to precipitation of Cu rich
phases.

2.2.3. Factors influencing the Corrosion Behaviour

Effect of Grain Orientation

Y. ma et al. [24], who studied the role of grain orientation on localised corrosion of AA2099, observed
during immersion tests that not all grains corroded while exposed to similar corrosion conditions. Se-
lective attack of grain boundaries and grain interiors was observed on the cross section of the specimen
tens of micrometers beneath the exposed surface. Hence, they suggested that the selectively corroded
grains were intrinsically different from other grains.

When the AA2099 alloy was cold stretched along the direction of extrusion, all grains were plasti-
cally deformed. However, the grains below the top surface experienced more plastic deformation than
those at the top and the bottom faces. In doing so, there was an increase of dislocations in the grains
and thus more subgrain boundaries/dislocations walls were formed. During artificial ageing T; phase
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nucleated on the grain and subgrain boundaries and dislocations within grain interiors. This resulted
in a heterogeneous distribution of the T; phase.

Once the sample was exposed to corrosive environment, localised corrosion preferentially devel-
oped in the more deformed grains. As this happens, galvanic coupling occurs between the excessive
deformed grains and the deformed grains, which causes corrosion to mainly occur on the excessive
deformed grains. Thereafter, localised corrosion propagated from these grains along the grain bound-
aries and dislocations.

Effect of Grain Size

The effect of grain size on the corrosion behaviour of aluminium alloys remains controversial. Most
studies that relate grain size to corrosion suggest that as grain size decreases, the corrosion resis-
tance of the alloy increase. This happens as the finer grains are more effective in forming a passive
oxide layer for the aluminium alloy [48, 49].

Vincent Proton et al. [50] reported that the fine grained aluminium alloys were found to be less
corrosion resistant than the coarse grained alloys. They suggested that the finer grains resulted in
increased grain and subgrain boundaries where the T; phase nucleated. Since the T; phase is electro-
chemically more active than the base metal, it resulted in intergranular corrosion attack on the alloy.

Due to the contradiction in literature, the effect of grain size on corrosion cannot be confirmed. More-
over this effect is highly dependent on the alloy composition, its heat treatment, and the intermetallics
found in the alloy.

2.3. Friction Stir Welded Al-Li Alloys

Friction Stir Welding (FSW) was invented by Wayne Thomas at TWI in 1991. It is one of the most
promising methods for joining of lightweight metals due to its metallurgical advantages compared to
the other conventional fusion welding methods [27]. This technique involves a non-consumable tool
fitted with a specially designed pin and shoulder. This tool rotates at very high speeds, plunging into
adjacent edges of the metal pieces in which a suitable weld joint forms between the work pieces.

2.3.1. Friction Stir Welding Process

In FSW, the welding starts by bringing the work pieces into contact and proceeds with the frictional
heating of the rotating tool which is pressed at their interface causing local plastic deformation. As the
tool moves forward along the joint line, it stirs and forges the material from its front face to its trailing
face where it finally cools down and turns into a solid state weld joint [2].

Tool Pin
The tool used in FSW has 2 distinct parts, the shoulder and the pin. It is designed to serve 3 main
functions [5]:

1. Generate the frictional heat that softens, without melting, the work material around the pin.
2. Control the material flow to produce a defect-free weld.
3. Confine the hot material below the shoulder.

The shoulder is responsible for generating heat and containing the plasticised material in the weld
zone, while the pin mixes the softened material of the components which then forms a joint [51]. The
tool pin profile greatly affects the material flow behaviour, which in-turn causes change in microstructure
of the welded joint. Cylindrical and plain tapered tool pins do not always give the best of welds. They
cause ineffective mixing of the weld zone and can lead to wormholes at the base of the weld. Tools
which are tapered and have threads can lead to flaw free welds. These tools have a larger surface
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area which causes more frictional heat and they also exert a downward force which improves the flow
of the softer material. The pin angle too plays an important role in the welded joint. The wider the angle
between the conical surface of the pin and its axis, a more uniform temperature distribution is achieved
[31].

Thus, the microstructure of the welded zone greatly depends on the tool pin profile and angle, and
can be used to achieve the desired weld by modulating these parameters or by choosing the correct
tool pin for the joining process.

Zones of FSW
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Figure 2.4: Schematic diagram of the FSW experimental set-up and the various zones formed in the material [2].

As mentioned earlier, generally four distinct zones appear in FSW aluminium alloys, as seen in
Figure 2.4, and each of them has certain characteristics. These zones are:

1. Stir zone (SZ)

2. Heat-affected zone (HAZ)

3. Thermo-mechanically affected zone (TMAZ)
4. Base material (BM)

The stir zone, or the weld nugget, is formed due to recrystallisation caused by severe plastic defor-
mation. It is the region that roughly corresponds to the path of the pin during welding. The grain size
of the material in this zone is very small compared to that of the base metal. The microstructure of this
zone has constituents of both the metals involved in the welding process. A feature of this zone is the
occurrence of several concentric rings which has been called "onion-ring stucture”.

The TMAZ can be found on both sides of the stir zone. It is created by plastic deformation of
the base metals during the welding process. Here, the strain and temperature are lower than the SZ
and thus the effect of welding on the microstructure is comparatively less. The microstructure of the
TMAZ is unmistakeably of its parent metal, even though it is deformed and rotated, unlike that of the SZ.

The HAZ is formed due to weld thermal cycle in all welding processes. This region is subjected
to a thermal cycle but it undergoes no plastic deformation. The temperatures are lower here than the
TMAZ but they have a huge effect on the microstructure and thus the mechanical properties and elec-
trochemical behaviour of the zone [31].

The Base metal is the area of the material that has not been affected by the welding process at all.
The microstructure and mechanical properties of this zone remains the same.

Why FSW?

The FSW process is widely used in various industries today even though it is a relatively new pro-
cess. Some of them include shipbuilding, aviation, power generation, and defence industries. It is also
used for making critical components of structures in these industries such as wings and fuselages of
aircrafts, fuel tanks for spacecrafts, and engine and chassis cradles in vehicles due to excellent me-
chanical properties obtained by this process.

All the applications of friction stir welded components stated above is possible due to numerous
advantages it has over traditional fusion welding methods. They are as follows:[31, 52]
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* Itis energy efficient and environment friendly.

+ It can be used to join metals that are not possible with conventional welding methods.
+ It can also be used to join dissimilar metals together.

» Problems such as liquation, cracking, porosity, and spatter do not arise in the weld.

+ No filler metal required here.

* No arc or fumes due to FSW.

* Low distortion and shrinkage of the weld.

+ It can be operated in all positions.

» The process is suitable for underwater welding.

* It is suitable for automation and can be adaptable for robotic use.

» Excellent mechanical properties are achieved in fatigue, tensile, and bending tests.

Although FSW claims defect free welds of high strength, there are certain flows associated with the
friction stir processing. The most common flaws include voids, lack of penetration, joint line remnants,
and surface flash. The key parameters that must be controlled to avoid these flaws are tool geometry,
tool rotation and transverse speed, tool plunge depth, and tool pressure [53].

2.3.2. Microstructure of Welded Zones

When the Al-Li alloys are welded together by FSW, a number of microstructural changes occur in the
materials. These changes are different in every zone of the welded alloy. Factors such as heat, plastic
deformation of the grains,and tool pin profile affect the welded zones in a significant manner.

As FSW occurs, each rotation of the tool results in the extrusion of semi-cylindrical layers of the
material. These layers cool down faster than each subsequent layer formed. This results in a structure
which is known as "Onion Rings” in the direction of the weld. This phenomenon was also reported for
AA2219 and AA2050 alloys [5, 50].

During FSW, namely 4 zones are observed in the joint. They are SZ, HAZ, TMAZ, and BM, as
mentioned earlier. These zones are not always well defined but can be estimated by the distance from
the centre of the joint. The stir zone, which is formed where the tool penetrates the joint, shows an
asymmetrical basin shape with fine grain structure and dense dislocations. This is seen in Figure 2.5.

Figure 2.5: Optical image of the cross-section of friction stir welded AA2060 alloy [2].

B. Cai et al. [2] studied the microstructure of friction stir weld of the AA2060 alloy. The base metal
consisted of pancaked grain structure, thin and elongated along the rolling direction. This does not
change due to welding as the base metal is not affected by either heat or by deformation due to the
tool during the welding process. The HAZ showed similar grain morphology to the base metal. It is
distinguished from the base metal by observing how the grain size and shape alter between the HAZ
and BM. However, fine recrystallised grains were observed in the stir zone. The recrystallisation was
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due to friction stir heating and severe plastic flow during welding. This behaviour was observed by
other researchers as well [54, 55]. The grains inside TMAZ were distorted by the strain induced by
severe stirring motion of the tool. These grains were also fine compared to that of the HAZ or the BM.

Figure 2.6: Optical Micrographs of the surface and cross-section of AA2198 friction stir weldment [3]

A. Fattah-alhosseini et al. [4], who studied the effect on microstructure and corrosion behaviour of
the nugget zone in dissimilar FSW AA5083 and AA1050, reported similar findings of the microstructure.
They observed that the stir zone showed very fine recrystallisation on both sides. Here, the AA5083
was positioned on the advancing side (AS) and the AA1050 alloy was placed on the retreating side
(RS) to obtain a stronger joint. They also observed that the shape of the weld was basin shaped in the
stir zone, which extended from the bottom to the top surface of the sheet (Figure 2.7). This occurred
due to the friction which was produced by the shoulder of the tool and the top surface of the base metals
during the process.

The basin shape of the weld was much more irregular here, as compared to the welding of similar
alloys. This is observed in Figure 2.7. The irregular shape was due to the alloys have different concen-
trating alloys and microstructural properties. This allows us to identify the zones of the FSW joint easily.

Figure 2.7: Cross section of the dissimilar FSW joint of AA1050 and AA5083 [4]

Another feature observed from Figure 2.7 is the difference of the weld joint in the advancing and
retreating side. This can be explained by the material flow due to the tool pin during the process. As
it is known, when the tool pin rotates, localised plastic deformation occurs which softens the material.
Ch. Venkata Rao et al. [32] mentioned that one of the important characteristics of FSW is the different
relative speeds of plastic material on AS and RS. However, this causes an irregular temperature dis-
tribution, as the temperature in the advancing side is more than that of the retreating side as explained
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by P. Cavaliere et al. [54]. Since the temperature is higher on the AS, a larger region undergoes re-
crystallisation and forms finer grains whereas this area in the RS is smaller. This is also the reason
why the TMAZ/SZ interface on the AS is sharper than that on the RS. The material flow during FSW
also plays an important role in the microstructure and shape of the welded joint.

Dispersiods that were aligned along the rolling direction in the base metal were stirred and dis-
tributed uniformly in the stir zone. The serious stirring deformation causes the flow of material and
redistribution of particles and possibly breaks off large dispersions [2]. These dispersiods settle on
grain boundaries and prevent grain growth during FSW process due to elements like Zr which are used
as grain refiners.

The distribution of coarse particles is same in the BM and the HAZ. The particles in the SZ and the
TMAZ are mainly Cu-Fe rich intermetallic particles, as reported by Donatus et al. [6] for the AA2198
alloy. A few particles containing Si were also observed, which were fragmented and better distributed
in the SZ. The intermetallic particles found are either pinned on the grain boundaries or located within
fine grains. The hardening precipitates found in the base metal such as the primary T; phase or the
secondary phases such as the §’, and the ' phase are dissolved in the SZ and the TMAZ during the
FSW process [2, 6]. The dissolution of strengthening precipitates occur due to the heat applied during
the welding process and the recrystallisation of the grains in these zones.

Effect of Grain Size

The influence of FSW parameters on passivation properties of AA5052 were studied by Hariri et al.
[51]. They reported that under optimum welding conditions, passivation of the FSW processed alloy
improves. They have claimed that the fine grained structure of SZ in these FSW processed aluminium
alloys facilitates the nucleations and growth of passive films.

Effect of Pin Geometry
Tool pin profile plays an important role in material flow and therefore it regulates the welding param-
eters of the FSW process. The contours that are observed in the weld are dependent on the tool design.

Ch. Venkata Rao et al. [32], who studied the effect of tool profile on microstructure of AA2219 weld,
used a triangular and a conical tool profile to evaluate which of the 2 tools would result in a better weld
and microstructural properties. They observed that the triangular tool pin resulted in very fine grain
distribution as compared to the conical tool. In the weld made using triangular tool, the SZ and TMAZ)
experienced higher temperatures and turbulent material flow resulting in severe plastic deformation.
This caused very fine grains to form in the stir zone due to dynamic recrystallisation. They also men-
tioned that due to the higher temperatures produced by the triangular tool pin, there was a higher rate
of dissolution of the hardening precipitates in the AA2219 alloy.
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Figure 2.8: Geometry of various tool pin profiles [5]
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G. Rambabu et al. [5], also reported similar findings regarding the tool pin profile. They tested 5
various types of tool pins to understand its effect on the welded joint. These tool pin profiles are given
in Figure 2.8. They observed that the weld which was made by the hexagon tool resulted in very fine
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grain distribution, as compared to the other tool pins.

Hence, it was concluded that the shape of the weld stir zone was dependant on the tool shape and
tool geometry. Taper screw thread pin weld was reported to have the highest weld joint efficiency (75%)
compared to the cylindrical tool pin profile [56].

2.3.3. Mechanical Properties

The FSW process causes various changes in the mechanical properties of the welded region. Overall,
FSW leads to a joint region that is not necessarily superior to its parent alloys, but rather exhibiting
middling properties with regard to its mechanical properties [4].

Micro-Hardness

Most age hardenable Al alloys typically exhibit a "W’shape micro-hardness profile across the surface
of their friction stir weldments [2, 6]. This is observed in Figure 2.9 given below for the AA2060 alloy.
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Figure 2.9: Micro-hardness profile on a cross-section of AA2060 weld [2]

The highest micro-hardness values are usually recorded in the peak aged base metal. This is be-
cause the strengthening precipitates such as T; phase, which contribute to the hardness, are still found
in this zone after welding. The values decreases in the HAZ due to increasing coarsening and disso-
lution of the strengthening precipitates. This decreases continues until the boundary between the HAZ
and the TMAZ is reached. The micro-hardness values of the stir zone can be either lower or higher
than that of the TMAZ. This is dependant on the precipitation sequence of the alloy and the contribution
of the grain boundaries to dislocation movement [6].

Reports in literature indicate that the lowest micro-hardness value is recorded in the interface or
boundary of the HAZ and the TMAZ [2, 6, 55]. As mentioned above, this correlates to the change in
amount of T; phase found in these regions. In Al-Cu-Li alloys, the micro-hardness variations across the
FSW weld has been attributed to the evolution of the precipitates, which include dissolution, coarsen-
ing, and re-precipitation of the precipitates arising during the thermo-mechanical welding process and
the subsequent cooling and ageing of the weld [2].
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2.4. Corrosion on FSW metal

The corrosion behaviour of a friction stir welded aluminium alloy is of utmost importance if it is to replace
the current generation of alloys. However, there is not enough literature on this topic. The research
that does exist is contradicting and hence the corrosion attack on these alloys cannot be determined
from them.

Bousquet et al. [57], who studied the corrosion sensitivity of an AA2024-T3 friction stir weld, re-
ported that the HAZ is the zone most sensitive to corrosion. This was due to the coarse intermetallic
compounds and precipitates that acted as anodic sites, which made the zone susceptible to both pitting
and intergranular corrosion. On the other hand, Donatus et al. [6] reported that for the AA2198 alloy,
the base metal was the most susceptible to corrosion. They attributed this to the concentration of the
T, phase which was present in this zone. In the other zones the T; precipitate had dissolved due to
heat treatment, however the base metal remained unaffected by it. Thus, the selective dissolution of
the precipitates led to corrosion in the base metal.

These inconsistencies in the literature can be attributed to various factors such as artificial ageing
of the alloy, anodising of the Al alloy, and even the alloying composition. However, there are a lot of
factors which may affect the corrosion attack but aren’t known yet. This is why it is necessary to study
and evaluate the corrosion behaviour and the factors influencing them for friction stir welded Al-Li alloys.

2.4.1. Corrosion Susceptibility of Welded Alloys

In the study of corrosion resistance of friction stir weldment of AA2198 alloy by Donatus et al. [6], it
was observed that all the severe localised corrosion (SLC) areas were found in the BM region of the
weldment, as shown in Figure 2.10. Current density maps from SVET showed that the SZ had the least
current density values. This proved that for the 2198 alloy, the SZ was the most resistant to corrosion.
However, they did notice that over time, the current density values evened out across the entire surface
of the alloy. This decrease in current density values was a result of the formation of intense corrosion
products over the pit surfaces. For the other regions, oxide/hydroxide or chloride films formed over
the entire weldment. This resulted in similar value for current density. Although, they suggested that
corrosion still occurred in the alloy but beneath the surface.

Figure 2.10: Optical micrographs of the severe localized corrosion sites in AA2198 alloy [6]

It was observed that the corrosion attack differed for every type of solution used for the immersion
tests. The above test was conducted in 0.1M NaCl solution. The corrosion morphologies for 3.5% NaCl
solution was somewhat different. Strange filiform-like corrosive attacks were obeserved in the SZ and
some parts of TMAZ of the weldment in this solution. This is seen in the optical and SEM micrographs
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shown below in Figure 2.11. It was suggested that this attack was due to the clustering of active ele-
ments in the region due to diffusion since these regions experience high temperatures. In exfoliation
(EXCO) solution, the attack appeared to be related to the coarse second phase particles in the SZ.
Intergranular corrosion was observed in the HAZ for both solutions. This was due to the precipitates in
the grain boundary regions of this phase.

Figure 2.11: Optical and SEM micrographs of the SZ surface of AA2198-T851 friction stir weldment after 24 h immersion test in
(a) & (b) 3.5% NaCl solution, (c) &(d) acidified 3.5% NaCl solution, and (e) & (f) EXCO solution [6]

The base metal experienced pitting in all three solutions, although the area, depth and amount of
pits varied for all solutions. Hydrogen evolution was intense across the entire surface of the base metal.
The BM was also galvanically coupled with cathodic regions such as HAZ, TMAZ, and the SZ which
led to macro-corrosion in the region as well. Ch Venkata Rao et al. [32] reported similar findings on
the study of AA2219 alloy weld. The stir zone of the weld was completely protected from corrosion
damage as it had turned into a cathode. They suggested that the dissolution of precipitates in the weld
stir zone and the coarsening of precipitates in the HAZ/TMAZ regions were the factors responsible for
improved corrosion resistance in these regions.

2.4.2. Hydrogen (H,) gas evolution

In the study of friction stir weldment of AA2198 alloy by Donatus et al. [6], the authors reported that
in EXCO solution there was an intense evolution of hydrogen gas in the base metal region, which led
to corrosion products. Upon further study, it was observed that these corrosion products formed were
high in chloride concentration. This was not seen in other regions of the weldment nor in other solu-
tions. The H, evolution was from the SLC sites in the base metal at its free corrosion potential, which
confirmed that the BM region was highly susceptible to corrosion. This was attributed to the presence
of high volume fraction of the T, precipitates.
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Figure 2.12: Cross-sectional Optical micrographs of the BM of AA2198 alloy weldment showing (a) Hydrogen gas evolution, (b)
generation of liquid corrosion products, (c,d) SEM micrograph showing the corrosion products after solidification [6]

As it is known, the T; phase is more active than the Al matrix, which creates a galvanic cell be-
tween them. The T; phase dissolves by losing its Al and Li components, leaving a Cu rich particle
behind. This particle now acts as a cathodic particle and starts dissolving the adjacent Al matrix. As
the matrix dissolves with time, Cu is released into the electrolyte. This released Cu attains its free
corrosion potential away from the bulk and becomes ionized. The formed Cu ions are later deposited
at micro-cathodic sites. The Al ions formed from the dissolution of the active phases and the matrix re-
act with H, 0 to produce H™ ions, which then combine by accepting electrons to produce H, bubbles [6].

2.4.3. Effect of Anodising

Anodising is the most widely used method for the protection of Al alloys against corrosion. In this pro-
cess a passive porous oxide layer is made to form on the aluminium alloy which is then sealed by boiling
in deionised water. However, anodising of weldments leads to the formation of different thickness of
oxide layers on the various zones.

In the study of anodising behaviour of AA2198 friction stir weldment by Donatus et al. [3], it was ob-
served that anodising significantly improved the corrosion resistance of the SZ and the BM. This could
be seen from the significant decrease in current density values and increase in corrosion potential, as
shown in Figure 2.13. Despite this, the corrosion rate of the BM in the anodic arm was still more than
that of SZ.

The main issue with anodising was the varying oxide growth rates at the different regions of the
weldment. It was observed that the rate of porous oxide layer formation was more on the weldment
than on the BM. Thus, from the BM to SZ, the range of thickness increased for the oxide layer. This
was explained by the volume fraction of the T; phase in these regions. The highest concentration was
in BM and the lowest in the SZ where most of these precipitates had dissolved due to the high tem-
peratures during welding. It was observed that the regions which have less T;, had a higher content of
Li in the solid solution. Thus, it was proposed by Donatus et al. [3] that the higher Li content in solid
solution, the higher the oxidation rate of the region during anodising. This was in agreement with the
experimental data, as the Li content in solid solution increased from the BM to HAZ/TMAZ to SZ, the
same occurred with the oxide layer thickness.

The variations in the oxide layer thickness resulted in a reversed micro-hardness profile of the an-
odised alloy surface when compared to an bare alloy surface. The maximum micro-hardness values
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Figure 2.13: Potentiodynamic Polarisation curves of anodised and un-anodised PM and SZ regions of AA2198 alloy in 3.5%
NaCl solution [3]

were observed in the SZ followed by the TMAZ/HAZ, while the lowest values were recorded in the base
metal region.

2.4.4. Effect of Tool Pin Profile

Ch Venkata Rao et al. [32], who studied the pitting corrosion resistance of the AA2219 alloy friction stir
welds, reported that comparatively uniform pitting corrosion resistance was observed throughout the
cross section of the alloy for both tool profiles used - conical and triangular. However, pit density of the
weld stir zone for conical tool profile was higher than that of triangular profile because a higher tem-
perature was obtained in the stir zone for latter tool profile. The higher temperature resulted in proper
dissolution/coarsening of the strengthening precipitates in the stir zone. Thus, the volume fraction of
precipitates involved in pitting of the sample were less in the triangular profile than the conical profile,
which gave a better result for the pitting corrosion resistance of the sample welded by a triangular tool
profile.

A similar finding was reported by G. Ramababu et al. [5], who reported that for the AA2219 alloy,
the joint fabricated using a hexagonal tool profile exhibited superior corrosion properties as compared
to joints made by other tool pin profiles, due to its larger surface area.

2.5. Conclusion

The purpose of the current study was to evaluate the electrochemical and corrosion behaviour of friction
stir welded 3rd generation Al-Li alloys and its microstructural behaviour. However, this goal cannot be
achieved without further research in this topic. This chapter has compiled various trends of localised
corrosion on base Al-Li alloys as well as on friction stir welded Al-Li alloys which helps in determining
the localised corrosion behaviour on FSW AA2099 and AA2060 alloys. However, it was observed that
even the smallest of factors such as tool pin profile or grain orientation can alter the behaviour of the
alloys mechanically and electrochemically.

There have been a lot of contradictions regarding the corrosion behaviour and the factors influenc-
ing it. The role of the strengthening precipitate T; in the localised corrosion of these alloys needs to be
evaluated. Most of the literature places this precipitate at the heart of the corrosion mechanisms in their
work. However, all theories that they have put up regarding the dissolution or selective dissolution of



2.5. Conclusion 21

this precipitate is just conjecture at this point. Another gap in literature is the role of coarse constituent
impurity particles in the Al-Li alloys. Some argue that these particles are the stepping stone to localised
corrosion while others argue that it is the T; precipitate. The type of corrosive attack on these alloys
also differ. This depends on factors such as type of solution used for the immersion tests, the heat
treatment received by the alloy, and also the composition of the alloy. Further work needs to be done
to establish what sort of corrosion attack would the AA2099 and AA2060 alloys experience.

The effect of anodising the Al-Li alloy (AA2198) does look promising in terms of corrosion resis-
tance of the alloy, as seen by the work of Donatus et al. [3]. However, to apply this for practical uses,
the effect of anodising AA2099 and AA2060 alloys needs to be studied to give an idea of whether this
would actually benefit the corrosion resistance or not. Additionally, the effect it would have on the mi-
crostructure and mechanical properties of the alloy must be determined.

This study has shown the gaps present in current literature and the research work needed to be
done to get a complete picture of the localised corrosion behaviour on the AA2099 and AA2060 FSW
alloys and its effect on microstructure. A natural progression of this work is to first analyse the type
and mechanism of corrosion attack on these welded alloys. This would be followed by the role of
intermetallic particles in the mechanism of the corrosive attack. Lastly, the effect of anodising the
surface of the alloys needs to be investigated. This would present the possibility to evaluate whether
these alloy are fit to replace the current generation of alloys used for aerospace applications.






Experimental Details & Methodology

3.1. Specifications of the FSW samples

Commercially produced friction stir welded samples of Z-shaped extrusion of AA2099 T83 and cold
rolled sheet of AA2060 T8E30 were provided by Arconic, Figure 3.1. The chemical composition of
the 2 alloys is given in the Table 3.1. The samples received were of 3 types — as received sample,
anodised sample, and sol-gel coated sample. A rotational speed of 1200 rpm and a welding speed of
250 mm/min in force control mode with an axial force of 6.25 kN was applied to weld the samples using
friction stir welding [11].

Figure 3.1: Friction stir welded sample of Z-shaped extrusion of AA2099 T83 and cold rolled sheet of AA2060 T8E30 alloys.

Table 3.1: Chemical composition of the base metals of the AA2060 T8E30 and AA2099 T83 alloys, wt % [11]

Alloy | Al Si Fe Cu Mn Mg Zn Ti Ag Li Zr
2060 | Bulk | 0.07 | 0.07 | 3.4-45 | 0.1-0.5 | 0.6-1.1 | 0.3-0.5 | 0.1 | 0.05-0.5 | 0.6-0.9 | 0.05-0.15
2099 | Bulk | 0.05 | 0.07 | 2.4-3.0 | 0.1-0.5 | 0.1-0.5 | 0.4-1 | 0.1 - 1.6-2.0 | 0.05-0.12

The anodised sample was produced by the thin film sulphuric acid anodising (TFSAA) method. The
anodising bath had a sulphuric acid concentration of 43 g/L. The anodizing voltage used was 15V,
and was reached by a maximum ramping up from zero at 5 V/min. The total immersion time in the
anodising bath was 24-26 minutes and the sample was sealed by boiling in deionized water [58].

The sol-gel, or solution gelation, coating used on the surface of the sample was 3M Surface Pre-
Treatment AC - 131. This is a silicane based non-chromated coating for use on aluminium, steel,
and titanium alloys. It effectively improves adhesion between the metallic surface and the epoxy or
polyurethane-based organic coatings. It was applied by spraying after mild alkaline cleaning and de-
oxidizing of the metallic surface to obtain a layer of thickness between 1 - 2 um [58].

23
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3.2. Sample preparation

The sample preparation was different for the as-received samples and for the anodised and sol-gel
coated samples. The anodised and sol-gel BM samples were cut into square coupons of 20 mm x 20
mm using a guillotine. The SZ of the samples were also cut into samples of 20 mm x 20 mm using
a Streurs cutting machine. They were rinsed in distilled water, followed by ethanol and dried using
compressed air. Extra care was taken to make sure the surface treatments were not damaged while
preparing the samples.

Sections of the as-received sample were cut perpendicular to the welding direction using a Streurs
cutting machine to obtain cross-sectional samples of the entire welded region in 4.5 mm x 23.5 mm
rectangular coupons. The samples were either mounted in Kemet Acrylic CLB cold-curing conductive
epoxy resin for microstructure evaluation, micro-hardness testing, and immersion testing, or in Struers
ClaroCit cold-curing non-conductive epoxy resin for the electrochemical tests. They were then me-
chanically polished sequentially from 180 — 4000 grit Struers silicon carbide abrasive papers using
distilled water as a lubricant, followed by 3u and 1u diamond pastes to obtain a mirror finish surface.
The samples were then rinsed with distilled water, followed by ethanol and dried using compressed air.

The as-received samples used for microstructure evaluation and immersion testing were etched
using Keller’s reagent (1 mL HF + 2.5 mL HNO; +1.5 mL HCIl + 95 mL H,0 ) for 10 seconds, giving
the sample a matte finish surface. The etched samples were rinsed using distilled water followed by
ethanol to remove excess etching solution and then dried using compressed air.

3.3. Microstructure Evaluation

Microstructural characterization was performed using VHX 5000 Keyence digital Microscope, Leica
DM-LM Optical Microscope, and Joel JSM IT100 Scanning Electron Microscope (SEM) fitted with En-
ergy Dispersive X-ray Spectroscopy (EDS) to evaluate elemental analysis of the specimen. The sam-
ples used for microstructure characterization were polished and etched as described in the section
earlier.

3.4. SEM & EDS
3.4.1. Theory

In scanning electron microscopy (SEM), an electron gun is used to emit a beam of electrons at an
acceleration range between 1 keV and 30 keV. The surface of the sample used is penetrated by the
beams of electrons at a region called interaction volume and depending on the depth different signals
can be detected. At the regions close to the surface, secondary electrons are emitted which possess
energies of less than 50 eV. These are a result of the inelastic collision and scattering of incident elec-
trons with specimen electrons [59]. This is seen in Figure 3.2. Backscattered electrons are a result
of an elastic collision and scattering event between incident electrons and specimen electrons. They
can be generated further from the surface of the material and possess energies of more than 50 eV [59].

Electron dispersive x-ray spectroscopy (EDS) provides elemental information of the material under
analysis by analysing the x-ray signals emitted from the sample. The x-ray signal is a result of re-
combination interactions between free electrons and positive electron holes that are generated within
the material. The x ray signal can originate from further down into the surface of the sample [9]. It is
important to note that lithium cannot be detected by EDS due to its low atomic mass [60].

3.4.2. Sample Preparation for SEM

The samples were mechanically polished sequentially from 180 — 4000 grit silicon carbide abrasive
papers using distilled water as a lubricant, followed by 3u and 1u diamond pastes to obtain a mirror
finish surface. The samples were then rinsed with distilled water, followed by ethanol and dried using
compressed air. The samples were then degassed in vacuum chamber till a pressure of 1.0x107!
mbar was reached. The samples were then removed and mounted on the SEM specimen holder using
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Figure 3.2: Schematic diagram of the signal detection regions within the interaction volume [7].

a Nisshin EM carbon conductive double sided tape.

3.4.3. Image Analysis

The microstructure images obtained from SEM were analysed in Adobe Photoshop CC 2019 to de-
termine average grain size and area. This was done by first calibrating the image to scale. Next, a
specific population of primary grains were selected from the image and the measurements of grain
area, perimeter, width and height were recorded. An mean value of the measurements were obtained
along with their standard deviation and standard error.

The evaluation of average intermetallic size and population density of the intermetallic particles
were done using ImagedJ software. The scale of the image was adjusted followed by cropping out the
borders of the image. The threshold of the image was adjusted to record the distribution of both the
coarse constituent particles (represented as bright spots under SEM) and hardening precipitates and
dispersoids (represented as dark spots under SEM). This resulted in measurements of total number of
intermetallics, population density, and average area and perimeter of the intermetallic particles.

3.5. Micro-hardness Testing
3.5.1. Theory

The vickers micro-hardness measurements were carried out using a Struers DuraScan micro-hardness
testing machine. In this method, an indentation is made on the surface of the sample using a diamond
indenter tip in the form of a right pyramid with a square base and an angle of 136 degrees between
opposite faces subjected to a load. The full load is applied for a time period of 10 -15 seconds. Once
an indent is formed, Figure 3.3, the 2 diagonals of the indentation are measured using a microscope
and their average is calculated. The vickers micro-hardness is calculated by dividing the load by the
square mm area of indentation. It is given by the equation as follows:

2Fsin%
HV = Q7 (3.1)

where,
F =load in kgf,
d = Mean of the two diagonals d1 and d2 in mm,
HV = Vickers micro-hardness.
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Figure 3.3: Indent formed by the diamond tip indenter of the Vickers Micro-hardness tester.

3.5.2. Experimental Set-up

The polished sample as described earlier was placed on the specimen stage. A load of 0.5 kgF was
applied for a dwell time of 10 seconds. An edge distance of 0.5 mm and a distance of 10 D (D =
diameter of tip) was applied between every 2 consecutive indentations to avoid any discrepancies
in the measurements. The average mean of the recorded measurements were calculated with the
standard deviation and standard error.

3.6. Electrochemical Testing

The electrochemical experiments were conducted using a 3-electrode electrochemical cell connected to
a Biologic Science Instruments VSP-300 Potentiostat. The sample was used as the working electrode,
a platinum plate mesh as a counter electrode, and a Ag/AgCl (saturated KCl) as a reference electrode,

as seen in Figure 3.4.
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Figure 3.4: Schematic diagram of the electrochemical cell used [8].

3.6.1. Sample preparation for Electrochemical Tests

The samples were mounted in non-conductive cold curing resin with a copper wire attached to the rear
surface of the sample to connect with the potentiostat. The samples were then polished to 1 u finish.
Since the weld regions were very narrow in width, the sample was masked with a non-conductive tape
on which a defect of 1mm in diameter and exposed surface area of 0.00785 cm? was made using a
biopsy needle to isolate the zones from each other. The samples were then connected to the electro-
chemical cell using copper (Cu) adhesive tape. The software used for conducting the electrochemical
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tests was EC-lab V11.21.

For the anodised and sol-gel samples, the base metals and stir zone were cut into square coupons
of 20 mm x 20 mm. Subsequently, they were rinsed in distilled water, followed by ethanol and dried
using compressed air. Extra care was taken to make sure the surface treatments were not damaged
while preparing the samples. The exposed region was a circle of 3 mm diameter and a surface area of
0.283 c¢m?.

3.6.2. OCP & LPR Monitoring

The open circuit potential (OCP) and linear polarisation resistance (LPR) was monitored over a total
experimental period of 24 hours in a freshly prepared 0.1M NaCl aqueous solution of near neutral pH at
room temperature and in contact with the room atmosphere. The OCP was measured at 1 hour inter-
vals. Atthe end of each time interval the linear polarisation resistance was measured with a sweep rate
of dE/dt = 0.167 mV/s between a range of £ 10 mV vs OCP. An R, fit was applied to the results one
loop at a time to obtain the resistance of the sample as a function of time. This polarisation resistance
Rp was determined by taking the inverse of the slope of the current density vs. potential curve at the
free corrosion potential, as seen in the equation 3.2. The experiments were repeated 3 times to assure
the reproducibility of results.

Rp = (3.2)

SEES

3.6.3. Potentiodynamic Polarisation

Potentiodynamic polarisation tests were performed by linear sweep voltametery. The anodic and ca-
thodic polarisation were performed separately on the samples since reports in literature have shown
that prior cathodic polarisation induces pitting on the sample surface[61]. This experiment was con-
ducted in a freshly prepared 0.1M NaCl aqueous solution of near neutral pH at room temperature and
in contact with the room atmosphere. The samples were kept at OCP condition 2 hours prior to po-
tentiodynamic polarisation to reach steady state. A sweep rate of dE/dt = 0.167 mV/s was applied
between -0.050 V and 1 V vs OCP for anodic polarisation and between 0.050 V and -1 V vs OCP for
cathodic polarisation. Once the polarisation curves were obtained, a Tafel fit was applied to the anodic
polarisation curves to obtain the corrosion potential (E,,.) and corrosion current density (I.,,.) of the
sample. The experiments were repeated 3 times to assure the reproducibility of results.

3.7. In-situ Immersion Testing

The in-situ immersion test was based on the novel technique by Sullivan et. al. to reveal the localised
corrosion mechanism and preferential phase attack in the microstructure of the sample [62]. In-situ
immersion tests were carried out over a total experimental period of 24 hours in a freshly prepared
0.1M NaCl aqueous solution of near neutral pH at room temperature and in contact with the room
atmosphere. All the chemicals used were of analytical grade and provided by Sigma-Aldrich Chemical
Company.

3.7.1. Sample preparation for In-situ Immersion Testing

The polished and etched samples, as described earlier, were masked with thick PTFE tape (3M Ltd)
exposing a circular area of 0.5 mm diameter of the selected weld zone using a Welltech Rapid-Core
biopsy needle. The remaining exposed areas were also masked with PTFE tape to make sure that
the rest of the sample did not come in contact with the electrolyte during the experiment. The samples
were then secured inside a petri dish using PTFE tape.

3.7.2. Experimental Set-up and Apparatus
The experimental set up and apparatus used for the in-situ immersion tests are shown in the Figure
3.5(a). An optical microscope (Leica DM-LM) with a movable stage and fitted with a Lumenera Infinity |
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camera was used as the main experimental apparatus. A built-in protective cap with a thin microscope
slide glued on its one end was used as a cover for the microscope lens. This was done to prevent the
contamination of the microscope lens from the electrolyte and preserve the good resolution and focus

of the image [9].
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Figure 3.5: Schematic diagram of the In-situ Immersion test technique (a)Experiment set-up ,(b) Submersion of sample in the
electrolyte during the experiment [9].

The petri dish containing the sample was then placed under the objective lens of the optical micro-
scope. The focus and light intensity were adjusted on the exposed area of the sample. The petri dish
was filled with 250 ml of freshly prepared 0.1 M NaCl aqueous solution as the electrolyte and the focus
was adjusted to obtain a clear image through the electrolyte, as seen in Figure 3.5(b). Air bubbles
which appeared on the sample’s surface was removed by a pipette. Digital images were taken by the
Infinity Analyze software every minute for 24 hours using the time lapse function of the camera that
was attached on the microscope lens.

At the end of the experiment, the optical microscope images were imported to Adobe Photoshop
CC 2019 for further analysis. The samples were desmutted in a solution of 30 % HNO; to remove the
corrosion products from the surface and were then studied under the SEM. The SEM images were also
further analysed in Adobe Photoshop CC 2019.

3.7.3. Image Analysis

The images obtained from the experiment were analysed in Adobe Photoshop CC 2019. The image
analysis was performed by first calibrating the scale of the image as required. Once the scale was
calibrated, the attack site area, pit areas, and corrosion ring radius were measured using the magnetic
lasso tool and were recorded. The SEM images of the desmutted samples were also analysed here by
first calibrating the image to scale. The attack site areas and pit areas were measured again to verify
the recorded values.

3.8. Scanning Kelvin Probe

The Scanning Kelvin Probe (SKP) is a non-destructive, non-contact method for testing the condition of
the surface of conductor, semi-conductor, and dielectric samples. It is an extremely sensitive analytical
tool which measures the changes in difference of contact potential between a reference material and
a sample under study which depend upon changes in the electron work function (EWF) of the material
under investigation. The EWF is defined as the amount of energy needed to release electrons from
the surface of the material [63].
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3.8.1. Theory

The SKP operates by creating a parallel-plate capacitor between an electrically conductive probe vi-
brating perpendicularly and the sample surface, as seen in Figure 3.6. When external electrical contact
between the probe and sample takes place by the application of a backing potential V,, the Fermi levels
of the probe and sample surfaces start to equalize, resulting in a charge flow which in turn generates
a contact potential difference V.pp. The V;pp then aids us in calculating the work function, surface po-
tential, or Fermi levels of the sample surface, since they are related.

Figure 3.6: Schematic diagram of the principle of operation of a Kelvin Probe [10].

The work function of a surface is defined as the potential energy of an electron between the vacuum
level and the Fermi level and is given by

b =—epp—¢€p (3.3)

where, @ is the work function of the surface, —e is the elementary charge, ¢ is the electrostatic
potential in vacuum, and ¢ is the Fermi level of the material. Thus,—e¢ is the energy of an electron at
rest in vacuum [10].

3.8.2. Sample preparation for SKP

The cold-cured conductive mounted sample was finely polished and etched with Keller’s reagent, after
which it was rinsed using ethanol followed by distilled water. The sample was then dried using com-
pressed air. The Gold (Au) probe tip used for this experiment was calibrated with the specimen stage
and the sample was then placed on the stage in the relative humidity chamber. The probe was brought
close to the region under inspection and kept at a height of at least 1 mm above the sample surface
to avoid collision of the probe with the sample. Once this was done, the step size and total area to be
scanned was selected and the experiment was initiated.






The Effect of Friction Stir Welding on the
Microstructure & Mechanical Properties

4.1. Introduction

The microstructure of the Al-Li alloys change drastically when welded by FSW, forming different regions
based on the plastic deformation and thermal cycle each region has undergone [5, 31, 53]. Therefore,
it is necessary to study the microstructural behaviour and the distribution of intermetallic particles in
the welded regions of the sample to understand the localised corrosion behaviour of the alloys. In this
chapter, the microstructural characteristics such as the average grain area, chemical composition and
average size of the intermetallic particles were studied and evaluated along with the micro-hardness
of the corresponding weld zones to determine the relation between them.

4.2. Materials and Experimental Methods

The samples used for the microstructure evaluation were obtained from the as received welded sample
of the Z-shaped extrusion of AA2099-T83 and cold rolled sheet of AA2060-T8E30 provided by Arconic.
The sample preparation for microstructure characterisation and micro-hardness measurements have
been explained in chapter 3. The microstructure characterisation techniques used are also given in
chapter 3.

4.3. Results

4.3.1. Microstructure Characterisation

Figure 4.1 is an image of the weld joint cross-section seen under a Keyence Microscope. The AA2099
T83 alloy is located on the top and used as the stringer, whereas the AA2060 T8E30 alloy, which is
located at the bottom, is used as the skin. The two alloys are welded in the centre using FSW, which
causes the formation of different zones based on the mechanical deformation and thermal cycles each
zone undergoes.

As it is observed, the weld joint can be distinguished into 4 main zones. These are the stir zone
(SZ), the thermo-mechanically affected zone (TMAZ), the heat affected zone (HAZ), and the base metal
(BM). The SZ is 5 mm in width for the AA2060 T8E30 alloy but it is much larger at the top, which is
12 mm width in the AA2099 T83 alloy. The TMAZ is a very thin zone all around the SZ. The width of
this zone is between 0.3 - 1 mm. The next zone is the HAZ, which is located on the outer region of the
TMAZ. The HAZ does not have a definite boundary, since the effect of heat dissipation after welding
could be transmitted to a larger area. Thus, this region would be approximately between 2.5 - 4 mm
in width. The last region is the BM, which is located on either ends after the HAZ, since it remains
unaffected by the welding process. The welded zones are not always well defined, but can be also be
estimated by other factors such as hardness and grain size of the zones. They are discussed below.

31
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Figure 4.1: Keyence image of weld joint

Microstructure characteristics of the AA2099 T83 alloy weld zones

The BM is the region where the metal has not been affected by plastic deformation or heat caused due
to the welding process. In the Figure 4.2(a), the typical microstructure of the BM of AA2099 T83 alloy
is observed. From this image, various microstructural features of the alloy are revealed such as the
grain boundaries, the coarse constituent particles, hardening precipitates and dispersoids.

An EDS scan on the sample revealed that the bright/ lighter spots on the surface represent heavier
elements, which would be copper (Cu) and/or iron (Fe) particles in this case along with trace elements
such as manganese (Mn), magnesium (Mg), and silicon (Si). These particles are coarse constituent
particles in the matrix of the alloy [30, 60]. When the particles are just Cu-rich, they have a concentra-
tion of around 65 - 75%, whereas if the particles have other elements, the concentration of Cu in the
particles are around 5 - 10% .

The dark spots on the other hand, represent elements that are lighter than the matrix. These in-
clude the dispersoids and the hardening precipitates of the alloy. The hardening precipitates are located
mainly at dislocations and grain boundaries, whereas the dispersoids have a more homogeneous dis-
tribution all over the matrix. An EDS scan revealed that these hardening precipitates are rich in Al-Cu,
with the concentration of Cu between 5 - 7%. Another feature that is observed from the image is the
grain boundaries of this alloy. The grains of the BM of AA2099 T83 alloy are quite small in size, with
an average area of 46.35 + 11.09 um?.

The HAZ is the region of the weld joint that lies between the BM and the TMAZ on both sides of
the weld, i.e. on the advancing side as well as the retreating side, as observed in Figure 4.2(b),(c).
Although this region does not undergo any plastic deformation, it is subjected to a thermal cycle. This
region of the weld shows some similarities with the microstructure of the BM regarding the grain mor-
phology. However, they can be distinguished from each other by observing the differences between
the average grain area. Another important observation is that the HAZ on the advancing and retreat-
ing sides are not completely similar to each other. This is due to the effect of the tool rotation and
its subsequent effects such as material flow, and thermal dissipation [54]. These zones can also be
differentiated by the shape and average area of the grains.

The average grain area of the HAZ-AS is 57.54 + 7.63 um? whereas that for the HAZ-RS is 41.22 +
5.29 um?. The grains on the AS are elongated and more oval in shape. The grains on the RS, on the
other hand, are similar to the BM in terms of shape and orientation. It has also been observed that the
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Figure 4.2: SEM images of microstructure of AA2099 T83 alloy (a) BM, (b) HAZ-AS, (c) HAZ-RS, (d) TMAZ-AS, (e) TMAZ-RS,
(f) SZ.

coarse constituent particles and hardening precipitates are smaller in size in the HAZ-AS compared to
the RS. The retreating side also has a higher density of these intermetallic particles.

TMAZ is a fine transition zone between SZ and HAZ,on both sides of the weld joint (Figure 4.2(d, €)).
The grains inside the TMAZ were distorted by the strain induced by severe stirring motion of the tool
pin during the welding process [2]. This zone is also affected by the heat generated from the welding
process. However, the microstructure of the TMAZ is unmistakeably of its parent metal, even though it
is rotated and highly deformed. The grains in this zone are clearly smaller than both the HAZ and the
BM, with an average grain area of the TMAZ-AS as 32.18 + 5.09 um? and that for the TMAZ-RS as
19.17 £ 2.13 um?. The RS, as is seen from Figure 4.2, has a significant amount of coarse constituent
particles (lighter spots) on its surface, as compared to the AS. The dispersoids are the largest in size
and number in the RS and then the AS, due to its proximity to the SZ.

The Stir Zone (SZ) is located right at the centre of the weld joint (Figure 4.2(f)). It is the region
that roughly corresponds to the path of the tool pin during welding. It undergoes maximum localised
plastic deformation and temperature change during FSW [57]. Due to these reasons, the average grain
area of the material in this zone is very small compared to that of the BM. The microstructure of this
zone has constituents of both the alloys involved in the FSW due to material flow in the welding process.

The average grain area of the SZ is 17.72 + 2.65 um?, which is the smallest amongst all the other
zones. This is due to recrystallisation of the grains due to the heat from FSW. The coarse particles here
are large in size, however few in number. The presence of Si in the amount of 2 - 7% was revealed with
an EDS scan on these coarse particles. The dispersoids, on the other hand, is found in excess in the
SZ, to control the grain size after recrystallisation. The population and average size of the intermetallics
are further discussed in the next few sections.

Microstructure characteristics of the AA2060 T8E30 alloy weld zones

The BM of the AA2060 T8E30 alloy is seen in the SEM image in Figure 4.3(a). This image is the typical
microstructure of the cold rolled alloy. The grains here are large in size and flat in shape. The average
grain area of the BM is 52792.46 + 12490.95 um?, which is a huge difference as compared to that of
the AA2099 T83 alloy.
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The coarse constituent particles here are densely distributed in the matrix and are also large in
size. These coarse particles are Cu-rich intermetallics with traces of Mg and Fe in a few of them. The
hardening precipitates are located on grain boundaries and dislocations in the alloy. They are small in
size, but are distributed in large numbers on the alloy and have a high concentration of Cu in the range
of 5-12%. There are also few dispersoids in the matrix of the alloy. These are larger in size compared
to the hardening precipitates.

| Mardening precipitates
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0

Figure 4.3: SEM images of microstructure of AA2060 T8E30 alloy (a) BM, (b) HAZ-AS, (c) HAZ-RS, (d) TMAZ-AS, (e)
TMAZ-RS, (f) SZ.

The HAZ region in this alloy is quite a large region (Figure 4.1), and the microstructure can be seen
in Figure 4.3(b, c). The grains have similar structure to the BM, however they are upto 60% smaller in
size. The average grain area of the HAZ-AS is 20179.79 + 5301.80 um? and that of the RS is 18471.35
+ 3689.75 um?, which is considerably less than that of the BM. The heavier coarse particles are simi-
larly sized in both the AS and the RS, however they have a larger distribution in the AS as compared
to the RS. The dispersoids and hardening precipitates are found in large numbers in both the HAZ
regions. These particles have a large variation of Si concentration in them (3-11%), which was found
by performing an EDS scan on the zone.

In the AA2060 T8E30 alloy, the TMAZ region is a very small one with a maximum width of 0.5 mm.
This can be seen in the Figure 4.1. The microstructure of this zone is affected by both heat and plastic
deformation which causes the grains to be deformed and intermetallics to break down to smaller parti-
cles [4], as is observed in Figure 4.3(d),(e). The coarse particles here are much smaller than in other
zones and are also less densely populated here. The dispersoids, on the other hand, are the largest
in size here and can be found all over this region.

Figure 4.4(a, b) shows the TMAZ region on either side of the weld stir zone, i.e. AS and RS respec-
tively. In both these images, there are a few similar observations. Firstly, the region affected by both
plastic deformation and heat is quite narrow. Next, the grains here are bent, elongated and eclipsed
shaped since they are quite large and they continue into the HAZ. This was also observed by Akhtar
et. al. [53] in their study on the AA2060 alloy. This is also the reason due to which the average grain
area of this zone cannot be determined.

The SZ of the AA2060 T8E30 alloy is seen in Figure 4.1. It is approximately 5 mm in width and 1 mm
in height. This zone is a mixture between both the alloys and their elements. The average grain area
of the SZ is 28.533 + 3.15 um?, which is very small compared to any other zone of this alloy. There is
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Figure 4.4: SEM images of TMAZ of AA2060 T8E30 alloy (a) AS, (b) RS.

a 99.95 % reduction in size in the SZ compared to the BM of the same alloy, due to high temperatures
in the SZ during FSW process which cause recrystallisation of the grains. However, the grains here
are still larger than the AA2099 T83 alloy SZ.

There are very few coarse constituent particles in this zone, and they are also the smallest in this
zone. Since the tool pin rotates in this zone while welding, the coarse particles are broken down into
smaller particles and are flung to the neighbouring zones [4]. However, there are coarse particles here
that have a Cu concentration as high as 80%, with trace amounts of elements such as Mg (0.93%).
Dispersoids are located in abundance in this zone. They have been added to reduce the grain size
during recrystallisation [50].

4.3.2. Average Grain Area

The SEM images of the welded zones of both alloys were analysed in Adobe Photoshop to determine
the average grain area. From the Figures 4.2 and 4.3, a specific population of primary grains were se-
lected and measured. The average value of these grain areas were calculated along with the standard

deviation and error.
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Figure 4.5: Average grain area of AA2099 T83 alloy.

The mean grain area of various zones of the AA2099 T83 welded sample has been depicted in the
graph in Figure 4.5. The grain areas have been measured in both the advancing side as well as the
retreating side of the weld joint. There is a clear trend of grain area reduction observed as the SZ is

approached from either side of the weld joint.

The BM of this alloy has an average grain area of 46.35 + 11.09 um?. This has been used as the
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point of reference for comparison amongst the average grain areas of the zones in this alloy. The
HAZ regions on both sides have very high values compared to the other zones, however the AS has
bigger grains than the RS. The HAS AS has a 24% increase in grain size whereas the RS has a 11.1%
reduction compared to the base metal.

The TMAZ regions have even smaller grains than the HAZ regions due to its proximity to the weld
centre. Similar to the case of the HAZ region, the TMAZ-AS region has relatively larger grains with a
value of 32.18 + 5.09 um?. This implies that the reduction of average grain area is 30.58%. The reduc-
tion in TMAZ-RS is 58.65% , which is almost twice that of the AS. It has an average grain size of 19.17 +
2.13 um?. The SZ has the smallest grains amongst all zones in the AA2099 T83 alloy, with the average
grain area value of 17.72 + 2.65 um?. This is a huge reduction of 61.77% as compared to the BM region.

The trend of the average grain area for the AA2099 T83 weld zones is a decreasing trend towards
the weld centre. The HAZ-AS region is the peak on the left side, whereas the RS on the right side.
From both ends, the grains get smaller all the way towards the weld centre, i.e. the SZ. This shows
that there is a direct relation between the average grain area and the distance to the weld centre, and
therefore to the heat generated during the FSW process. Another important observation is that the
grains in the AS are much larger than those in the RS, which is why the shape is irregular.
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Figure 4.6: Average grain area of AA2060 T8E30 alloy.

The AA2060 T8E30 average grain areas in presented in Figure 4.6. The BM has very large grains
with a value of 52792.46 + 12490.95 um?. These grains are over a thousand times larger than those of
the AA2099 T83 BM. This is due to the differences in production and processing methods of both alloys.

The trend of the grain sizes in this graph is also a decreasing trend towards the weld centre. The
HAZ regions have relatively smaller grains with a reduction of 61.78% in the AS and 65.02% in the RS
as compared to the BM. The SZ has the smallest grains here as well, with an average grain value of
28.533 + 3.15 um?. This is a drastic 99.95% reduction of grain size in the alloy.

4.3.3. Intermetallics Size and Population Density

The SEM images of the welded zones of both alloys from Figures 4.2 and 4.3 were analysed in ImageJ
to calculate the population density of the intermetallics on the surface and the average intermetallics
area. The total surface area of the analysed images was 19622.7 um?. The dark particles from Figures
4.2 and 4.3 are the hardening precipitates and dispersoids in the alloy. Since the images could not be
used to distinguish these two particles from each other, the average grain area was also considered in
addition to the population density to understand this better. The coarse constituent particles were the
lighter spots in the images.

The population density of intermetallic particles on the surface of the AA2099 T83 alloy has been
represented in the graph in Figure 4.7 as area percentage. From this graph, it is clear that the BM
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Figure 4.7: Area % of intermetallics on the surface of AA2099 T83 alloy.
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Figure 4.8: Average intermetallics size/area of AA2099 T83 alloy.

is most densely populated with both the coarse particles and the precipitates and dispersoids. Here
onwards, the coarse particles has a decreasing trend all the way to the SZ and then increasing from the
SZ towards the HAZ RS. The hardening precipitates on the other hand, is at its lowest in the HAZ AS
and increases all the way from there to the other side of the weld joint, i.e. the HAZ RS. It is important
to note that the TMAZ RS has a slightly higher population density than the HAZ RS.

Figure 4.8 is a graph showing the average intermetallic particle area of each weld zone of the
AA2099 T83 alloy. The mean area of the coarse particles has an increasing trend towards the weld
centre. The average size increases from the BM to the SZ and decreases again towards the HAZ
RS. The hardening precipitates and the dispersoids average size has a similar trend as well. It is also
observed that the AS has smaller particles compared to the RS.
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Figure 4.9: Area % of intermetallics on the surface of AA2060 T8E30 alloy.
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Figure 4.10: Average intermetallics size/area of AA2060 T8E30 alloy.

The AA2060 T8E30 has similar characteristics of intermetallic particles population as the AA2099
T83 alloy. The coarse particles has a decreasing trend from the BM to the SZ and increasing thereon
to the HAZ RS (Figure 4.9). The dispersoids and hardening precipitates are the least in TMAZ AS and
HAZ RS for this alloy. The BM has the largest population density of the intermetallics compared to the
other weld zones.

The coarse particles average area is the largest in BM followed by the HAZ regions, and then the
smallest in the SZ and TMAZ regions (Figure 4.10). The trend is more complex for the dispersoids and
precipitates. The BM and HAZ AS have very small values for the average intermetallic area, whereas
the remaining zones have a much larger average area. These large particles are the dispersoids
which occur more near the weld region. The BM and HAZ regions are populated with the hardening
precipitates unlike the weld region where the precipitates break down during the FSW process. These
precipitates are much smaller in area although distributed with a higher population density. Due to this,
the BM and HAZ have a higher population density but lower average area, and the SZ and TMAZ have
a higher average area and lower population density.

4.3.4. Mechanical Properties - Micro-hardness of the Weld Joint

The micro-hardness of the AA2099 T83 and the AA2060 T8E30 alloy Base Metal was measured using
the Vickers micro-hardness method. The results are recorded in the Table 4.1. It is observed that the
AA2060 T8E30 alloy has a much higher micro-hardness value as compared to the AA2099 T83 alloy.
These values are used as the standard values to which the hardness of the different weld zones were
compared. The measurements were conducted on samples which were at quite a distance from the
weld region to avoid the effect of heat which is propagated to a large distance from the weld centre.

Table 4.1: Micro-hardness values of Base Metal of AA2099 T83 & AA2060 T8E30 alloys.

Alloy Micro-hardness (0.5 HV)
AA2099 T83 122 £2.33
AA2060 T8E30 177+1.527

Figure 4.11 is an image of the weld joint sample that was tested for the micro-hardness of each
weld zone. Rows 1 and 2 belong to the AA2099 T83 alloy whereas rows 3 and 4 are of the AA2060
T8E30 alloy. The start of these measurements was from the advancing side and is indicated by a line
in the image. The total number of indentations were 22 with a distance of approximately 1 mm between
2 indents. This way the micro-hardness of each zone was measured all the way from the BM on the
Advancing side to the BM on the retreating side. The various zones of the weld joint are clearly marked
in the image. It is important to note that the HAZ region does not have a specific outer boundary, since
the dissipation of heat can be towards a larger area. The micro-hardness profiles of each row are
shown in the graphs and discussed below.

Figure 4.12 shows the micro-hardness profile of row 1 in the AA2099 T83 alloy. This is the topmost
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Figure 4.11: Sample of weld joint showing the rows of hardness indentation.
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Figure 4.12: Micro-hardness profile of row 1 - AA2099 T83 alloy.

row of the weld joint. This profile has an irregular W-shaped profile of the micro-hardness. The base
metal regions of this alloy have a higher micro-hardness value as compared to the one in Table 4.1.
This can be attributed to the ageing of the sample post welding process. On the advancing side of the
BM the micro-hardness is 174 HV. This is a 42.62% increase than the value obtained earlier. There is
a constant decrease throughout the BM and part of the HAZ AS after which is a steep decrease to the
interface of the HAZ AS and the TMAZ AS regions. This is the lowest value of micro-hardness recorded
in the row with a value of 96.9 HV. The TMAZ AS has a slightly higher value than the interface with an
upward trend to the SZ of the alloy.The Stir Zone of this row is 6 mm in length and is the largest, as
can be seen in Figure 4.11. The hardness values reaches a plateau in this region, with the maximum
value 123.33 HV recorded.

On the retreating side, the BM has a recorded value of 149.67 HV, which is quite less than that of
the BM at the AS. Again, there is a gradual decrease all throughout the HAZ RS till the interface of the
HAZ RS and the TMAZ RS which has a value of 115.67 HV. The TMAZ RS has a slightly higher value
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Figure 4.13: Micro-hardness profile of row 2 - AA2099 T83 alloy.

than the interface, but still lower than the SZ.

The 2nd row of micro-hardness measurement of the AA2099 T83 alloy too has a W-shaped profile
and is seen in Figure 4.13. The BM here has reported a hardness value of 167.67 HV in the AS and
146.33 HV in the RS. Again, these measurements report a much higher value than the one obtained in

Table 4.1. This is an indication that the ageing of the alloy does play a significant role in the hardness
of the alloy [64].

The trend from the HAZ AS and the RS is decreasing towards the interface of the TMAZ regions
where the lowest values of micro-hardness are recorded as 109.33 and 111.33 for the AS and RS re-
spectively. The TMAZ regions have slightly higher values leading up to the SZ which has a plateau
trend here as well. The SZ of this row is 4 mm in length and has a maximum value of 127 HV.
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Figure 4.14: Micro-hardness profile of row 3 - AA2060 T8E30 alloy.

Figure 4.14 shows the micro-hardness profile of row 3 in the AA2060 T8E30 alloy. This graph has
a V-shaped profile. Here, it is observed that the hardness of BM of the AS is indicative of the measure-
ment recorded in Table 4.1. However, the hardness of BM of the RS region is reduced by 7.6 % with a



4.4. Discussion 41

BM BM

180 7 ~% -

L HAZ AS HAZ RS
ek
170 -
.
AY

2 160 b i_A--="F
2 \‘i TMAZ AS TMAZ RS AT
z -3
— 150 S s
2 £
v -
§ 1w \{—i—}——i—j’
<
<
2 130
g
=

120

110

100

90
0 2 a 6 8 10 12 14 16 18 20

Distance from start point (mm)

Figure 4.15: Micro-hardness profile of row 4 - AA2060 T8E30 alloy.

value of 163.67 HV compared to the BM which is at a distance from the weld region. There is a linear
decrease in trend all the way from the HAZ to the SZ on both sides to a value of 128 HV in the SZ. The
SZ of this region is very small in length (3 mm), and has a constant value of 128 HV.

The profile of row 4 of the micro-hardness measurements has been shown in Figure 4.15. This
graph also has a V-shaped profile but is irregular in shape. This row runs directly below the SZ of the
weld, therefore there is no SZ here. The BM on the AS has a micro-hardness value of 184 HV while
that of the RS is 164 HV. This trend is consistent with that of row 3. The trend from the HAZ AS to
the TMAZ AS is decreasing with a steep slope till the interface with a value of 140.33 HV, whereas
the slope on the RS from the HAZ RS to the TMAZ RS is flatter and records the micro-hardness at the
interface with a value of 142 HV. The central region here is entirely the TMAZ region of the AA2060
T8E30 alloy and is seen as a plateau in Figure 4.15.

4.4. Discussion

The Al-Li alloys that are used here have very different microstructures and surface properties. Apart
from the elemental constitution of these alloys, the production methods play an important role in deter-
mining the properties of the alloys such as grain size and orientation, mechanical properties, and also
the electrochemical behaviour [42, 65-67]. The AA2099 T83 alloy was produced by extrusion, which
is evident by the grain orientation towards the extrusion direction. In the extrusion process, the grains
of the alloy undergo recrystallisation which ultimately results in a smaller grain size [42]. Therefore, the
average grain area of the base metal of AA2099 T83 alloy is below 50 um?.

The AA2060 T8E30 on the other hand is a cold rolled sheet. This cold rolling elongates the grains
up to a large extent giving them a layered structure and resulting in an average grain size of 52792
um?, which is approximately 250 times that of the AA2099 T83 BM. This structure of the cold rolled
AA2060 alloy was also observed by B. Cai et. al. [2]. These grains are so large that they can be seen
clearly in an etched sample even without the use of a microscope (Figure 4.1). It is important to note
that cold rolling induces numerous dislocations within the alloy which are later on the sites where the
hardening precipitates are pinned [67].

The alloys are thermally treated to produce a stable temper designated as a T8 temper. The T8
designation indicates that the alloy has been solution treated, cold worked for strain hardening , and
then artificially aged to achieve precipitation hardening [68]. During cold working, the alloy undergoes
deformations inducing dislocations in the matrix. When the alloy is artificially aged, the hardening pre-
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cipitates that are formed such as the T; phase which are very small in size (200 nm <)[39], locate
themselves on these dislocations and on the grain boundaries and thus achieving precipitation hard-
ening of the alloy [69].

The intermetallic particles found in these alloys are of much importance to the mechanical properties
and electrochemical behaviour of the alloys. The coarse constituent particles of both the alloys were
examined under SEM and EDS. The presence of Al-Cu-Fe-Mn intermetallic particles was confirmed
with some particles having a high Cu content while others a lower Cu content. The composition of Cu
in wt % varied from 7.5 - 78.9 % in these particles. The presence of these particles was observed by
various researchers in the microstructure of both the alloys [35, 39, 70]. For the AA2060 T8E30 alloy,
the presence of the S phase (Al,CuM g) was also confirmed by an EDS analysis on the coarse particles.

The dispersoids and hardening precipitates in these alloys could not be determined under the EDS.
This was due to 2 main reasons, firstly because these particles are too small ( 0.5 um <) and the reso-
lution of the SEM/EDS was not sufficient to detect these particles, and secondly because most of these
particles contain Li which is undetectable by EDS, as mentioned earlier. Reports in literature indicate
the presence of the T; phase (Al,CulLi) and the §’ phase (Al;Li) as the hardening precipitates in the
AA2099 T83 alloy [18, 39, 70]. The T; phase was also detected in the AA2060 T8E30 alloy [2, 35].
The dispersoids present in these alloys are the g’ (Al;Zr) phase particles which play an important role
in recrystallisation and control the grain size of the alloys [2, 18, 35, 39, 70].

During the friction stir welding process, there are 2 factors that induce change in the microstructure
of the various weld zones. These are the thermal changes and plastic deformation, both of which are
caused by the rotational movement of the tool pin [4]. The heat that is generated during the process
aids in the dissolution of hardening precipitates and grain refinement. The plastic deformation from the
rotational movement of the tool changes the grain orientation and helps in breakdown of the coarse
constituent particles [2]. These factors then have several consequences on the corrosion behaviour of
the weld regions.

As the alloys undergo a thermal cycle, recrystallisation occurs in the SZ region of the weld. However
this is not the case for the other zones. The dispersoids that are present in the alloy are re-distributed
in the stir zone and locate themselves in the grain boundaries [2]. The combination of recrystallisa-
tion and presence of dispersoids on the grain boundaries result in very fine grains in the SZ, which
is also seen in the work of Rambabu et. al. [5] in their study of the AA2219 alloy. This is observed
for both the AA2099 T83 and the AA2060 T8E30 alloys in Figures 4.2 and 4.3. For the AA2099 T83
alloy, the reduction in grain size of the SZ is just around 50 - 55 %, but for the SZ of the AA2060
T8E30 alloy the reduction is around 99.95 % due to the the immense size of the grains in the BM.
The increase in heat in the SZ also promotes the dissolution of the hardening precipitates in this zone
[32]. Due to this, the hardness of the SZ region drops considerably as compared to the BM of both
the alloys, which was seen earlier in the micro-hardness section of the chapter (Figures 4.12 and 4.14).

The TMAZ region has severely deformed grains due to the rotational motion of the tool pin [32]. For
the AA2099 T83 alloy, there is a decrease in grain size in the TMAZ zone along with a change in ori-
entation of the grains. In the AA2060 T8E30 alloy, it is observed that the elongated grains that extend
to a few millimeters. These grains are only partially deformed in the TMAZ region of this alloy since
the zone is quite narrow in width (Figure 4.4). There are very few hardening precipitates remaining in
the TMAZ region due to the proximity of this zone to the stir zone which causes the dissolution of the
precipitates. This dissolution of hardening precipitates results in a lower micro-hardness of the region.
There is however a higher distribution of the coarse constituent particles in this region. When the tool
pin rotates and thus generating heat, it pushes the softer/melted material away towards the retreating
side. During this phenomenon the coarse particles from the SZ are broken down into smaller particles
and are deposited on the TMAZ regions and especially in the retreating side of the alloy due to material
flow [32]. Thus, a higher distribution of coarse particles is observed in the TMAZ along with a reduction
in the average size of these particles.

The HAZ regions of both alloys have similar microstructures to that of their parent materials, i.e.
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the BM. The HAZ regions do not undergo any deformation but they do undergo a thermal cycle. Thus,
there is no change in the orientation of the grains but the thermal cycle induces grain refinement in this
weld zone [4]. This results in a reduction of the grain size in the HAZ of the AA2060 T8E30 alloy as
compared to the respective BM, which is seen in the results section of this chapter. The thermal cycle
however induces grain coarsening in the HAZ region of the AA2099 T83 alloy [71]. Thus elongated and
recrystallized grains are observed in this zone in Figure 4.2. This also explains why the HAZ AS of the
AA2099 T83 alloy has a larger average grain size as compared to the BM of the same alloy (Figure 4.5).

The distribution density of the intermetallic particles in the HAZ regions is quite high. During FSW
the rotational movement of the tool pin causes different relative speeds of plastic material on advanced
side and retreating side, which affects the material flow, thus resulting in different microstructures on
both sides[32]. In the retreating side of the AA2099 T83 weld zones, coarsening of the intermetallic
particles was observed due to this (Figure 4.8). Unlike the SZ or the TMAZ, most of the hardening pre-
cipitates in this zone were not been dissolved during welding. The regions closer to the TMAZ and SZ
have a higher dissolution of the hardening precipitates. As the distance from weld zone is increased
on either side, it is observed that the amount of dissolved hardening precipitates in the HAZ keeps
decreasing. This is also evident from the micro-hardness profiles of both the alloys. It is known that
the micro-hardness of the Al-Li alloys is directly related to the amount of hardening precipitates in the
alloy, especially the T; phase [4, 6]. Thus, as the TMAZ is approached from the HAZ, there is a huge
reduction in micro-hardness due to the increased dissolution of hardening precipitates near the weld
centre.

The micro-hardness profile of the weld zones for both the alloys follows a similar trend to the distribu-
tion of the hardening precipitates in the respective alloy. However, the dispersoids and the hardening
precipitates cannot be distinguished from each other from the SEM images in Figures 4.2 and 4.3.
Since these particles are very small (hanometer range), even an EDS analysis of these particles is not
conclusive. Therefore, the average size of these particles and population density were evaluated to
determine the distribution of the hardening precipitates.

The dispersoids such as the B’ (Al;Zr) phase are generally of the size between 100 - 500 nm,
whereas the hardening precipitates such as the T; phase found in these alloys, are smaller in size
(less than 200 nm)[2, 39]. As mentioned earlier, the hardening precipitates are dissolved during the
FSW process in the SZ, TMAZ and partially in the HAZ. Thus, the darker spots that were seen in these
regions were mainly dispersoids, which is evident from the average size of intermetallics in Figures
4.8, and 4.10. For the BM, on the other hand, there is a high distribution with a smaller average size of
the dark spots indicating that these particles are the hardening precipitates. Therefore, a decreasing
trend is observed in the hardening precipitates from the BM towards the TMAZ, which is similar to the
micro-hardness profiles of the weld regions of both alloys.

Since the SZ does not have hardening precipitates it should have the lowest micro-hardness. How-
ever, this is not the case for either alloy. The lowest micro-hardness values observed were in the
interface of the HAZ and TMAZ regions. It is mainly related to the dissolution of strengthening precip-
itates and also partly due to the coarse grain size induced by thermal effect. Therefore the interface
region becomes the weakest zone in terms of micro-hardness [71]. This trend was observed by various
researchers in their study of FSW Al-Li alloys [2, 4, 71]

4.5. Conclusion

The microstructural characterisation of the AA2099 T83 and AA2060 T8E30 alloys was performed and
evaluated in this chapter. It was observed that the production methods used - extrusion and cold rolling
for the respective alloys, had played an important role in the microstructure of these alloys. Large Al-Cu-
Fe-Mn intermetallic particles were found in the alloys with both high and low Cu content. S (Al,CuMg)
phase particles were observed in the AA2060 T8E30 alloy matrix. Hardening precipitates were ob-
served in the grain boundaries of the alloys and the larger dispersoids on the surface of the matrix.
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The effect of FSW on the microstructure of the weld zones was investigated for both alloys. It was
observed that the SZ regions had undergone recrystallisation to obtain fine grains. A decreasing trend
in average grain area was observed towards the weld centre. However, coarsening of grains was ob-
served in the HAZ regions of the AA2099 T83 alloy which was suggested to be due to the thermal
cycle caused by FSW. A difference in the microstructure characteristics was observed between the
advancing and retreating sides due to the rotation of tool pin and material flow during FSW.

The presence of hardening precipitates was not observed in the SZ, and was reduced in the TMAZ
and HAZ regions, which suggested the dissolution of these precipitates due to the heat from FSW pro-
cess. The micro-hardness profiles of the weld zones presented a similar trend to this. Therefore, it was
proposed that there is a direct relation between the concentration of hardening precipitates and the
micro-hardness of that region. The lowest micro-hardness was observed for the HAZ/TMAZ interface.
It was suggested that this was attributed to the coarsening of grain in HAZ and the dissolution of the
hardening precipitates, both of which were observed in this chapter.

The distribution of the coarse constituent particles presented a decreasing trend towards the weld
centre. These particles were found to be the smallest in the SZ of the AA2060 T8E30 alloy. In a sharp
contrast, the coarse constituent particles were found to be much larger in the AA2099 T83 SZ suggest-
ing coarsening of these particles during FSW in this region.



Electrochemical Tests

5.1. Introduction

In the previous chapter, the microstructural characteristics of the alloy weld zones were evaluated.
It was found that due to FSW, each weld zone had different characteristics from each other. These
changes are bound to have some effect on the electrochemical behaviour of the alloys and their ki-
netics. To determine the correlation between the microstructure and electrochemical behaviour of the
AA2099 T83 and AA2060 T8E30 alloys base metals and their respective weld zones, electrochemical
methods such as OCP measurements, potentiodynamic polarisation tests, LPR measurements, and
SKP tests were performed.

5.2. Materials and Experimental Methods

The samples used for the electrochemical tests were obtained from the as received welded sample of
Z-shaped extrusion of AA2099-T83 and cold rolled sheet of AA2060-T8E30 provided by Arconic. All
the chemicals used were of analytical grade and provided by Sigma-Aldrich Chemical Company. The
sample preparation, experimental set-up and test parameters of the electrochemical experiments are
given in chapter 3, section 3.6. The tests were conducted in a freshly prepared 0.1M NaCl aqueous
solution of near neutral pH in ambient environment. The experimental set-up of the SKP test is given
in section 3.8.

5.3. Results
5.3.1. Open Circuit Potential (OCP) Measurements

Table 5.1: Mean OCP values of the weld zones of AA2099 T83 and AA2060 T8E30 alloys.

OCP (mV) vs Ag/AgCl

Weld Zones | —x 35699783 | AA2060 TSE30
BM 62318 £0.06 | -611.91 £ 0.03
HAZ AS -658.70 £ 0.12 | -562.64 + 0.11
HAZ RS -611.62 + 0.05 | -652.61 + 0.09
sz -601.27 £ 0.11 | -578.08 + 0.03

Figure 5.1(a) presents the OCP of the selected weld zones of the AA2099 T83 alloy as a function
of time over 24 hours of total experiment time in 0.1 M aqueous NaCl solution in ambient environment.
It is observed that the SZ has the least negative potential, followed by the HAZ RS, the BM, and then
the HAZ AS. Therefore, the nobility of the weld zones from less noble to more noble is in the following
order: HAZ AS < BM <HAZ RS < SZ.

45
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Figure 5.1: OCP measurement as a function of time over 24 hours of total experiment time in 0.1 M aqueous NaCl solution in
ambient environment of: (a) AA2099 T83 alloy weld zones, (b) AA2060 T8E30 alloy weld zones.

The OCP of the AA2060 T8E30 alloy weld zones as a function of time is shown in the Figure 5.1(b).
Unlike the AA2099 T83 alloy, the weld zones of this alloy present relatively potentials during the test.
Here, the least negative potential is of the HAZ AS, followed by the SZ, the BM, and then the HAZ RS.
Therefore, the nobility is in the following order: HAZ RS < BM < SZ < HAZ AS.

5.3.2. Potentiodynamic Polarisation Tests
AA2099 T83

The Potentiodynamic polarisation curves of the weld zones of the AA2099 T83 alloy in 0.1 M aque-
ous NaCl solution in ambient environment are plotted in Figure 5.2(a-d), and the corresponding corro-
sion potentials E.,,,- and corrosion current density 1., for the HAZ RS and SZ are given in Table 5.2.
The corrosion potential and corrosion current density for the BM and the HAZ AS could not be deter-
mined by Tafel extrapolation since in both cases corrosion occurs immediately. Due to this, estimations
for the corrosion potential were made from the graphs in Figure 5.2(a, b) and are given in Table 5.2. It
is observed that the corrosion potential of the SZ is the most negative, followed by the HAZ RS, HAZ
AS, and finally the BM.
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Figure 5.2: Potentiodynamic polarisation curves for the weld zones of AA2099 T83 alloy in 0.1 M aqueous NaCl solution in
ambient environment: (a) BM, (b) HAZ AS, (c) HAZ RS, and (d) SZ.

Table 5.2: Corrosion potential (E.,,+-) and corrosion current density (I.,,+) of the weld zones of AA2099 T83 alloy from
potentiodynamic polarisation in 0.1 M aqueous NaCl solution in ambient environment.

Weld Regions | E.,rr (mV) vs Ag/AQCI | I.opr(uA/cm?)
SZ -640.16 £ 23.24 0.201 £ 0.053
HAZ RS -615.01 £ 12.87 0.118 £ 0.006
HAZ AS -608 -
BM -602 -

Although the corrosion current densities of the BM and the HAZ AS could not be extrapolated, it
can be estimated by the position of the polarisation curves from the figure. The BM of the AA2099 T83
alloy is located more towards the right side, suggesting that it has a higher corrosion current density,
while the HAZ RS curve is more on the left side than the other regions. The HAZ AS and the SZ have
similar current densities since they are located relatively close to each other. Thus, the BM has the
highest corrosion rate compared to the weld zones of the alloy. This result is explained by the high
density of the hardening precipitates such as T; phase in the BM (as seen in chapter 4, Figure 4.7).
These precipitates are found to be more active than the alloy matrix [30].

The curves from the Figure 5.2 also show the passive behaviour and pitting potentials of each weld
zone. This is determined by the anodic branch of the curve. For the BM and the HAZ AS regions of
the AA2099 T83 alloy, a defined passive layer is not observed initially. This is indicated by the sudden
surge of current within a very small potential range. This is also an indication that for these 2 zones, the
pitting potential Ey,;. is close to its corrosion potential E.,,.. However, there is an indication of passive
region formation for both these regions later on around -500 mV vs Ag/AgCl. The polarisation curves
of the HAZ RS and the SZ regions of this alloy do show the presence of a passive layer on the surface
with distinct pitting potentials at E,;; = -573 mV vs Ag/AgCl for the HAZ RS, and E,;; = -596 mV vs
Ag/AgCl for the SZ.

From the cathodic branch of these graphs, it was determined that all zones have a limited current
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density due to oxygen diffusion. This phenomenon is prominent in the SZ ad the HAZ AS of this alloy
as the current density remains constant between the potential range of -900 to -1100 mV vs Ag/AgCl.
Below this potential there is hydrogen evolution in all the weld zones.

AA2060 T8E30

The potentiodynamic polarisation curves of the AA2060 T8E30 weld regions are shown in Figure
5.3(a-d). Tafel extrapolation was used to estimate the values of the corrosion potential E.,,.- and cor-
rosion current density I.,,, of the SZ and the HAZ RS. The values are given in Table 5.3. Similar to
the AA2099 T83 alloy, the values for the BM and HAZ AS of this alloy could not be determined by Tafel
extrapolation, thus estimations for the corrosion potential were made from the graphs and the values
are given in the Table 5.3. Here, the most negative corrosion potential is of the SZ, followed by the BM,
the HAZ AS, and lastly the HAZ RS.
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Figure 5.3: Potentiodynamic polarisation curves for the weld zones of AA2060 T8E30 alloy in 0.1 M aqueous NaCl solution in
ambient environment: (a) BM, (b) HAZ AS, (c) HAZ RS, and (d) SZ.

Table 5.3: Corrosion potential (E;,.) and corrosion current density (I.,.-) of the weld zones of AA2060 T8E30 alloy from
potentiodynamic polarisation in 0.1 M aqueous NaCl solution in ambient environment.

Weld Regions | E.,. (mV) vs Ag/AQCI | I,y (UA/cm?)
SZ -622.40 £ 7.94 0.223 £ 0.055
HAZ RS -570.18 + 7.66 0.975+0.471
HAZ AS -573 -
BM -589 -

The current density is the highest in the HAZ RS since the curve is located towards the right, fol-
lowed by the HAZ AS, the BM and then the SZ which is located more on the left side. For the HAZ
AS, immediate pitting is observed during anodic polarisation with the sudden increase in current. This
is similar to the case of the AA2099 T83 HAZ AS. The BM too undergoes immediate pitting, however
a passive region is formed soon after, as observed from the Figure 5.3(a). The SZ of this alloy has a
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distinct pitting potential of E,;; = -568 mV vs Ag/AgCI. This region, similar to the case of AA2099 T83
SZ, does form a passive region which protects the surface from immediate pitting. For the HAZ RS,
although not as distinct as the SZ polarisation curve, the pitting potential is -439 mV vs Ag/AgCl.

The AA2060 T8E30 alloy weld zones have limited current density due to oxygen diffusion, similar
to the AA2099 T83 alloy. However, for the SZ of this alloy there are 2 corrosion potentials observed in
the graph. This will be explained later in the discussion section of the chapter.

5.3.3. Linear Polarisation Resistance (LPR) Measurements

The linear polarisation resistance of the selected zones of both alloys were monitored over a total
experimental period of 24 hours in 0.1M NaCl aqueous solution in ambient environment to study the
corrosion resistance and its evolution with time. The results are shown in the graphs below.
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Figure 5.4: LPR measurement as a function of time over 24 hours of total experiment time in 0.1 M aqueous NaCl solution in
ambient environment of the AA2099 T83 alloy weld zones: (a) BM, (b) HAZ-AS, (c) HAZ-RS, (d) SZ.

Figure 5.4(a-d) shows the resistivity of the weld zones of AA2099 T83 immersed in a 0.1M NaCl
solution. It is observed that for all the weld zones of this alloy, the trend of corrosion resistance is to
decay with time, however for the BM there is a slight increase towards the end. The initial resistivity of
the zones are also quite similar and within the range of 10 - 14 KQ.cm?. It is also observed that both
the HAZ regions of this alloy have a higher resistivity than the BM and the SZ. The BM initially has a
high resistivity, but it decreases drastically once the experiment starts. The SZ, on the other hand, has
the least resistivity amongst all the zones and has a larger decay over the 24 hours of immersion.

The resistivity of the BM of the AA2099 T83 alloy is shown in the Figure 5.4(a). After 1 hour of
immersion, the initial resistivity was measured to be 11.3 KQ.cm?. A decreasing trend was observed till
7 hours of the experiment after which there was an increase for 5 hours suggesting the formation of a
passive region on the surface of the sample. Again a decreasing trend was seen for 3 hours followed
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by an increasing trend till the end of the experiment at 24 hours with a final resistivity of 7.8 KQ.cm?.
Figure 5.4(b) shows the resistivity of the HAZ AS of the AA2099 T83 alloy. Here, the initial resistivity is
14.22 KQ.cm? at 1 hour immersion, after which there is a sudden decrease which indicates the break-
down of the passive region. After 3 hours of immersion, there is an increase in resistivity for 4 hours of
immersion). As the test continues, there is a gradual decreasing trend observed with a final resistivity
of Rp = 6.4 +0.3 KQ.cm? at 24 hours.

The HAZ RS has the highest polarisation resistance compared to the other weld zones of the alloy,
as seen in Figure 5.4(c). Here, the initial polarisation resistance has a value of 13.4 KQ.cm? at 1 hour
of immersion. Initially, there is a small decrease for 5 hours following a peak value suggesting the
instability of the passive layer. This is followed by a gradual decreasing trend that continues till the end
of the experiment at 24 hours. The SZ of the alloy has the lowest polarisation resistance compared to
the other zones of the AA2099 T83 alloy. From the graph in Figure 5.4(d), it is apparent that there is
a gradual decrease in resistivity all throughout the experiment till 24 hours of the total experimental time.
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Figure 5.5: LPR measurement as a function of time over 24 hours of total experiment time in 0.1 M aqueous NaCl solution in
ambient environment of the AA2060 T8E30 alloy weld zones: (a) BM, (b) HAZ-AS, (c) HAZ-RS, (d) SZ.

The polarisation resistance of the weld zones of the AA2060 T8E30 alloy are shown in Figure 5.5.
It is observed that the initial resistivity of this alloy is lower than that of the AA2099 T83 alloy. Again the
HAZ regions have a higher resistance here, followed by the SZ and then the BM.

The BM of the AA2060 T8E30 alloy has the lowest polarisation resistance. Figure 5.5(a) shows the
LPR graph for the BM of this alloy. The initial resistivity of this zone is 5.49 KQ.cm?. Initially there is an
increase in resistivity for 3 hours followed by a decrease for the next 3 hours. However, after 8 hours
of the experiment, a decreasing trend in resistivity was observed for the base metal of this alloy.

The HAZ regions seems to be the most resistant zones of the alloy, as can be seen from the LPR
graph in Figure 5.5(b, c). For the HAZ AS, the initial polarisation resistance is 7.73 KQ.cm?, after which
it increases till 5 hours of immersion possibly due to a passive region formation. A number of fluctua-



5.3. Results 51

tions are observed in this region, which could suggest the simultaneous breakdown and formation of
the passive region in this weld zone. After 15 hours there is a slight decreasing trend till the end of the
experiment with a value of 7.5 + 1 KQ.cm? at 24 hours. The HAZ RS region has fewer fluctuations than
the HAZ AS of this alloy. The initial polarisation resistance of this zone is the highest with a value of
12.72 KQ.cm?. A gradual decrease in resistivity is observed till 8 hours followed by an increasing trend
till 17 hours of immersion. After this a decreasing trend is observed all through the experiment till the
end.

The trend of the polarisation resistance of the SZ of AA2060 T8E30 alloy (Figure 5.5(d)) is similar
to that of the AA2099 T83 SZ. The SZ of both the alloys has a trend of constant decay with time. The
initial resistivity of this weld zone is 8.26 KQ.cm? after which a slight decreasing trend of resistivity is
observed for the entire experimental time of 24 hours.

5.3.4. SKP

The surface potential of the base metals of AA2099 T83 and AA2060 T8E30 alloys were measured
using SKP at 0 % relative humidity at room temperature. These values are given in the Table 5.4. It
is observed that the AA2060 T8E30 alloy BM has a slightly higher surface potential than the AA2099
T83 BM.

Table 5.4: Surface potential of the base metal of AA2099 T83 and AA2060 T8E30 alloys measured under SKP.

Alloy Surface Potential (mV)
AA2099 T83 BM 408 + 10.0
AA2060 T8E30 BM 426 £ 11.2

The weld region for the as-received sample, as seen in Figure 5.6, was scanned under the SKP to
obtain the surface potential map of the sample. Figures 5.7 and 5.8 show the surface potential of the
scanned region in millivolts. The lowest potentials correspond to areas of anodic activity whereas the
less negative potentials are cathodic regions on the surface.
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Figure 5.6: Weld region of the sample scanned under SKP.

From the Figure 5.7, it is observed that there is a considerable difference in the surface potential
between the SZ of 2 alloys. The SZ of the AA2099 T83 alloy has a surface potential of around 200
mV less than the AA2060 T8E30 alloy, suggesting that the AA2099 T83 region is anodic whereas the
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AA2060 T8E30 region is more cathodic in nature. In the AA2099 T83 alloy, the surface potential of
the surface is relatively consistent with the measurement of the bm, as seen in Table 5.4. Towards the
interface of the TMAZ RS and the SZ in this alloy, a small region which has a more negative surface
potential compared to the rest of the surface is observed with a surface potential of -550 to -620 mV.
This region, which is highly active, is located very close to the more noble AA2060 T8E30 SZ. Thus, it
is bound to induce some galvanic effect between the 2 regions.

For the AA2060 T8E30 alloy, it is observed that the SZ region has the least negative surface poten-
tial and this decreases towards all directions in the alloy gradually, as observed in Figure 5.8. Although
there is quite some difference in the surface potential between the weld zones here, the gradual de-
crease shows that the effect of galvanic corrosion within these regions will not be severe.
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Figure 5.7: SKP surface potential map for the weld region of the sample.
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Figure 5.8: SKP surface potential topography map for the weld region of the sample.
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5.4. Discussion

The Electrochemical tests performed on the alloys give an insight into various details of their corro-
sion behaviour such as the corrosion kinetics, passivity and the electrochemical behaviour of the alloy
among other things. The electrochemical behaviour of the alloys depends on several factors such as
the intermetallic particles and phases and even the production methods of the alloy [26, 30, 35].

The tendency of each weld zone to corrode was observed in the open circuit potential measure-
ments. Of the 2 alloys, the AA2099 T83 alloy was identified as the more active alloy. This is due to
the high lithium content in this alloy (Table 3.1). However, the difference in potential between the 2
alloys is not a large one (10 to 20 mV). This is attributed to the cold rolling process that the AA2060
T8E30 alloy has undergone during production, which induces dislocations and enhance precipitation
hardening [67]. This makes the AA2060 T8E30 alloy quite active as well. The OCP measurements of
the AA2060 T8E30 alloy present a relatively stable potential over the 24 hours of immersion, but the
graph for the AA2099 T83 show that there are several peaks and valleys indicating that for this alloy
there is a simultaneous formation and a breakdown of the passive regions.

For both the alloy weld zones, the SZ regions presented the least negative potential values thus
exhibiting the highest nobility. This is mainly due to the absence of the highly active lithium containing
T, phase hardening precipitates in this zone due to dissolution during FSW [2, 3, 6]. The electrochem-
ical behaviour of the HAZ zones is not consistent with both alloys or even in the AS and RS of the
same alloy. This is due to the difference in distribution and average size of the intermetallic particles
in these regions [2], which is also seen in the previous chapter. To understand the kinetics of these
zones, anodic and cathodic polarisation tests were carried out on each weld zone individually for both
the AA2099 T83 and AA2060 T8E30 alloys.

The potentiodynamic polarisation curves are used to determine the passive behaviour, the pitting
potentials, the rate of corrosion, and other corrosion kinetics of the alloys. From the weld zones, the SZ
of both the alloys show a similar passive behaviour for a very small potential range, after which there
is an immediate breakdown due to pitting at their respective pitting potentials. However, this passive
behaviour is not as prominent in the other weld regions of either alloy or even in the base metals. This
is due to the dissolution of the T; phase in the SZ [5]. All the other regions have immediate pitting
when the polarisation starts as seen by the sudden surge in corrosion current density in the graphs.
This effect is more pronounced in the AA2099 T83 alloy zones due to the active nature of the alloy. In
the AA2060 T8E30 alloy weld regions, although pitting is immediately observed in each zone, the BM
and HAZ RS of this alloy show some passivity after the initial breakdown. According to Urushino et.
al. [72], when Al alloys undergo ageing, some of them exhibit 2 pitting potentials which correspond to
the pitting in grain boundaries and pitting in the alloy matrix. The preferential pitting occurs at the grain
boundaries, which is observed by the initial surge in current density in the polarisation graph (Figure
5.3(a)). The second abruptincrease in the current density corresponds to pitting in the alloy matrix [72].

The AA2060 T8E30 SZ exhibits 2 corrosion potentials in the potentiodynamic polarisation test (Fig-
ure 5.3(d)). This behaviour was observed in all 3 repetitions of the experiment. The exact reason for
this behaviour is not known, however it could be suggested that this is due to the interaction of the
alloying elements from the AA2099 T83 and AA2060 T8E30 alloys, since the SZ here is a mixture of
both these alloys. This causes a higher rate of cathodic reactions in the AA2060 T8E30 alloy SZ, which
is also observed from the SKP surface potential map in Figure 5.7. However, it is important to note
that the SKP measurements were performed in a non-chloride environment, thus the results cannot be
used to determine the activity in a chloride environment.

The corrosion resistance of the weld zones was determined by linear polarisation resistance tests
over a period of 24 hours. Initially, the AA2099 T83 alloy has a higher resistance to corrosion compared
to the AA2060 T8E30 alloy. However, towards the end of the experiment the resistivity of both the alloy
weld regions are within 4 - 8 KQ.cm?. The general trend for the resistivity was to decrease with time for
both the alloy weld zones. The HAZ regions of both alloys presented higher resistivity than the SZ or
the BM of the corresponding alloy. This was due to the distribution of the highly active T; precipitates
in the HAZ regions [6, 32]. Although they are present here, the distribution density of these particles
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are much less here than that of the base metal (Figures 4.7 and 4.8), thus the HAZ regions exhibit a
slightly higher resistivity than the BM. This also explains the initial reduction of the resistivity of the HAZ
regions. The T, precipitates are possibly attacked first since they are highly active [20], thus causing
a reduction in the resistivity of the alloys weld zones. Additionally, it was also observed that the SZ
regions of both the alloys presented a gradual decreasing trend in resistivity throughout the experiment
and there are no sudden fluctuations in this trend. This is attributed to the absence of strengthening
precipitates in the SZ caused due to the thermal cycle from the welding process [2].

5.5. Conclusion

The electrochemical behaviour and kinetics of corrosion of the AA2099 T83 and AA2060 T8E30 alloys
weld regions were investigated in this chapter. From the OCP tests, it was observed that the AA2099
T83 alloy was the more electrochemically active alloy. The nobility of the weld zones of the AA2099
T83 alloy was in the order: SZ > HAZ RS > BM > HAZ AS, and that of the AA2060 T8E30 alloy was in
the order: HAZ AS > SZ > BM > HAZ RS.

The corrosion rates were determined by the potentiodynamic polarisation tests. For the AA2099
T83 weld zones, the corrosion rate follows the order: HAZ RS < HAZ AS =~ SZ < BM , and for the
AA2060 T8E30 alloy: SZ < BM < HAZ AS < HAZ RS, from lowest to highest corrosion rates. It was
also observed that only the SZ regions of both alloys exhibited a distinct passive behaviour. Therefore,
it was suggested that due to the absence of the T, precipitates, the SZ regions of the alloys were the
least prone to corrosion attack.

The resistivity of the weld zones of both alloys over 24 hours in a chloride environment was evalu-
ated. For the BM and HAZ regions, fluctuations were observed in the resistivity values. It was proposed
that this was attributed to the presence of the highly active T; precipitates in these regions which are
attacked immediately on immersion. The SZ regions did not show these fluctuations, thus suggesting
that the corrosion attack in the SZ was controlled by the coarse constituent particles whereas the T;
phase precipitates were responsible for the corrosion attack of the BM and HAZ regions of the AA2099
T83 and AA2060 T8E30 alloys.



In-Situ Immersion Testing

6.1. Introduction

The in-situ immersion test is based on the novel technique by Sullivan et. al. [62]. These tests were
conducted to determine the localised corrosion attack and its behaviour in the microstructure of the
welded sample. This chapter was then related to the microstructure to determine the preferential attack
phases and the type of corrosion attack in the weld zones of the alloy. The kinetics of corrosion from
the previous chapter were also evaluated along with the in-situ immersion tests to obtain an in-depth
understanding of the localised corrosion behaviour of the FSW alloy sample.

6.2. Materials and Experimental Methods

The samples used for the in-situ immersion testing were obtained from the as received welded sample
of the Z-shaped extrusion of AA2099-T83 and cold rolled sheet of AA2060-T8E30. All the chemicals
used were of analytical grade and provided by Sigma-Aldrich Chemical Company. Sections of the as-
received sample were cut perpendicular to the welding direction to obtain cross-sectional samples of
the entire welded region in 4.5 mm x 23.5 mm rectangular coupons.

The standard sample preparation for the in-situ immersion tests is given in chapter 3. The tests
were conducted in a 0.1 M NaCl aqueous solution of near neutral pH at room temperature in ambient
environment. Scanning electron microscope (SEM) images of the alloy were taken after corrosion
testing and after desmutting using SEM in secondary electron mode to further investigate the initiation
sites for corrosion within the microstructure. Energy dispersive x-ray spectroscopy (EDS) elemental
mapping and area analysis of the microstructure of the alloy was carried out to assess distribution of
the alloy components within the various phases.

6.3. Results

6.3.1. AA2099 T83
Base Metal (BM)

Figure 6.1 shows the exposed area of the AA2099 T83 base metal at various intervals of the in-situ
immersion testing. The first image, (a), is the exposed area right before immersion. Here, it is ob-
served that the large coarse constituent particles are located on the matrix and the smaller hardening
precipitates are bound to the grain boundaries and dislocations.

The formation of corrosion rings starts after 15 minutes of immersion in 0.1M NaCl solution, and are
distinct in Figure 6.1 (b). There are 2 corrosion rings located within close proximity to each other. The
larger corrosion ring has a radius of 122.1 um, whereas the smaller one has a radius of 36 um. It is
also observed that the area around the coarse particles start to darken along with the grain boundaries.
This suggests the initiation of corrosion due to galvanic activity within and around the particles.

55
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Figure 6.1: In-situ Immersion Test of AA2099 T83 BM in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 30 mins immersion, (c) 1 hour immersion, (d) 1 hr 30 mins immersion, (e) 2 hrs
immersion, (f) 2 hrs 30 mins immersion, (g) 3 hrs immersion, (h) After 24 hrs immersion.
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Figure 6.2: SEM images of exposed area of In-situ immersion test sample for AA2099 T83 BM (a) Entire exposed region, (b)
Region around coarse constituent particle, (c & d) Attack sites.

After 90 minutes of immersion , Figure 6.1(d), there are clear attack sites located within the corro-
sion rings. These attack sites have corrosion product/ oxides deposit on them, causing them to appear
darker than the surface. The sites of the coarse constituent particles also show the formation of pits
and their propagation at this point. There is a 65-75 % increase in the areas of the coarse particles
confirming the propagation of pits. After 2 hours of immersion, Figure 6.1(e), a number of attack sites
are formed within the larger corrosion ring forming their smaller corrosion rings. A huge amount of
corrosion product build up settles on these attack sites. The grain boundaries are also attacked by this
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point due to the presence of hardening precipitates located there.

The ex-situ image after 24 hours of immersion, Figure 6.1(h), shows the grain boundaries attacked
and the coarse particle sites increased in area by 110 % compared to the original sites. In this image,
the main attack sites cannot be seen at all due to the heavy build-up of corrosion products.

The SEM images of the exposed area of AA2099 T83 BM after desmutting with 30% HNO; are
seen in Figure 6.2. There are a number of features in this area that are observed here. These are
magnified and shown in the images (b-d). In Figure 6.2(b), the large coarse particle was found to be an
Al-Fe-Cu-Mn intermetallic, confirmed by EDS analysis on the particle. This particle had trenching all
around it with the region rich in Cu content. An intergranular attack was also observed with pits formed
at grain and sub-grain boundaries. This indicated corrosion attack on both the coarse particles and
hardening precipitates.

The attack sites are seen in Figure 6.2(c, d). The attack site has an area of 1506.37 um in (c), and
an area of 1626.87 um in (d). These attack sites are covered with corrosion product, which can be
seen as the huge bright spots in and around these regions. This was confirmed by an EDS analysis on
these sports revealing high oxide concentration there. The area surrounding these attack sites were
found to be rich in Cu content compared to the surface matrix. Numerous smaller cavities and pits are
also observed in the grain boundaries.

Heat Affected Zone (HAZ)

HAZ-AS

Ak en

Figure 6.3: In-situ Immersion Test of AA2099 T83 HAZ-AS in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 1 hour immersion, (c) 1 hr 30 mins immersion, (d) 2 hrs immersion, (e) 2 hrs 30 mins
immersion, (f) After 24 hrs immersion.

The in-situ immersion testing of the AA2099 T83 HAZ AS is represented by the images in Figure 6.3.
Image (a) shows the total exposed area which undergoes testing, which has a diameter of d = 0.5mm.
Here, the coarse constituent particles are clearly visible on the matrix of the alloy. The hardening pre-
cipitates cannot be particularly distinguished from the grain boundaries due to their size in nanometers.
Once the sample is immersed, a corrosion ring starts forming within 15 minutes. However, a distinct
ring is only formed after 30 minutes of immersion in the electrolyte, with a radius of r = 118.3 um.
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After an hour of immersion, Figure 6.3(b), the sites of the coarse particles darken around them sug-
gesting the initiation of localised corrosion there. The corrosion ring increases in size up to a radius of
r =129.26 um after 90 minutes of immersion in Figure 6.3(c). At this interval, it is also observed the
centre of the corrosion ring starting to darken, indicating the location of the main attack site. This attack
site becomes apparent after 2 hours of immersion.

The sites of the coarse constituent particles show large pits that have formed after 2 hours of im-
mersion in Figure 6.3(d). These sites are as large as 60 um? in area and get even bigger up to 74.86
um? after 2 hours and 30 minutes of immersion. Towards the end of the immersion testing, there is
severe corrosion product build-up at the edge of the corrosion ring which darkens the entire surface.
Thus, the sample was desmutted from corrosion products and analysed under the SEM. This is seen
in the Figure 6.4.
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Figure 6.4: SEM images of exposed area of In-situ immersion test sample for AA2099 T83 HAZ-AS (a) Entire exposed region,
(b) Main attack site.

The Figure 6.4 shown above, reveals a number of details of the immersion testing of the AA2099
T83 HAZ AS. There is severe intergranular attack on the surface of the alloy with small circular pits
on these grain boundaries. This suggests the dissolution of the hardening precipitates located here.
There are large pits with an average size of d = 5 um, at the sites of coarse particles. However, some
coarse particles rich in Cu are still attached to the surface with trenches around them. These trenches
have a high concentration of Cu and Si, which was confirmed by an EDS analysis of this region. This
indicates the selective dissolution of the particles which cause the more active elements to corrode
away, leaving the nobler Cu in these regions.

The main attack site has been magnified and shown in Figure 6.4(b). This attack site has an area
of 344.55 um?. There is a protected region around the attack site which represents the location of the
corrosion ring seen in Figure 6.3(b-f). On the edge of this protected region, there are several large pits
high in Cu content, representing the sites of the coarse constituent particles. The bright spots within
the corrosion ring are the oxide products attached to the surface of the alloy in a thin film. Here, the
intergranular and inter-subgranular attack of the alloy surface is observed closely.

HAZ-RS

The intervals for in-situ immersion testing of the AA2099 T83 HAZ RS are seen in Figure 6.5(a-f).
The first image shows us the exposed area of the weld joint, which is of radius r = 0.5 mm. Here, the
coarse constituent particles on the surface are also observed. These particles are larger than those
in the HAZ AS, with an average area of 0.011 um? as compared to 0.009 um? of the HAZ AS. There
is a larger distribution of the coarse particles particles in this region. Within 10 minutes of immersion
there is a formation of a corrosion ring. This ring is formed completely within 30 minutes of immersion
and has a radius of r = 91.21 um, as can be seen in Figure 6.5(b). From the centre of the corro-
sion ring, there is an intense evolution of H, gas, indicating localised corrosion occurring at the region.
This gas evolution is continued upto an hour of immersion along with the darkening of the corrosion ring.
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Figure 6.5: In-situ Immersion Test of AA2099 T83 HAZ-RS in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 30 mins immersion, (¢) 1 hr immersion, (d) 2 hrs 30 mins immersion, (e) 3 hrs
immersion, (f) After 24 hrs immersion.

After 2 hours and 30 minutes of immersion, it is observed that a number of pits have initiated outside
the corrosion ring on the surface of the sample. The sites of coarse particles have also darkened in
colour due to corrosion product from activity in those regions. The area of these sites has increased
4 - 5 times as compared to the original size. The main attack site is now visible at the centre of the
corrosion ring as a dark circle. In Figure 6.5(f), the main attack site has grown to a large extent, covered
and surrounded by corrosion product build-up which forms a thick layer all over the surface.
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Figure 6.6: SEM images of exposed area of In-situ immersion test sample for AA2099 T83 HAZ-RS (a) Entire exposed region,
(b) Main attack site.

The SEM images after the desmutting of the AA2099 T83 HAZ RS weld zone are shown in Figure
6.6, to give a deeper understanding of the corrosion mechanism occurring here. The corrosion ring is
seen clearly without the oxide build-up on top of it. It has a radius of r = 128.16 um, which is larger than
what was seen in Figure 6.5. There are large pits and trenches around the coarse constituent particles
which are rich is Cu and Si concentration. The RS here, shows more pits and cavities compared to the
AS of the HAZ. This is due to the larger population density of these particles in this zone. The trenches
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were revealed to have high concentration in Cu, similar to the AS region.

Figure 6.5(b) is a magnification of the main attack site within the corrosion ring of this sample. The
total area of the main attack site is 458.65 um?, which is larger than that of the AS but much smaller
compared to the BM of the alloy. The interface region within the corrosion ring and outside the main
attack site is a protected region which is covered in a thin layer of oxide build-up from corrosion prod-
ucts. The attack outside the corrosion ring appears to be intergranular and inter-subgranular in nature,
keeping consistency with the AS of the HAZ zone of this alloy.

Stir Zone (SZ)

Figure 6.7: In-situ Immersion Test of AA2099 T83 SZ in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 30 mins immersion, (c) 1 hour immersion, (d) 1 hr 30 mins immersion, (e) 2 hrs
immersion, (f) 2 hrs 30 mins immersion, (g) 3 hrs immersion, (h) After 24 hrs immersion.

The SZ, which is the centre region of the weld, was tested under in-situ immersion testing and the
various intervals for the immersion test are shown in Figure 6.7(a-h). The coarse particles can be seen
as the large dark particles on the exposed matrix surface. The smaller dark particles here are disper-
soids, which were added during the welding process to modulate the grain size after recrystallisation.
As it is observed, the corrosion activity in this region is quite slow, with the corrosion ring forming after
1 hour of immersion. In images (c-d) there is a huge number of pit initiation on the surface. However,
not all pits propagate and thus the pit density reduces within 2 hours of immersion.

The corrosion ring has a radius of r = 73.38 wm, which is the smallest of any weld region. The
region inside the corrosion ring is protected up to the main attack site, which is revealed only towards
the end of the test in Figure 6.7(h). The pits and cavities formed are numerous and distributed all over
the surface but are small in size. After 24 hours of immersion, Figure 6.7(h), the main attack site and
the corrosion product build-up at the edge of the corrosion ring were observed.

Figure 6.8 shows the SEM images of the AA2099 T83 SZ after desmutting following the immersion
test. There are numerous small pits all over the surface with the diameter of these pits ranging from d
=0.1-1.5 um. Large pits are present at the sites of coarse constituent particles with their radius as
large as r = 8 um. These are very few in number within the exposed area.

The main attack site is shown in Figure 6.8(b). It is located almost on the edge of the exposed
area and has an area of 1469.25 um?. The bright spots surrounding this attack site are the presence
of oxide products. The region between the attack site and the corrosion ring is the protected region
where there is no indication of any localised attack. An important observation in the immersion testing
of this zone is that there is no intergranular attack in this zone. This can be attributed to the absence
of hardening precipitates in the zone, which locate themselves on grain boundaries and dislocations.
The hardening precipitates of this zone have been dissolved during the FSW process, leaving the grain
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Figure 6.8: SEM images of exposed area of In-situ immersion test sample for AA2099 T83 SZ (a) Entire exposed region, (b)
Main attack site.

boundaries free from galvanic activity and therefore the absence of intergranular attack.

6.3.2. AA2060 T8E30
Base Metal (BM)

Figure 6.9: In-situ Immersion Test of AA2060 T8E30 BM in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 30 mins immersion, (c) 1 hour immersion, (d) 1 hr 30 mins immersion, (e) 2 hrs
immersion, (f) 2 hrs 30 mins immersion, (g) 3 hrs immersion, (h) After 24 hrs immersion.

The base metal of the AA2060 T8E30 alloy was tested under in-situ immersion testing in 0.1M NaCl
solution. The various intervals of the immersion test are shown in the images (a-h) in Figure 6.9. Here,
Figure 6.9(a), the large grains of the cold rolled alloy are observed. The hardening precipitates are
located on the grain boundaries of this alloy as small dark spots. The larger dark spots have been
identified as coarse constituent particles in the matrix of the alloy. immediately after immersion, the
corrosion ring forms within a few minutes. This is accompanied by H, gas evolution from the centre of
the corrosion ring. The corrosion ring here has a radius of r = 95.13 um with a main attack site in the
centre, as is seen in Figure 6.9(c).

The corrosion ring increasingly gets darker as immersion is continued. However, it is observed that
the upper side of the corrosion ring has accumulated more corrosion products over a larger area in
Figure 6.9(f). The sites of coarse particles have also enlarged and formed pits and cavities due to local
activity here. At the edge of the corrosion ring on the lower side, the formation of another attack site
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is observed, which continues to grow in Figure 6.9(g). Towards the end of the immersion test after 24
hours, there is nothing visible due to the intense build-up of a thick layer of corrosion products on the
surface of the alloy.The sample was then removed and studied under SEM.
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Figure 6.10: SEM images of exposed area of In-situ immersion test sample for AA2060 T8E30 BM (a) Entire exposed region
before de-smutting, (b) Entire exposed region after de-smutting (c) Region around coarse constituent particle, (d) Attack sites.

Figure 6.10 are the SEM images of the AA2060 T8E30 alloy BM after immersion test. Image (a)
shows the sample untreated after the test. Here the intense corrosion product build up on the site of
the main attack site and the corrosion ring are observed. The rest of the surface is covered with a thin
film of salt deposit. This sample was then desmutted in 30 % H N 05 solution to remove the salt film and
the corrosion products. The result is seen in Figure 6.10(b).

In Figure 6.9(b), it is clearly seen that there are not 1 but 2 corrosion rings on the surface of the
alloy. These corrosion rings are accompanied with multiple attack sites in them. The second corrosion
ring was not visible under the optical microscope due to the corrosion products covering the region.
There are a total of 4 main attack sites within these overlapping corrosion rings with their sizes ranging
from 157.22 um? - 1662 um? in area. There is still some residual corrosion product on the edges of
the exposed surface even after desmutting of the sample. Images c and d of this Figure are magnified
regions of the exposed area in image b.

An EDS analysis on the bright particles in Figure 6.10(c) reveal that they are mainly Cu rich coarse
particles with Fe or Mn along with traces of Mg in them. However, there seems to be no trenches or
cavities around these particles, suggesting a uniform corrosion on the exposed surface outside of the
corrosion ring. Figure 6.10(d) is a magnification of the interface of the 2 corrosion rings where they
overlap. There are indications that intergranular attack connects the main attack sites. The region next
to the main attack site was revealed to have a very high concentration of Cu with as much as 11.23 %
of total Cu concentration in this region. This indicates the possibility of selective dissolution of either
the matrix or the intermetallic particles, leaving the nobler Cu on the surface.
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Figure 6.11: In-situ Immersion Test of AA2060 T8E30 HAZ-AS in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 30 mins immersion, (c) 1 hour immersion, (d) 2 hrs immersion, (e) 3 hrs immersion, (f)
After 24 hrs immersion.

The exposed area with a diameter of d = 0.5 mm of the HAZ-AS of AA2060 T8E30 alloy has been
shown in Figure 6.11(a). The grains here are flat and have a pancaked structure, similar to the base
metal of the alloy. However, they are much smaller in size due to their proximity to the weld joint. The
hardening precipitates are situated in the grain boundaries and the dislocations of the alloy, whereas
the coarse particles are located freely on the matrix. Within 10 minutes of immersion of the sample, a
corrosion ring is formed with a radius of r = 70.12 um. From the centre of the corrosion ring, there is
an evolution of H, gas suggesting that this is the region of the main attack site. This region progres-
sively gets darker with time indicating the continuation of localised attack in this site. Another feature
observed is that the grains are selectively attacked which is indicated by the intensity of the colour here.
The lighter phased grains seem to be nobler than the others and hence corrode at a later stage of the
immersion test.

The formation of pits can be observed in Figure 6.11(d) at the sites of the coarse constituent parti-
cles. The area surrounding these particles get larger by a factor of 2 to 3 times, unlike the weld zones of
the AA2099 T83 alloy where the factor is between 4-7 times that of the original area. This indicates that
the coarse particles are not as active in the weld zone of this alloy. There is an inward darkening of the
corrosion ring as the immersion carries on after 2 hours, indicating the build up of corrosion products
on the surface. Figure 6.11(f) shows the surface of the sample after 24 hours of immersion. Here,
the entire corrosion ring is covered with a dark layer of corrosion products. The numerous pits on the
surface outside the corrosion ring is also observed here. Most of these pits are located right at the grain
boundaries, as seen in Figure 6.11(a), where there is a high concentration of the hardening precipitates.

The SEM images of the desmutted AA2060 T8E30 HAZ-AS sample are shown in Figure 6.12. As
observed in the BM, there are still corrosion products embedded to the main attack site of the exposed
area. The main attack site is enclosed within the corrosion ring. Outside the corrosion ring there are
a number of pits and cavities formed. These are few in number and distributed all over the surface of
the matrix. The presence of trenches around coarse particles are also confirmed. Other than these
features, the region outside the corrosion ring has a uniform surface which indicates the possibility of
uniform corrosion here.

The main attack site within the corrosion ring is magnified and shown in Figure 6.12(b). Here, the
type of attack observed is intergranular and it is quite large as well with a length of | = 173.96 um. This
intergranular attack is due to the hardening precipitates in the grain boundaries which undergo galvanic
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Figure 6.12: SEM images of exposed area of In-situ immersion test sample for AA2060 T8E30 HAZ-AS (a) Entire exposed
region, (b) Attack site.

activity. This attack also allows for the propagation of the electrolyte outside of the exposed area, which
is why the intergranular attack continues outside up to 100 um in length. The bright spots covering the
attack was revealed to be oxide products on the surface. The regions in proximity to the attack were
rich in Cu content which further solidifies the argument for dissolution of the hardening precipitates. On
the edge of the corrosion ring, trenches or pits formed around Cu-Si rich coarse particles due to the
dissolution of the matrix by nobler elements of these coarse particles.
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Figure 6.13: In-situ Immersion Test of AA2060 T8E30 HAZ-RS in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 30 mins immersion, (c) 2 hrs immersion, (d) 2 hrs 30 mins immersion, (e) 3 hrs
immersion, (f) After 24 hrs immersion.

The HAZ-RS of the AA2060 T8E30 weld joint was tested under similar conditions for in-situ immer-
sion test. Figure 6.13 shows the intervals of the immersion test before, during and after immersion.
Image (a) shows the region exposed for this test before immersion. Here it is observed that the grains
of this region are smaller compared to the HAZ-AS region, however the intermetallic particles and their
location in this region are similar to the HAZ-AS. Once immersed, the corrosion ring forms rapidly within
5 minutes followed by H, gas evolution, as can be seen in Figure 6.14(b). Again, the grains here are
selectively attacked with the dark phase grains attacked first.

The corrosion ring has a radius of r = 102.3 um with the main attack site located right at the centre
of it. Figure 6.13(d , e) show the numerous pits formed in the region outside the corrosion ring. The
large pits are mainly around coarse constituent particles in the alloy. The smaller pits are scattered all



6.3. Results 65

around the exposed surface. In 6.13(e), it is clearly seen that the main attack site is an intergranular
attack within the corrosion ring, extending from one end to the other. the region outside the corrosion
ring is mostly hidden by a deposit of corrosion products. To get a better understanding of the kinetics,
the sample was desmutted in 30 % HN 05 solution and studied under the SEM.
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Figure 6.14: SEM images of exposed area of In-situ immersion test sample for AA2060 T8E30 HAZ-RS (a) Entire exposed
region, (b) Attack site.

In Figure 6.14(a), it is observed that most of the corrosion product which was present on the surface
has been removed by desmutting. The surface shows numerous pits and cavities on the surface due
to the higher density of hardening precipitates present here. There are very few trenches in this region,
which can be attributed to the smaller size of the coarse constituent particles compared to that of the
HAZ-AS. These coarse particles are mainly Cu-Fe rich particles. Another important observation is the
presence of numerous large pits on the outer interface of the corrosion ring.

The type of attack within the corrosion ring is intergranular attack, similar to the HAZ-AS. This is
magnified and shown in 6.14(b). These attacks are large in size, ranging from 135 um to 238 um in
length. However, this type of attack stops right before the corrosion ring. The region between this
attack and the corrosion ring is largely protected and covered with a very thin layer of corrosion product
build up on the surface, as confirmed by an EDS analysis on these particles. The region next to the
attack is high in Cu content, which is in consistency with the results from the HAZ-AS region of the alloy.

Stir Zone (SZ)

The various intervals for the in-situ immersion test of AA2060 T8E30 SZ are shown in Figure 6.15(a-
f). The exposed surface is seen in image a of the figure. The surface has a dense population of
dispersoids, which are seen as small dark spots. The larger particles here are the coarse constituent
particles in the matrix. Within 10 minutes of immersion in 0.1M NaCl solution, a corrosion ring is formed
on the surface. This corrosion ring has a radius of r = 98.05 um. Right below the corrosion ring, there
is a smaller attack zone which appears as a dark circle in Figure 6.15(b). The main attack site within
the corrosion ring is not seen until after 3 hours of immersion. This is located on the top edge of the
corrosion ring.

As the immersion is continued, it is observed that the corrosion ring and the attack site get darker
due to the accumulation of corrosion products on it. It is also seen that some of the regions of the ex-
posed area are more corroded than the other. This can be distinguished by the contrast of each region,
with the whiter regions less attacked than the darker regions. After 24 hours of immersion, 6.15(f), the
surface is almost completely covered with corrosion product which obstructs the view of the sample
surface.

The sample was desmutted and stuided under the SEM to obtain the images in Figure 6.16. From
this Figure, the differences in magnitude and type of attack on different regions of the exposed sample
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Figure 6.15: In-situ Immersion Test of AA2060 T8E30 SZ in a freshly prepared 0.1 M NaCl aqueous solution in ambient
environment: (a) Before immersion, (b) 30 mins immersion, (c) 1 hour immersion, (d) 2 hrs immersion, (e) 3 hrs immersion, (f)
After 24 hrs immersion.
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Figure 6.16: SEM images of exposed area of In-situ immersion test sample for AA2060 T8E30 SZ (a) Entire exposed region,
(b) Attack site.

is observed. The top region (outside the corrosion ring) and the bottom region have a uniform surface
with coarse particles still embedded to the surface. There are few pits and cavities seen here. The
central region, on the other hand, is completely covered with small pits on the surface. Here, the coarse
particles have trenches around them due to the galvanic activity between them and the alloy matrix.

The edges of the corrosion ring still have traces of corrosion product on them. The main attack re-
gion within this ring has 2 sites of attack located next to each other. The size of these sites are 6571.97
um? and 1476.04 um? in area. The rest of the area within the corrosion ring is protected by any type
of attack and remains unchanged.

6.3.3. Thermo-mechanically Affected Zone (TMAZ)

The TMAZ zones of the weld region are quite small and narrow in width which does not allow for them
to be isolated from the other zones. Due to this, a part of the TMAZ regions of both the alloys are
exposed simultaneously in the in-situ immersion tests that follow. The exposed region has a diameter
of d = 0.5 mm with the AA2060 T8E30 alloy located on the top and the AA2099 T83 alloy on the bottom.
This immersion test was carried out for both the advancing and retreating side TMAZ regions.
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Figure 6.17: In-situ Immersion Test of TMAZ-RS in a freshly prepared 0.1 M NaCl aqueous solution in ambient environment:
(a) Before immersion, (b) 1 hour immersion, (c) 1 hr 30 mins immersion, (d) 2 hrs immersion, (e) 2 hrs 30 mins immersion, (f) 3
hrs immersion.

The various intervals of the in-situ immersion test of the TMAZ-RS are shown in Figure 6.17. The
exposed region is seen in Image (a) with the AA2060 T8E30 alloy on the top and the AA2099 T83 alloy
at the bottom. They can be clearly distinguished from each other by the grain size, shape and orien-
tation. These 2 alloys are separated by a gap of 2.3 um. Large coarse constituent particles are seen
located on the surface of both the alloys. Within 10 minutes of immersion, a corrosion ring is formed
with a radius of r = 88.90 um. In Figure 6.17(b) it is observed that this corrosion ring spans mostly the
AA2099 T83 alloy and just a part of the AA2060 T8E30 alloy.

As immersion continues, both the alloys undergo different types of attack. On the AA2060 T8E30
alloy the grains are selectively attacked. These attacked grains can be seen as the darker grains in
Figure 6.17(c-e). The type of attack on the AA2099 T83 alloy is intergranular, which is seen in images
d and e. The main attack site is revealed in Figure 6.17(e) by the darkened region within the corrosion
ring.

Pits are formed in both alloys but are different in size and distribution. In the AA2060 T8E30 alloy,
the density of pit distribution is large but these pits are quite small. On the other hand, in the AA2099
T83 alloy the pits are large and at the sites of coarse particles. However, there are very few of these
large pits on the surface of the AA2099 T83 alloy, as is observed in Figure 6.17(f).

The exposed region was desmutted in 30 % HN 05 solution to remove the corrosion products on the
surface and give a clear view of the corroded TMAZ RS region of both the alloys. The sample was then
studied under SEM to obtain the images in Figure 6.18. Image a) shows the entire exposed region that
was tested with the AA2060 T8E30 alloy on the top and the AA2099 T83 alloy at the bottom. There are
still corrosion products attached to the surface edges and at the interface between the 2 alloys. The
important features of this image are magnified and shown in images (b-d).

Figure 6.17(b) shows the largest attack site located within the corrosion ring on the side of AA2099
T83 alloy. This attack size has a total area of 11636.76 um?. There is a heavy build-up of corrosion
products within the attack site. This was confirmed by an EDS scan of the region which indicated that
they were indeed oxide products. The regions next to the main attack site were revealed to have a very
high Cu concentration ranging between 11 % -18%. On the outer side of the corrosion ring, numerous
pits were formed all along the edge.
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Figure 6.18: SEM images of exposed area of In-situ immersion test sample for TMAZ-RS (a) Entire exposed region after
de-smutting, (b) Attack site (c) Cu deposits on surface, (d) Attack site.

The surface of the corroded AA2060 T8E30 TMAZ-RS region is seen in Figure 6.17 (c). The sur-
face has a uniform texture with bright clusters of particles distributed on the surface. This suggests
that the alloy undergoes uniform corrosion here. The bright clusters of particles were found to be Cu
deposits by performing an EDS scan on the particles. These clusters were revealed to have extremely
high Cu content with as much as 83.68 % concentration of Cu. These types of clusters are found in
the AA2099 T83 alloy as well (Figure 6.17(d)). The interface gap is completely blocked with corrosion
products, indicating that an attack has occurred within this gap.

Figure 6.17(d) shows the surface of the AA2099 T83 TMAZ-RS region outside of the corrosion ring.
Almost the entire surface is affected by intergranular/ inter-subgranular attack. A small attack site is
located in this region with an area of 192.04 um?. Cu deposits were located on the edges of the ex-
posed region, as mentioned earlier. It is clear that the TMAZ-RS of both the alloys undergo different
types of corrosion attacks and reveal different surface features that will be studied and discussed in
the sections to follow.

TMAZ-AS

The TMAZ-AS regions of the AA2060 T8E30 alloy and the AA2099 T83 alloy were tested in an in-situ
immersion test with the electrolyte as 0.1M NaCl solution. Figure 6.19(a-f) show the various intervals
of the immersion test with the AA2060 T8E30 alloy on the top and the AA2099 T83 alloy at the bottom.
Within a few minutes of immersion there is hydrogen gas evolution from the AA2099 T83 side, which
later is the site for the main attack. In the AA2060 T8E30 side, there is a formation of a dark layer which
is the build-up of corrosion products. This layer shows similarities to a corrosion ring but is not definitive.

On the AA2060 T8E30 TMAZ-AS, the initiation of pits is observed in Figure 6.19(b). However, a lot
of these pits are terminated within 2 hours of immersion. The presence of pits on the AA2099 T83 side
cannot be confirmed at this point, since there are no indications on the sites of coarse particles or at
the surface of the matrix. After 24 hours of immersion, most of the upper side is covered with corrosion
products and the main attack site is now apparent.

Since the in-situ images did not reveal much about the corrosion attack of the TMAZ-AS zone, the
sample was desmutted and studied under SEM. Figure 6.20 shows the SEM images of the TMAZ-AS
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Figure 6.19: In-situ Immersion Test of TMAZ-AS in a freshly prepared 0.1 M NaCl aqueous solution in ambient environment:
(a) Before immersion, (b) 30 mins immersion immersion, (c) 1 hour immersion, (d) 2 hrs immersion, (e) 3 hrs immersion, (f)
After 24 hrs immersion.
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Figure 6.20: SEM images of exposed area of In-situ immersion test sample for AA2060 T8E30 BM (a) Entire exposed region
after de-smutting, (b) Large pits on surface (c) Main attack site, (d) Crevice corrosion.

of both the alloys. Figure 6.20(a) shows the exposed region which was tested under in-situ immersion
test. From this image, it is observed that most of the surface is protected from corrosive attack. This
could imply that the dark layer was indeed a corrosion ring with an attack site in the middle and pro-
tected region all around it. The important features of this sample are magnified and shown in images
(b-d).
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Figure 6.20(b) shows the AA2060 T8E30 TMAZ-AS side of the sample. Here, the sample was in-
deed attacked at the region which was covered by the dark layer of corrosion products. On the inner
edge of this layer, there are large pits on the surface of this alloy. The region surrounding these pits
have a slightly higher Cu content with traces of Mg in them. The location and geometry of these pits
are similar to those found on the edge of the corrosion ring in other zones of the AA2060 T8E30 alloy.

The main attack site is located in the AA2099 T83 TMAZ-AS and is seen in Figure 6.20(c). This
is clearly an intergranular attack on the surface. An EDS scan revealed a slightly higher Cu content
(approximately 5 %) in this region along with Si.

Image (d) of Figure 6.20 shows the region outside the exposed area of the TMAZ-AS region. How-
ever, it is observed that this region has also been attacked near the interface and pits have formed
further away. These observations indicate that crevice corrosion has occurred here. During the im-
mersion test, the electrolytic solution escapes through the interface gap of the alloys and propagates
further into the weld joint sample. This leads to crevice corrosion in the sample.

6.4. Discussion

The in-situ immersion tests gives an insight into the corrosion behaviour of the weld zones in terms
of the type of corrosion attack, the local attack sites, and even the role of intermetallic particles in the
corrosion of these alloys. This can then be related to the microstructure and the electrochemical be-
haviour of the zones to give a complete overview of the localised corrosion behaviour of the alloys.

From these experiments, it is evident that the corrosion attack on the AA2099 T83 alloy starts im-
mediately as the chloride ions from the electrolyte come in contact with the surface of the weld zones,
with the formation of corrosion rings within the first 10 minutes. This was followed by H, gas evolu-
tion from the centre of the corrosion rings. The area from which the H, bubbles were released were
later identified as attack sites. This was also reported in the work of Donatus et. al [6] on the AA2198
alloy welded by FSW. Since the attack sites act as the anode, the entire remaining region within the
corrosion ring acts as the cathode and thus protecting itself from corrosive attack. For the SZ of this
alloy, the corrosion ring formed an hour after immersion indicating a slower attack due to the passive
behaviour of this zone, as observed in the previous chapter (Figures 5.2(d), 5.3(d)).

The darkening of the grain boundaries and sites of coarse particles during these immersion tests
indicated that there was localised attack on the intermetallic particles. The coarse constituent particle
sites get larger in area with increasing time of immersion. Under SEM analysis, it was found that there
were trenches formed around the coarse particles. This indicated that these Cu rich or Cu-Fe coarse
particles are more noble than the alloy matrix, thus causing them to act as cathodes and the alloy as
anode. This leads to the dissolution of the alloy matrix around the coarse particles. This was also
reported by Zhu et. al. [35] on their study of the AA2060-T8 alloy localised corrosion behaviour. In
some cases, the alloy matrix around a particle is attacked to such an extent that the coarse particles
are not attached to the matrix any longer. This leaves large pits/cavities on the surface of the matrix,
as observed in Figure 6.8.

The attack on the grain boundaries, which is seen by the darkening of these regions, is due to the
hardening precipitates present in the grain boundaries. The T; (Al,CuLi) precipitate, which is the dom-
inant phase found in this alloy [39], is highly active due to the presence of lithium in it [20]. Initially it
acts as an anode with respect to the matrix during which the lithium in it degrades over time. Once
this happens, the remaining elements in these particles are Al and Cu. The Cu content in this particle
then makes it cathodic to the matrix, thus corroding the matrix all around it. This is referred to as the
selective dissolution of the T; precipitate [30]. The BM and the HAZ regions exhibit severe intergranular
attack due to the attack on the T; precipitates.

Since the hardening precipitates are not found in the SZ, this behaviour is not observed in the re-
gion. The attack on the SZ of the AA2099 T83 alloy is dominated by pitting due to the presence of
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the Cu-rich coarse constituent particles which are distributed evenly on the surface and are less active
than the T, precipitates [6]. This causes a slower attack in the SZ region as compared to the BM or the
HAZ regions. Pits start to form all over the surface of this weld region. The re-passivation of some pits
is observed during the immersion test. This passivity was also observed in the anodic polarisation and
also in the LPR test of this weld region in the previous chapter. Once the passive layer breaks down
and the corrosion attack continues, the entire surface is covered in pits.

The corrosion attack on the AA2060 T8E30 alloy weld regions is quite similar to that of the AA2099
T83 alloy. A corrosion ring formed within the first 15 minutes of immersion followed by anodic H, gas
evolution from the centre of the corrosion ring. Large attack sites were later found at these regions. The
sites of the coarse constituent particles and grain boundaries darkened indicating attack on these parti-
cles. The main attack sites of the AA2060 T8E30 weld zones exhibited a much larger attack compared
to the ones seen in the AA2099 T83 alloy. However, the attack outside the corrosion ring was very
limited and controlled. Towards the end of the experiment, the surface of the sample was completely
covered in a thick layer of corrosion product build-up (Figure 6.16). These features suggested that the
mechanism of corrosion of the AA2060 T8E30 alloy was not exactly the same as that of the AA2099
T83 alloy even though they do have similarities.

The BM of the AA2060 T8E30 alloy was studied under SEM and an EDS analysis was performed
after the immersion test and desmutting. The coarse particles on the surface of the alloy were found
to be the S phase (Al,CuMg) particles. According to Zhu et. al. [35], the S phase particles are highly
active compared to the alloy matrix. Thus they act as local anodic sites initially. The mechanism of
attack on the S phase in this alloy is similar to that in the AA2024 alloy, as suggested by Wint. et al.
[73]. They proposed that since the particle is more active than the matrix, it is galvanically attacked
until all the Mg?* and AI3* ions are released from the particle. Once this happens, the remainder is
a porous Cu sponge at the site of the particle. These Cu particles along with the Cu?* ions are then
redistributed and re-plated on the surface of the alloy. This was observed under the SEM images of the
alloy, especially towards the edges of the exposed area in the experiment in Figure 6.10. This was also
the reason why a high Cu content was always observed in the regions surrounding the attack sites.
The dissolution of the S phase particles for the AA2060 alloy was also observed by Zhu et. al. [35].

The HAZ regions of the alloy exhibited intergranular corrosion in the main attack site within the
corrosion ring. This was confirmed under SEM analysis of the samples. The intergranular attack was
quite large ranging in size from 130 - 250 um in length. The attack was due to the dissolution of the
T, phase hardening precipitates located in the grain boundaries [39]. However, the entire exposed
area outside the corrosion ring presented a very uniform surface with few pits on it. From the images
of the in-situ test, it was observed that this region is also attacked but this is a very slow process. It
was also seen that the attack starts in selected grains and is later propagated to the other grains on
the surface. This is referred to as the selective dissolution of the strain deformed grains on this alloy
[74]. The grains which are more deformed are more active compared to the less deformed grains. This
causes the corrosion attack on these grains to occur first. Once these grains are completely attacked,
the remaining grains are then attacked. This results in a thick build up of corrosion products on the
surface. When the corrosion products are removed from the surface by desmutting, an entire layer of
corroded grains is removed thus showing a uniform surface with few pits on it (Figure 6.12).

The AA2060 T8E30 SZ has a similar corrosion mechanism to that of the AA2099 T83 SZ. The re-
gion outside the corrosion ring is dominated by pitting corrosion, however this is not observed on the
entire surface. This is attributed to the difference in alloying elements found in different regions of the
SZ. In this region there is a mixture of both the alloys due to the FSW process. Due to this, certain
regions with immense pitting were observed, as seen in the SZ of the AA2099 T83 alloy (Figure 6.16),
and in certain regions the surface was uniform with small spots of Cu deposits as seen in the other weld
zones of the AA2060 T8E30 alloy. This could also possibly be the reason why 2 corrosion potentials
were observed for the AA2060 T8E30 SZ in Figure 5.3.

The galvanic effect between the 2 alloys were tested in the TMAZ regions of the weld sample. In
the RS side of the TMAZ region the attack was more pronounced. A corrosion ring was formed partly
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in both the alloys with the large attack side on the AA2099 T83 alloy side. Outside the corrosion ring,
intergranular corrosion was observed in this alloy. For the AA2060 T8E30 alloy, the dissolution of the
S phase particles were observed with Cu deposits on the surface. This attack was followed by the
dissolution of the grains as seen earlier. The crevice between the 2 alloys, with a width of 2.3 um, also
induced crevice corrosion here although this was quite limited in the RS side.

The AS side of TMAZ region also exhibited intergranular attack on the AA2099 T83 side. On the
AA2060 T8E30 side, large pits were observed on the edge of the corrosion ring. However, in this region
the crevice attack took over as the dominant type of attack thus protecting the remainder of the exposed
area. This attack continued outside the exposed area on either sides of the crevice, since there was
a pathway for the electrolyte through the crevice. These experiments indicated that the galvanic ef-
fect between the 2 alloys is not severe due to the similarities of the microstructure and its features,
thus giving rise to similar electrochemical behaviour in both the alloys. This was also observed in
the open circuit potential values of the alloys in the previous chapter (Figure 5.1), which presented that
the potentials of both the alloys are quite similar to each other (within a range of 10 - 20 mV vs Ag/AgCl).

6.5. Conclusion

The corrosion behaviour and type of corrosion attack on the AA2099 T83 and AA2060 T8E30 alloys
and their respective weld zones were investigated in this chapter. The attack on the BM and HAZ re-
gions of both alloys initiated as soon as the immersion started with the formation of a corrosion ring and
hydrogen evolution. The sites of hydrogen evolution were later identified as attack sites. Intergranular
corrosion was observed in these regions due to the attack on the T; precipitates located on the grain
boundaries which caused pitting in these sites. Trenches, cavities, and pits were observed at the sites
of the coarse particles suggesting galvanic activity between the coarse particles and the alloy matrix.
The attack on the SZ regions was suggested to be caused by the activity of the coarse constituent
particles since there were no hardening precipitates in this region, which resulted in a slower attack
than the other regions.

The AA2060 T8E30 alloy weld regions also exhibited an attack by the selective dissolution of de-
formed grains. It was suggested that this occurred due to the strain induced by strengthening meth-
ods which resulted in a uniform surface outside the corrosion ring after desmutting the sample. Cu
platelets were observed on the surface of this alloy after desmutting. It was proposed that these
platelets/particles were related to the dissolution of the S phase (Al,CuMg) particles. These parti-
cles when corroded, left a porous Cu deposit in the pit which was then re-plated on the surface of the
alloy. The SZ of the AA2060 T8E30 exhibited pitting attack in certain regions and selective dissolution
of grains in other regions. It was proposed that this occurred due to the alloying elements of both the
AA2099 T83 and the AA2060 T8E30 alloys in this region.

It was observed that when the TMAZ regions were tested in a couple, a localised corrosion attack
occurred in both alloys. The AA2099 T83 alloy exhibited pitting and intergranular attack whereas the
AA2060 T8E30 alloy exhibited selective dissolution of grains and the dissolution of S phase particles
resulting in Cu deposits on the surface. Thus, it was suggested that the galvanic effect between the
2 alloys was not too severe causing a particular alloy to be more corroded than the other. Crevice
corrosion was also observed in the interface between the 2 alloys resulting in a deeper attack within
the alloys.



Effect of Anodising and Sol-gel coating
on the FSW alloy

7.1. Introduction

Anodising has been know to increase the corrosion resistance of aluminium alloys and is used widely
in the aerospace industry for protection against corrosion [3]. On the other hand, the role of sol-gel
coatings are to provide good adhesion between the metal and paint [75]. Hence, the sol-gel coatings
themselves are not sufficient protection for the aluminium alloys. In this chapter, the effect of anodising
and sol-gel coating on the electrochemical behaviour of the welded alloys are evaluated by electro-
chemical methods. This determines their advantages over the as-received samples and how well they
protect the alloys from corrosion.

7.2. Materials and Experimental Methods

The samples used were obtained from the anodised welded sample and the sol-gel coated welded
sample of the Z-shaped extrusion of AA2099-T83 and cold rolled sheet of AA2060-T8E30 provided by
Arconic. The sample preparation and experimental details of the tests conducted are given in chapter
3. All the chemicals used were of analytical grade and provided by Sigma-Aldrich Chemical Company.
The electrochemical tests were conducted in a freshly prepared 0.1M NaCl aqueous solution of near
neutral pH in ambient environment.

7.3. Results

7.3.1. Effect of Anodising

Thickness of Anodised Layer

The anodised layer thickness of both the AA2099 T83 and AA2060 T8E30 alloys were measured and
are given in Table 7.1 with the thickness profile plotted in Figure 7.1. An inverted V-shaped trend was
observed for both the alloys with the highest values at the SZ.

The BM of the AA2099 T83 alloy has an anodised layer of thickness t = 2.49 £ 0.08 um. As the
centre of the weld region is approached, the thickness keeps increasing by 0.1 - 0.15 um in each zone,
until the SZ where there is a sudden increase in the thickness of the anodised layer, t = 3.34 + 0.26
um. This is a 33.8% increase in thickness as compared to the BM of this alloy.

For the AA2060 T8E30 alloy, again the BM has the lowest value with thickness t = 2.49 + 0.08 um.
This is similar to the thickness of the BM of AA2099 T83 alloy. The HAZ regions have a slightly thicker
anodised layer than the BM. It is important to note that in this alloy, the TMAZ zone is not visible on the
surface since it engulfs the nugget zone and is situated on the inner region of the alloy. The SZ has
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Table 7.1: Thickness of anodised layer at the weld zones of the AA2060 T8E30 and AA2099 T83 alloys.

Alloy Weld Zone | Thickness (um)
BM 249 +0.08
HAZ AS 2.95+0.16
AA2060 T8E30 57 3345015
HAZ RS 2.98 £0.09
BM 250+0.22

HAZ AS 2.59+0.10
TMAZ AS 2.88 +0.08

AA2099 T83 Sz 3.34+0.26
TMAZ RS 2.67+0.14
HAZ RS 2.63+0.10
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Figure 7.1: Anodised layer thickness at the weld zones of the AA2099 T83 and AA2060 T8E30 alloys.

the thickest anodised layer in this alloy. Its thickness, t = 3.34 £ 0.15 um, is again a 33.8% increase
compared to the BM of the alloy.

Effect on Mechanical Properties - Micro-hardness

The micro-hardness of the anodised alloys BM was measured using a Streurs Vickers micro-hardness
testing machine and are given in the Table 7.2. The values of the as-received alloys BM are also shown
here for comparison. It was observed that the anodised sample BM clearly has a higher micro-hardness
value compared to the as-received sample. For the AA2099 T83 alloy, the increase in hardness is quite
considerable with a 56.82 % increase, whereas the increase in the AA2060 T8E30 BM is very less with
just a 1.32 % increase. The micro-hardness of the SZ of anodised sample could not be measured due
to the inadequate resolution of the Micro-hardness testing machine.

Table 7.2: Micro-hardness values of anodised sample and as-received sample base metals of the AA2099 T83 & AA2060
T8E30 alloys.

Micro-hardness (0.5HV)

Alloy As-received sample | Anodised sample
AA2099 T83 122 +2.33 191.33 £ 0.67
AA2060 T8E30 177 £ 1.53 179.33 £ 2.19
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Potentiodynamic Polarisation of Anodised samples
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Figure 7.2: Potentiodynamic polarisation curves for the anodised samples in a 0.1 M aqueous NaCl solution in an ambient
environment: (a) AA2099 T83 BM, (b) AA2060 T8E30 BM, and (c) SZ of the anodised sample.

The potentiodynamic polarisation curves for the anodised sample regions in 0.1 M aqueous NaCl
solution in an ambient environment are given in the Figure 7.2. The values for the corresponding corro-
sion current density and the corrosion potentials were determined by Tafel extrapolation and are given
in the Table 7.3. The corrosion potential of the SZ is clearly much more negative than that of the 2
base metals indicating its higher tendency for corrosion. The corrosion current density of the SZ is also
very high suggesting the high rate of corrosion in this zone. In regards to the base metals, the AA2060
T8E30 BM has a higher current density and a lower corrosion potential compared to the AA2099 T83
BM. Therefore the order of nobility of the anodised samples from less noble to high noble is: SZ <
AA2060 T8E30 BM < AA2099 T83 BM.

Table 7.3: Corrosion potential (E;,.+) and corrosion current density (I.,.) of the anodised sample AA2099 T83 BM, AA2060
T8E30 BM, and SZ from potentiodynamic polarisation in 0.1 M aqueous NaCl solution in ambient environment.

Samples E.orr (MV) vs Ag/AgCI Lorr (UA/cm?)
AA2099 T83 BM -419.74 + 31.329 0.000122 + 0.00003
AA2060 T8E30 BM -496.30 £ 62.177 0.009378 + 0.00882
SZ -704.61 0.068

From the Figure 7.2, it is observed that there is passive behaviour in all 3 tested samples. The
anodised AA2099 T83 BM shows a passive behaviour till a pitting potential of -95 mV vs Ag/AgCl, after
which there is a huge surge in the current density indicating pitting corrosion. The anodised AA2060
T8E30 BM presents a more effective passive layer compared to the AA2099 T83 BM. This is indicated
by the anodic branch of the potentiodynamic polarisation curve in Figure 7.2(b). The pitting potential
of this sample was found to be 255 mV vs Ag/AgCl, thus suggesting that this sample is more resistant
to pitting. The SZ of the anodised sample has a pitting potential of -173 mV vs Ag/AgCI. This is the
lowest compared to the other anodised samples, suggesting that this region is the most prone to pitting
corrosion.

The 3 tested samples have limited current density due to oxygen diffusion. However, the SZ has a
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more pronounced effect as observed by the decreasing slope of the cathodic branch of the SZ in Figure
7.2(c). For the base metals of the anodised samples, the slope is more inclined, hence suggesting that
this effect is not as much in the SZ.

The rate of corrosion in the anodised sample is in the order: AA2099 T83 BM < AA2060 T8E30 BM
< 8Z, where SZ has the highest rate of corrosion, indicating that this region is the most vulnerable zone
of the 3 in this sample.

7.3.2. Effect of Sol-gel coating on the surface

LPR Measurements of Sol-gel coated samples

The linear polarisation resistance graphs for both the base metals and the SZ of the sol-gel sample
in 0.1 M aqueous NaCl solution in an ambient environment are given in Figure 7.3. From this figure,
it is observed that the resistivity of the SZ is highest during the overall experiment of 24 hours. The
AA2060 T8E30 BM has a slightly less resistivity compared to the SZ. The AA2099 T83 BM has the
least resistivity amongst the 3 samples tested.

(a) Sol-gel treated AA2099 T83 BM (b) Sol-gel treated AA2060 TEE30 BM
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Figure 7.3: LPR measurement as a function of time over 24 hours of total experiment time in 0.1 M aqueous NaCl solution in
ambient environment of the Sol-gel samples: (a) AA2099 T83 BM, (b) AA2060 T8E30 BM , (c) SZ

The trend for the resistivity is different for each sample. The sol-gel treated AA2099 T83 BM has an
increasing trend in resistivity throughout the 24 hours of total experimental time. The initial resistivity
of this zone is Rp = 27.89 KQ.cm?, and the resistivity at 24 hours reaches a value of Rp = 48 KQ.cm?,
which is almost twice of the initial value. For the AA2060 T8E30 BM, the initial resistivity is Rp = 66.91
KQ.cm?. An initial decrease is observed till 6 hours of immersion, after which a gradual increase is
seen for 10 hours suggesting the formation of a passive layer. This is followed by a sudden decrease
in resistivity for 3 hours and then again an increase till the end of the experiment where the resistivity
at 24 hours is 67.86 KQ.cm?.

The resistivity graph of the SZ of the sol-gel sample is presented in Figure 7.3(c). Unlike the base
metals, this region has a decreasing trend of resistivity. At 1 hour of immersion, the resistivity recorded
is Rp = 42.21 KQ.cm?, after which an initial increasing trend was observed till 4 hours (60 KQ.cm?).
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Here onwards the resistivity of the SZ gradually decreases over time. It is important to note that al-
though there is a decrease, the final resistivity at 24 hours is Rp = 51 KQ.cm?.

7.4. Discussion

7.4.1. Effect of Anodising

Anodizing the FSW sample resulted in the formation of different thickness of the anodised layer on the
individual weld zones, as observed in Figure 7.1 and Table 7.1. This result was also observed in var-
ious literature sources [3, 76, 77]. However, the trend of anodised layer thickness in these sources is
not consistent. In the FSW sample of AA5083 and AA6082 [76], it was observed that both alloys have
different thickness of the anodised layer in both the base materials, which was due to the variations of
alloying compositions of both the alloys. In the joining of AA2198 alloy by FSW [3], it was observed that
the SZ had the thickest anodized layer, which was attributed to the higher content of Li in solid solution
due to dissolution of the T; precipitates during FSW.

For the base metals of the AA2099 T83 and AA2060 T8E30 alloys, similar thickness of the an-
odised layer was observed with an increasing trend towards the centre of the weld. Thus the SZ had
the thickest anodised layer. This is similar to the case of the AA2198 alloy [3], indicating that the high
Li content in solid solution was the reason for this phenomenon. It was suggested that higher the Li
content in solid solution, the higher the oxidation rate of the region during anodizing [3]. The dissolution
of T; precipitates is higher in the SZ, followed by the TMAZ, the HAZ, and no dissolution in the BM.
Therefore, the trend in thickness of the anodised layer is directly proportional to the dissolution of the
T, phase during the friction stir welding process.

The micro-hardness of the anodised sample SZ was found to be the highest in the work of Donatus
et. al. [3] on the AA2198 alloy. They suggested that the porous oxide formed on the SZ had the short-
est inter-pore distance and/or the thickest cell walls of the pores. This caused the porous oxide layer to
be brittle in this region, whereas it was increasingly ductile in the other regions. Therefore, the trend of
micro-hardness observed in the anodised sample was increasing from BM to SZ for the AA2198 alloy

[3].

An increase in micro-hardness was observed in the anodised AA2099 T83 and AA2060 T8E30
alloys base metals, as seen in Table 7.2. However, the micro-hardness of the SZ could not be deter-
mined due to the concentric "onion” rings formed on the surface of the SZ during FSW. The indentation
formed by the micro-hardness testing machine in the SZ could not be observed with the microscopic
lens due to the uneven topography of the surface of this zone.

The potentiodynamic polarisation tests of the anodised samples revealed that anodising does in
fact protect the alloys from corrosion attack. The corrosion current density of these samples (Table
7.3) were much less than that of the as-received samples, indicating a lower corrosion rate. The SZ
exhibited the highest current density among the 3 tested samples, however this was still 4 times less
than that of the as-received sample SZ. A distinct passive region is observed for both the alloy base
metals as well as the SZ. The pitting potentials of these samples are also much higher than the as-
received sample thus indicating that anodising the surface of these alloys play an important role in
protection against localised corrosion. This result was also observed for the AA2198 alloy by Donatus
et. al. [3].

7.4.2. Effect of Sol-gel coating on the surface

The resistivity of the sol-gel coating on the surface of the alloys was observed to be much more than
that of the as-received alloys sample. In fact, an increasing trend in resistivity in the base metals was
found in the sol-gel coated sample. This was attributed to the renewal ability of the sol-gel coating
[75]. In the work of Yang et.al [78] on the sol-gel coating of AA2024 alloy, it was observed that as the
immersion tests starts, initial pitting is observed. However, after some time most pits slow down or stop
propagating entirely due to the formation of a mixed (aluminium-silicon) oxide insoluble layer, which
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blocks pores and defects in the sol-gel coating [78].

The AA2099 T83 alloy BM, being the more active alloy, exhibits a low resistivity compared to the
AA2060 T8E30 BM. Even though the AA2060 T8E30 BM presented a higher resistivity, a decrease in
resistivity was observed at 5 hours and 18 hours into immersion. This was attributed to the corrosion
attacks on different regions of the surface of the alloy due to ageing parameters. Urushino et. al. [72]
found that pitting occurred at different intervals for the grains and the grain boundaries in the AA2024
alloy which had undergone ageing thus exhibiting a selective pitting attack along the grain boundaries.

The SZ of the sol-gel coated sample too had a sudden increase in resistivity after 2 hours of im-
mersion, as seen in Figure 7.3, however the pit density in this zone is very high (Figure 6.7 and 6.8).
Therefore after an initial increase in resistivity, a slow decreasing in resistivity was observed for the SZ
of the sol-gel coated sample as the propagation of pits occurred at a much faster rate than the rate of
the sol-gel coating renewal. Overall, the sol-gel coating presented a higher resistivity for the alloys by
a factor of approximately 5 times that of the as-received sample, thus indicating that the sol-gel coating
does protect the alloy surface from localised corrosion attacks.

7.5. Conclusion

The effect of anodising the surface of the FSW alloy was investigated. It was observed that the micro-
hardness of the base materials had increased due to the formation of the anodised oxide layer. A
reduction in current density was observed for the AA2099 T83 BM, AA2060 T8E30 BM, and the SZ of
the anodised sample. The SZ exhibited a higher corrosion current density suggesting a higher corro-
sion rate than the base metals of the alloys. A distinct and effective passive region was also observed
for all 3 samples, suggesting that the anodised layer was effective in protecting the surface of the alloys
from immediate localised corrosion.

The effect of sol-gel coating on the FSW alloy was also evaluated. Overall, the sol-gel coated sam-
ples exhibited a much higher resistivity compared to the as-received sample. It was found that the initial
resistivity was low due to immediate pitting on the surface. However, an increase in resistivity was ob-
served after some time. It was suggested that this occurred due to the self-healing or renewal ability of
the sol-gel coating which caused the pits to slow down or stop altogether. Therefore, the sol-gel coating
on the sample did enhance the corrosion protection of the FSW AA2099 T83 and AA2060 T8E30 alloys.



Conclusion

In the current project, the localised corrosion behaviour of the friction stir welded AA2099 T83 and
AA2060 T8E30 alloy has been studied. The correlation between the microstructure of the weld zones
and the corrosion behaviour was determined. The effect of anodising and sol-gel coating of the surface
of the alloys on the electrochemical behaviour of the sample was also investigated.

The microstructural characterisation of the AA2099 T83 and AA2060 T8E30 alloys revealed that
the production methods used - extrusion for the AA2099 T83 alloy and cold rolling for the AA2060
T8E30 alloy, had resulted in different microstructures in both the alloys. The AA2099 T83 had small
grains due to recrystallisation during extrusion, whereas the AA2060 T8E30 had large, elongated, and
layered grains due to cold rolling. Large Al-Cu-Fe-Mn intermetallic particles were found on the matrix
of both alloys. S (Al,CuMg) phase particles were also observed in the AA2060 T8E30 alloy matrix.
Large dispersoids were observed on the matrix of both alloys. The smaller hardening precipitates were
mostly observed on the grain boundaries but also on the matrix of the alloy.

The effect of friction stir welding on the microstructure of the weld zones was investigated for both al-
loys. It was observed that the SZ regions had undergone dynamic recrystallisation to obtain fine grains.
A decreasing trend in average grain area was observed towards the weld centre for both alloys. The
were no hardening precipitates observed in the SZ regions due to the dissolution of these particles
during the FSW process. A lower distribution density of hardening precipitates was also observed in
the HAZ and TMAZ regions. It was also found that the coarse constituent particles were fragmented in
the weld regions due to their breakdown during FSW. The lower distribution of hardening precipitates in
the weld regions resulted in a decrease in the micro-hardness of these regions towards the weld cen-
tre. The lowest micro-hardness values were recorded for the HAZ/TMAZ interface. It was proposed
that this occurred due to the dissolution of the T; precipitates and the coarsening of grains in the HAZ
regions.

The electrochemical behaviour and kinetics of corrosion of the AA2099 T83 and AA2060 T8E30 al-
loys weld regions were investigated using electrochemical methods. The AA2099 T83 alloy was found
to be the more electrochemically active alloy. The nobility of the weld zones of the AA2099 T83 alloy
was in the order: SZ > HAZ RS > BM > HAZ AS, and that of the AA2060 T8E30 alloy was in the order:
HAZ AS > SZ > BM > HAZ RS. The corrosion rates were determined by the potentiodynamic polarisa-
tion tests. For the AA2099 T83 weld zones, the corrosion rate follows the order: HAZ RS < HAZ AS
= SZ <BM, and for the AA2060 T8E30 alloy: SZ < BM < HAZ AS < HAZ RS, from lowest to highest
corrosion rates. A distinct passivity was observed for the SZ of both alloys. It was proposed that due to
the absence of the T; precipitates, the SZ regions of the alloys were the least prone to corrosion attack.

The localised corrosion attack on the AA2099 T83 and AA2060 T8E30 alloys and their respective
weld zones was determined by the immersion tests in a chloride environment. It was observed that the
attack on the BM and HAZ regions of both alloys initiated as soon as the immersion started with the
formation of a corrosion ring and hydrogen evolution from the centre of the corrosion ring, which were
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later identified as attack sites. Intergranular corrosion was observed in these regions due to the attack
on the T, precipitates located on the grain boundaries which caused pitting in the grain boundaries.
Trenches, cavities, and pits were observed at the sites of the coarse particles due to galvanic activity
between the coarse particles and the alloy matrix which caused either partial or complete dissolution
of the coarse particles. The attack on the SZ regions was suggested to be caused by the activity of the
coarse constituent particles since there were no hardening precipitates in this region, which resulted in
a slower attack than the other regions.

The AA2060 T8E30 alloy weld regions exhibited an attack caused by the selective dissolution of
deformed grains. It was suggested that this occurred due to the strain induced by strengthening meth-
ods which resulted in a uniform surface outside the corrosion ring after desmutting the sample. Cu
platelets were observed on the surface of this alloy after desmutting due to the dissolution of the S
phase (Al,CuMg) particles. These particles when corroded, left a porous Cu deposit in the pit which
was then re-plated on the surface of the alloy. The SZ of the AA2060 T8E30 exhibited pitting attack in
certain regions and selective dissolution of grains in other regions. It was proposed that this occurred
due to the alloying elements of both the AA2099 T83 and the AA2060 T8E30 alloys in this region.

Lastly, the effect of anodising the surface of the FSW alloy and sol-gel coating on the alloy were
investigated. From the potentiodynamic polarisation tests, a reduction in current density was observed
for the base metals and the SZ of the anodised sample. A distinct and effective passive region was also
observed for all 3 samples, indicating that the anodised layer was effective in protecting the surface of
the alloys from corrosion attack. It was observed that the SZ exhibited the highest corrosion current
density among the 3 samples suggesting a higher corrosion rate than the base metals of the alloys.
The effect of sol-gel coating on the FSW alloy was also evaluated. It was found that the initial resistivity
was low due to immediate pitting on the surface. However, an increase in resistivity was observed
after a few hours of immersion. It was suggested that this occurred due to the renewal ability of the
sol-gel coating which caused the pits to slow down or stop altogether. It was revealed that the sol-gel
coated samples exhibited a much higher resistivity compared to the as-received sample. Therefore,
the sol-gel coating on the sample did enhance the corrosion protection of the FSW AA2099 T83 and
AA2060 T8E30 alloys.

The project was completed to the maximum possible standards given the equipment and time frame.
However, due to limitations of the equipment, certain important factors could not be determined. The
smaller microstructural characteristics of the alloys could not be determined due to insufficient resolution
of the SEM and the inability of EDS to detect Li. This did not allow an investigation into the composition
of the smaller hardening precipitates which are found to be the dominant sites of localised corrosion
attack. Additionally the TMAZ weld regions of the alloys could not be investigated fully due to the
narrow widths of this region. The potentiodynamic polarisation tests did not reveal the corrosion current
densities of the base metals due to the extremely quick rate of corrosion on the surface of the alloys.
It was also found that the heat disspiation during FSW caused over-ageing in the base metals of the
alloys resulting in a change in the micro-hardness. Therefore, future work may be done to investigate
the role of the hardening precipitates, such as the T; phase, in the localised corrosion behaviour of
the weld zones of FSW Al-Li alloy. This approach would give a complete overview to the localised
corrosion behaviour of the Al-Li alloys.
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