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ABSTRACT

In this study, the behaviour of the micrometric particles of the AA2198-T8 alloy during anodising at
various voltages and the effect of anodising voltage on the anodised surface morphology have been
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investigated in a tartaric-sulfuric acid anodising solution. The results were compared with that of the

AA2024-T3 alloy. For the AA2198-T8 alloy, partial dissolution of these particles occurred at 0, 3 and
4. Besides, for potentials above 5V, there is a preferential dissolution of the intermetallic
particles. For the AA2024-T3 alloy, the results indicated a total dissolution of the micrometric

KEYWORDS
Al alloys; anodising; TSA;
intermetallic particles

particles at 0V and a partial dissolution at 3V, whereas above 4V total dissolution occurred.
Between 1 and 2V, no dissolution was observed for both alloys. The preferential dissolution of the
micrometric particles resulted in defects in the anodic film and cavities on the anodised surfaces.
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Introduction

Aluminium alloys of the 2XXX series are important for aero-
space applications due to their high specific strengths [1,2].
The new generation of Cu-containing Al alloys, such as the
Al-Cu-Li ones, are being produced for the improvement of
specific strength requirements [3-6]. These alloys have
been considered as potential substitutes for conventional
Al-Cu-Mg alloys, such as AA2024. According to Chen
et al. [7], the C919 aircraft developed by Chinese state-
owned COMAC has 15.5% of its structures made of Al-
Cu-Li alloys allowing 7% of the structure weight reduction.
They also stand out in that the annual demand for Al-Cu-
Li alloys in China over the next decade is estimated to be
more than 1500 t and that these alloys will gradually become
the primary choice for the new generation of commercial air-
craft structures [8-10]. However, these alloys have hetero-
geneous microstructures due to the intermetallic particles
that are formed during solidification and thermomechanical
treatment processes [11]. This heterogeneity has been related
to the high susceptibility of these alloys to localised corrosion
as a result of galvanic cells forming between different phases
and the matrix [6,12-17].

In the last years, many works were carried out in order to
understand the corrosion mechanism and the corrosion

resistance of the AA2024 alloy [18-28,12] and also of the
Al-Cu-Li alloys [4,11,29-37]. Recently, some researchers
reported the effect of microstructure on the corrosion
initiation in Al-Cu and Al-Cu-Li alloys [38-54]. All these
works demonstrated the higher susceptibility of these alloys
to localised corrosion and the need for corrosion protection.

An efficient method used industrially to avoid localised
corrosion is chromic acid anodising. This process consists
in favouring oxide layer growth on the aluminium substrate
in a chromic acid solution through the application of electric
potentials. However, this method is not environmentally
friendly due to the highly toxic chromium VI ions residues
generated, which remains partially in the oxide layer after
the anodising process [55-58]. Thus, anodising methods in
mixed electrolytes, such as the tartaric-sulfuric acid anodis-
ing are currently being considered as substitutes for chromic
acid anodising [59-61].

Besides the effect on corrosion propagation, the presence
of coarse intermetallic particles significantly affects the ano-
dising response of aluminium alloys. Additionally, the
behaviour of particles during anodising is far from being
fully understood. Over the years, some research works
have been carried out on this subject. For example, Zahavi
et al. [62], Iglesias-Rubianes et al. [63], Curione et al. [64],
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Table 1. The behaviour of the coarse IMPs presents in alloys from the 2XXX series during the anodising process.

Alloy Phase Electrolyte Behaviour during the anodisation Ref.
Al-Cu alloys
AA2024  Al-Cu-Mg Sulfuric acid Partial dissolution, partial oxidation. [62]
Cu behaviour Ammonium The generation of gaseous oxygen was associated with the incorporation of Cu species  [63]
pentaborate into the anodic film
Al-Cu-Mg Sulfuric acid Selective dissolution during anodising [64]
Al,MgCu The phases started to oxidise at 0, 1.8 and 2 V SCE, respectively. [65]
Al,Cu
Al-Cu-Mg The phases containing Mg were easily oxidised compared to the second phases [66]
Al-Cu-Fe-Mn-Si containing only Al, and Cu and/or Fe
Al,Cu
S'- Al,CuMg Particles oxidised preferentially above 0 V [67]
AA2017  AlCu Al,CuMg particles exhibited anodic electrochemical behaviour concerning the matrix; [68,
Al,CuMg Al,Cu, exhibited a cathodic electrochemical behaviour 69]
AA2011  Al-Cu-Fe Al-Cu-Fe particles were dissolved in the electrolyte creating voids in the layer; Al-Cu-Bi [70]
Al-Cu-Bi and Al-Cu-Bi-Pb-Fe were occluded in the anodic film
Al-Cu-Bi-Pb-Fe
AA2014  Al,CuMg The dissolution of intermetallics during anodising induced the formation of cavities inthe  [71]
anodic layer
Al,Cu [73]
AA2618 Al,CuMg The anodised layer contains defects related to the size and composition of the [72]
intermetallic phases
Al-Cu-Li alloys
AA2050 Al-Cu-Fe-Mn Sulfuric acid Partial dissolution and embedment [74]
AA2099 Al-Fe-Mn-Cu Tartaric-Sulfuric Al-Fe-Mn-Cu particles with low-copper content were anodised at approximately the same  [75]
with variable Cu levels Acid oxidation rate as the alloy matrix,; Al-Fe-Mn-Cu particles with medium-copper content
(low-, medium- and high- were found in the electrolyte due to their poor adhesion to the substrate and high
copper content) solubility in the acid environment; Al-Fe-Mn-Cu particles with a high Cu content were
AlzZn rapidly dissolved during anodising, resulting in cavities in the anodic film; Al-Fe-Mn-Li
Al-Fe-Mn-Li particles were anodised at a slightly lower rate than the alloy matrix, forming a less
regular porous anodic film compared to the matrix; the AlsZn dispersoids were
anodised at a rate similar to that of the alloy matrix
Al,Cu Cu present in the particles could be occluded in the anodic film as Cu-rich nanoparticles  [76]
or oxidised and incorporated into the film material as Cu ions
Al-Fe-Mn-Cu Partial dissolution, partial oxidation. [771
Li-rich particles Sulfuric acid Particles became occluded in the anodic film and were partially dissolved in the [79]
electrolyte
Al-Fe-Mn-Cu Tartaric-Sulfuric Particles with high Cu content (HCCPs) dissolved in the electrolyte preferentially at 0 V [80]
T1 (Al,CuLi) Acid The precipitates were anodised faster than the Al matrix in the solution under a constant ~ [78]
voltage of 14V
AA2297  Al-Fe-Mn-Cu Adipic-Sulfuric The particles containing high Cu content (HCCPs) were preferably dissolved around 0.1 [81]
Acid and dissolved completely at the 3V, the particles containing medium Cu content
(LCCPs) were not dissolved at 0.1 V but were oxidised at 3 V; the nanoparticles
containing Cu-Mn-Fe remained on the surface at potentials below 3 V and, they were
dissolved above 3V
AA2055 Al-Fe-Mn-Cu Tartaric-Sulfuric The anodisation of the intermetallics resulted in the formation of micrometric sized [82]
Acid cavities on the anodic film
Al-Cu-Fe H,S0, It was observed some imperfections (cavity) on the surface due to the local dissolution of ~ [83]

the particles

Saenz de Miera et al. [65,66] and Nickel et al. [67] studied the
effect of micrometric particles on the anodising behaviour of
the AA2024 alloy. Also, Fares et al. [68,69], Bononi et al. [70],
Abdel-Gawad et al. [71], Veys-Renaux et al. [72] and Elkilany
et al. [73] carried out works on the effect of micrometric par-
ticles on the anodising of other alloys different from the Al-
Cu-Mg series. For the Al-Cu-Li alloys, the works of Viejo
et al. [74], Ma et al. [75-78], Bononi et al. [79] and Wu
et al. [80] explain the behaviour of the AA2099 alloy during
anodising. Moreover, Liu et al. [81] reported on the behav-
iour of the AA2297 alloy; and Ma et al. [82] and Sama-
niego-Gamez et al. [83] described the effect of micrometric
particles on the AA2055 alloy anodising. Table 1 shows the
intermetallic particles (IMPs) studied in these works and
their b during anodising.

Reports on the Al-Cu-Mg AA2024 alloy are numerous,
whereas studies on Al-Cu-Li alloys are mainly related to
the AA2099, but the behaviour of other Al-Cu-Li commer-
cial alloys with different Li, Mn and Ag contents, can also
be found [74,81-83]. The first Al-Cu-Li alloys applied in
commercial aircrafts were provided by ALCOA [84]. Cur-
rently, other companies are manufacturing different grades
of Al-Cu-Li alloys. For example, Commercial Aircraft

Corporation of China Ltd. (COMAC), and the Southwest
Aluminium Corporation (Beijing, China), known as CHI-
NALCO, are producing the AA2195, AA2197, AA2A97,
AA2099, AA2198 alloys [9,81,82,85-87]. Besides the Chinese
companies, the AA2198 alloy is also produced by Kenlian
Aluminium, in the United States, and by the European com-
pany, Constellium [9].

The AA2198 alloy has been the object of numerous cor-
rosion studies [4,11,30,42,43,88-93]. However, the behav-
iour of the coarse intermetallic particles during anodising
has not yet been reported. This work intends to fill this
gap in the literature. For this purpose, the morphology,
chemical composition and surface distribution of the inter-
metallic particles were evaluated by scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX) and atomic force microscopy (AFM) techniques.
Additionally, the role of the coarse intermetallic particles
during TSA anodising process was investigated by potentio-
dynamic polarisation and potentiostatic polarisation tests
under conditions which simulates those industrially per-
formed. SEM images were obtained, before and after anodis-
ing, in order to identify the influence of this process on the
material surface.
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Table 2. Chemical composition of the studied alloys (wt-%) obtained by
inductively coupled plasma optical emission spectrometry (ICP-OES).

Aluminium alloys

Elements AA2024-T3 AA2198-T8
Al Balance Balance
Cu 48 3.34
Mg 0.59 0.31
Mn 0.52 0.003
Li - 0.95
Fe 0.18 0.04
Zn 0.1 0.006
Si 0.07 0.04
Zr - 0.50
Ag - 0.26

Taking into consideration that many works reported the
importance of comparing the mechanical [94-97] and cor-
rosion [24,43,98-100] properties of the AA2024 alloys with
that of the Al-Cu-Li alloys, the behaviour of the coarse par-
ticles in the AA2024-T3 Al-Cu-Mg alloy during anodising
was also evaluated and reported. The results presented are
helpful for the development of novel surface treatments for
the optimal performance of these aluminium alloys in
service.

Materials and methods

Disc-shaped samples of the AA2024-T3 and AA2198-T8
alloys with a diameter of 1.5 cm were used in this study.
The chemical composition of both alloys is shown in
Table 2. The samples were mechanically and sequentially
ground with silicon carbide papers (#400, #800, #1400 and
#4000) and subsequently polished with diamond pastes of
3 and 1 um. Prior to anodising, the samples were ultrasoni-
cally degreased in acetone, rinsed in deionised water and
dried under a cool air stream. The area of the samples
exposed to the solution during anodising was 1 cm® The
anodising process was performed using a Biologic SP-300
potentiostat. Potentiodynamic and potentiostatic anodising
were carried out to study the effect of anodising on the
alloy surface. The experimental set-up comprised a three-
electrode cell arrangement, with the samples for anodising
as working electrodes, a platinum wire as the counter elec-
trode, and an Ag/AgCl (KCl saturated) as the reference elec-
trode (RE).

The anodising bath, tartaric-sulfuric acid (TSA), was
composed of 0.53 mol L' tartaric acid and 0.46 mol L™" sul-
furic acid, and the process was carried out at 37°C. A similar
composition of this solution is used industrially in commer-
cial tartaric-sulfuric anodising processes [101].

Potentiodynamic polarisation was carried out from open
circuit potential (OCP), —0.35+0.02 V, up to 14 V (vs. RE),
with a sweep rate of 1 V min~". The effects of the anodising
process on the surface and constituent particles were also
studied by potentiostatic polarisation using several
AA2024-T3 and AA2198-T8 samples. For this purpose,
potentiostatic polarisation in the TSA solution was carried
out at various potentials (—0.25, 0, 0.25, 1, 2, 3, 4, 5, 6, 7,
8,9, 10, 11, 12, 13 and 14 V) vs. REF for 5 min. Charge den-
sities for the potentiostatic polarisation curves were esti-
mated directly from the EC-Lab® software using integration
intervals of 3 s — 300 s, which correspond to the initial 3 s
from the beginning of the polarisation to the end of the
test. For each potential, the measurement was performed

three times in order to obtain the average and deviation. In
this paper a representative curve is presented in Figure 7.
All the results can be found as supplementary material.

Images of the surfaces of the samples, before and after ano-
dising, were taken using TM 3000 scanning electron micro-
scope equipped with an EDX detector. The surface
topography of both alloys was also analyzed by AFM and opti-
cal profilometer using a Nanoscope III MultiMode atomic
force microscope instrument and a ZESCOPE model, respect-
ively. The acquired AFM images were detected with non-con-
tact mode cantilevers with a resonance frequency of 75 kHz
and a spring constant of 2.8 N m~" under an air environment.
The measurements were performed at room temperature and
humidity values between 30 and 55%.

Results
Potentiodynamic polarisation anodising

Typical potentiodynamic polarisation curves for the
AA2024-T3 and AA2198-T8 alloys in tartaric-sulfuric ano-
dising solution, from OCP, —0.35V (vs. RE), to 14 V (vs.
RE), are shown in Figure 1. The curves related to the two
alloys showed different behaviours Figure 1(a). For the
AA2198-T8 alloy, no peaks were observed. For the
AA2024-T3, two peaks were observed, one between —0.1 V
(vs. RE) and 0 V (vs. RE), (Figure 1(b)) and another between
4V (vs. RE) and 6 V (vs. RE), (Figure 1(c)). These peaks
resulted from the preferential oxidation of each type of
micrometric particle in the alloy during potentiodynamic
anodising. The oxidation potential corresponding to each
particle is associated with its unique chemical composition
and structure. It is important to highlight that this behaviour
was previously observed in the AA2024-T3 alloy during
potentiodynamic polarisation [64-67].

It is noteworthy that, after potentiodynamic polarisation
(Figure 1), the surfaces of both alloys were examined, as
shown in Figure 2. It is clear that in both alloys, voids
were formed during the anodising process due to the
onset of a preferential attack of the particles. At higher
magnifications, as shown in regions 1 and 2, it is observed
that these voids cause discontinuity in the formed oxide.
Further details of the characteristics of these cavities
were obtained through an optical profilometer, as shown
in Figure 3.

Figure 3(a) presents images obtained by profilometry of
both alloys after potentiodynamic polarisation in TSA.
Bright spots are related to cavities formed due to IM dissol-
ution. The average depth of the cavities formed in both alloys
was also evaluated, as shown in Figure 3(b). Average values
of (22+0.8) um and (1.8 +1.1) um were observed for the
AA2024-T3 and AA2198-T8 alloys, respectively. The depth
profiles corresponding to some cavities presented in Figure
3(a) are also shown in Figure 3(c).

The profiles highlight the formation of cavities in the film
surface, as well as the formation of imperfections above the
cavities (indicated by the red arrows). According to Fratila-
Apachitei et al. [102] and Moon et al. [103,104], these
depressions are formed due to the differences in chemical
composition between the particles and the matrix. At higher
resolution, these features become more evident, as shown by
the results obtained using AFM technique for the AA2024-
T3 alloy in Figure 4. In fact, the dissolution of IMPs causes
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Figure 1. (a) Potentiodynamic polarisation curves of the AA2024-T3 and AA2198-T8 alloys obtained in 0.53 mol L™ tartaric acid and 0.46 mol L' sulfuric acid
(TSA) solution at 37°C carried out from OCP up to 14 V (vs. RE) with a scan rate of 1 Vmin~". (b and ¢) Higher magnifications of the dashed squares in (a).

discontinuity in the anodic film, and these irregularities are
in agreement with the results reported by Ma et al. [82].
Besides, according to the authors, these irregularities act as
preferred sites for corrosion propagation by favouring the
contact between the substrate and the corrosive
environment.

It is important to point out that dissolution of interme-
tallic particles during potentiodynamic polarisation (from
the OCP up to 14V (vs. RE)) is inevitable, as shown in
Figure 5 where the interface between the anodised and
non-anodised surfaces for both alloys is identified. The
blue arrows point to the IMPs on the unexposed surfaces,
while the red ones point to the formed cavities on the sur-
faces exposed to the electrolyte. The formation of cavities is
associated with the dissolution of IMPs. The anodised area
and its boundaries are clearly identified by EDX maps,
as shown in Figure 6, where the anodised region
presents higher oxygen content, when compared to the
non-anodised region.

AA2024-T3

The cause of the peaks observed in the AA2024-T3 alloy,
as well as the influence of voltage on the dissolution of
particles in both alloys, is investigated in the following
section.

Potentiostatic polarisation anodising and charge
effect

Figure 7 shows the current density-time data recorded
during the anodising of the studied alloys under different
constant voltages. The curves show a fast current density
drop in the first seconds, which is typical of the barrier
layer formation. The subsequent increase in current and
the current density peak followed by current stabilisation
are related to the growth of the porous layer - associated
with the steady-state [105,106].

The curves of both alloys indicate that the greater the
potential, the higher the current density and the faster
the initiation of porous layer growth. This is observed by

AA2198-T8

Figure 2. Backscattered electron micrographs of the AA2024-T3 and AA2198-T8 alloys surface after potentiodynamic polarisation in TSA solution at 37°C, from the
OCP up to 14V (vs. RE). The red arrows indicate the voids on the surface resulting from the dissolution of the micrometric particles.



384 JOAO VICTOR DE SOUSA ARAUJO ET AL.

. ,
AA2024-T3 AA2198-T8
Aluminium alloy

4] AA2024-T3

Depth (um)
N
S

2]
4] AA2198-T8

Figure 3. (a) Optical profilometry images of the AA2024-T3 and AA2198-T8 alloys after potentiodynamic polarisation in TSA from the OCP up to 14 V (vs. RE). (b)
The average size of the voids on the surface of both alloys caused by the dissolution of micrometric particles during polarisation. (c) Profiles corresponding to the

figure (a). The red arrows in (c) indicate surface defects caused by the dissolution of micrometric particles.
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Figure 4. AFM surface topography of AA2024-T3 alloy surface after potentiodynamic polarisation in TSA from the OCP up to 14 V (vs. RE).

anodized

AA2024-T3

AA2198-T8

Figure 5. Backscattered electron micrographs of the AA2024-T3 and AA2198-T8 alloys surface after potentiodynamic polarisation in TSA solution at 37°C, from the
OCP up to 14 V (vs. RE). The red and blue arrows indicate surface voids caused by the dissolution of micrometric particles and micrometric particles that did not

have contact with the anodising bath, respectively.
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Figure 6. Energy-dispersive X-ray spectroscopy maps showing the distribution
of the detected elements on the interface between the anodised and unano-
dised surface for both alloys, AA2024-T3 and AA2198-T8.

the faster occurrence of the peaks as potential increases.
The exception to this behaviour is at 0V (vs. RE), for
the AA2024-T3 alloy, where the curve presents a peak of
current density earlier than that observed for the other
tested potentials. This potential is related to the dissolution
of IMPs [65]. The charge density was estimated by inte-
gration of the area underneath the potentiostatic curves
shown in Figure 7. Figure 8 shows a tendency of the
charge density to increase with applied voltage, although
this increase is not linear. The charge densities for both
tested alloys were similar up to 8V (vs. RE), but for
greater applied voltages, the charge density values were
appreciably higher for the AA2024-T3 compared to the
AA2198-T8.

According to Curioni et al. [65], potentiostatic studies
provide important information during anodising, and in
our study, potentiostatic anodising was also carried out.
After potentiostatic anodising at different voltages, the
behaviour of the intermetallic particles was investigated by
surface examination using scanning electron microscopy
(SEM), before and after anodising. Surface examination
after anodising allowed a correlation between the electrical
response of the second-phase particles and the results pre-
sented in Figures 1, 7, and 8.

20
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Figure 8. Plots showing charge potential relationship in the AA2024-T3 and
AA2198-T8 alloys potentiostatically polarised (vs. RE) for 5 min in TSA solution.

The behaviour of coarse intermetallic particles (IMPs)
during anodising

Potentiostatic polarisation of both studied alloys in the TSA
solution was carried out for 5 min at potentials of —0.25 V
(vs. RE) , 0V (vs. RE), and 0.25 V (vs. RE), and the results
are shown in Figure 9. According to and Zhou et al. [107]
and Saenz de Miera et al. [66], at potentials near the OCP,
an oxide with very poor adhesion to the metal and voids at
the metal/film interface can be observed. As observed in
Figure 10, at the polarisation potential corresponding to
—0.25V (vs. RE), IMPs attack were not observed for both
alloys, whereas, at 0V (vs. RE), total dissolution of the
IMPs was observed for the AA2024-T3 alloy. Interestingly,
at 0.25 V (vs. RE), there was no attack or dissolution of the
IMPs. Higher magnification images allowed the observation
of some characteristics in both alloys after polarisation at
certain voltages. Figure 10 displays the surface of the
AA2024-T3 before and after potentiostatic polarisation in
TSA, where an attack (trenching) was observed around the
particles at various potentials, but at 0 V (vs. RE), the IMPs
dissolved completely, as shown in Figure 11. It is known
that the AA2024-T3 alloy presents different types of particles
in its microstructure which are composed mainly of Al-Cu-
Mg and Al-Cu-Fe-Mn. Both particles dissolved at 0 V (vs.
RE). At this potential, the AA2198-T8 alloy only showed

AA2024-T3

20

—-0.25 V
—_0V
—0.25V
—1V
—_2V
-3V
—4V
—5V
—6V
—_TV
—8V
-9V
—10V
—_—11V
12V
13V
—14V

AA2198-T8

P AASERS:! T AMRAR
Time (min)

T T AR A
Time (min)

Figure 7. Current density-time response during polarisation of the AA2024-T3 and AA2198-T8 alloys in TSA solution at — 0.25 V to 14 V (vs. RE) at 37°C, for 5 min.
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Figure 9. Backscattered electron micrographs showing the AA2024-T3 and AA2198-T8 alloys surface before and after potentiostatic polarisation in TSA for 5 min

at - 0.25, 0 and 0.25 V (vs. RE).

partial dissolution of IMPs (which are mainly Al-Cu-Fe par-
ticles) (Figure 12).

At voltages corresponding to 1 V (vs. RE), 2 V (vs. RE) and
3 V (vs. RE), different behaviours are observed for both alloys,
as Figure 13 shows. At1 V (vs. RE) and 2 V (vs. RE), there was
no dissolution of any IMPs for both alloys, but at 3 V (vs. RE)
differences in the behaviour of the IMPs were observed. At
this voltage, the Al-Cu-Fe-Mn particles in the AA2024-T3
alloy undergo partial dissolution, whereas the Al-Cu-Mg
ones showed total dissolution (Figure 14(a)). Figure 14(b)
confirms this observation showing, respectively, the complete
and partial dissolution of these particles. At 3 V (vs. RE), the
AA2198-T8 showed different characteristics (Figure 15).

Partial dissolution of the isolated IMPs was observed, as
shown by the yellow arrows in Figures 15(a,b), while the clus-
tered particles showed superficial attack, Figures 15(c,d). At
higher applied voltages, new characteristics were observed,
as shown in Figure 16, which corresponds to 4 V (vs. RE),
5V (vs. RE) and 14 V (vs. RE). From 4 V (vs. RE) onwards,
all IMPs in the AA2024-T3 alloy were dissolved, while in
the AA2198-T8 alloy, dissolution only occurred at potentials
above 5V (vs. RE). At 4V (vs. RE), the IMPs in the
AA2198-T8 alloy were partially dissolved, as evident in Figure
17. Figure 17(a) shows that at a potential of 4 V (vs. RE), some
particle clusters were not fully dissolved (remnants of IMPs
were indicated by the yellow arrows, Figure 17(b,c)).

Figure 10. Backscattered electron micrographs showing the AA2024-T3 alloy surface before and after potentiostatic polarisation in TSA for 5 min at — 0.25 V (vs.
RE). The red and blue dashed squares show higher magnification of the regions highlighted before and after anodising. The yellow arrows indicate the trenching

between micrometric particles/matrix alloy.



CORROSION ENGINEERING, SCIENCE AND TECHNOLOGY e 387

| &

AI‘-Cu Fe-Mn

.

Figure 12. Backscattered electron micrographs showing the AA2198-T8 alloy surface before and after potentiostatic polarisation in TSA for 5 min at 0 V (vs. RE).
The red and blue dashed squares show higher magnification of the regions highlighted before anodising.

It is noteworthy that, at potentials typical of the industrial
condition (14 V (vs. RE)), all IMPs in both alloys dissolved
(Figure 18). Polarisation was performed for a short period
(5 s), therefore the anodic layer was not too thick. This
method was used to favour examination of the alloy surface
after anodising. The results showed that in the industrial
condition, even in the first seconds, the IMPs can be totally
dissolved in the bath (Figure 19).

Discussion

It is well known that the coarse intermetallic particles (IMPs)
are formed in the Al-alloys during casting due to the low
solubility of some elements, mainly Fe. These particles are
of micrometric scale and can be found isolated or in clusters
on the alloy surface. They result in discontinuity of the pas-
sive film in Al and, depending on their chemical compo-
sition, act as anodic or cathodic sites relative to the matrix

favouring initiation of the corrosion process [108-110].
Thus, it is expected that IMPs react during anodising, as
shown in Figure 5. Also, the presence of defects caused by
the dissolution of IMPs (Figures 2, 4, and 5) can influence
the propagation of corrosion in anodised alloys before the
sealing process [82]. Therefore, understanding the mechan-
ism of dissolution of these IMPs during the anodising pro-
cess is vital.

Recently, Araujo et al. [111] carried out a detailed
study on the microstructural characteristics of the
AA2024-T3 and AA2198-T8 alloys through microstruc-
tural and statistical analysis. The authors reported that
the intermetallic particles in the AA2198-T8 alloy have
very similar chemical compositions. Variations in the
amount of Fe and Cu in these particles are not significant
enough to characterise them into high, medium, or low
Cu-containing particles, as performed by Ma et al. [75].
This shows that the studied alloy presents different
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AA2024-T3 AA2198-T8
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Figure 13. Backscattered electron micrographs showing the AA2024-T3 and AA2198-T8 alloys surface before and after potentiostatic polarisation in TSA for 5 min
at 1, 2 and 3V (vs. RE).

types of particles from those reported in previous works These results indicate that the behavior of the particles in
on the anodising of Al-Cu-Li alloys [75,80,81,112]. For the AA2198-T8 alloy during the potentiodynamic and
the AA2024-T3 alloy, different particles were observed potentiostatic anodising processes are similar, since, in this
with different Cu-Fe contents, namely, AlCuFeMnSi, alloy, the IMPs have only Cu and Fe in their composition.
AlCuMg and AlCuFeMgMn. Therefore, different particle oxidation behaviours are

(a) AA2024-T3

AI-_.bu-Fe-Mn ;

Al 65.4 wt.%
Cu 22.6 wt.%
Mg 12 wt.%

Al 65.3 wt.%
Cu 18.1 wt.9

Figure 14. (a) Backscattered electron micrographs showing the AA2024-T3 alloy surface before and after potentiostatic polarisation in TSA for 5 min at 3 V (vs. RE).
(b) Energy-dispersive X-ray spectroscopy maps obtained after potentiostatic polarisation in TSA for 5 s at 3 V (vs. RE). The red and blue dashed squares show higher
magnification of the regions highlighted before and after anodising.
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Figure 15. Backscattered electron micrographs showing the AA2198-T8 alloy surface before and after potentiostatic polarisation in TSA for 5 min at 3 V (vs. RE). (a
and b) Images from the same regions before and after the potentiostatic polarisation. (c) Images from another region after potentiostatic polarisation. (d) Higher
magnification of the region highlighted in (c). The yellow arrows in (b) indicate the partial dissolution of the micrometric particles.

expected during anodising of the AA2024-T3 compared with
the AA2198-T8. Figure 20 summarises the behaviour of
coarse particles during anodising in TSA solution.
According to Araujo et al. [111], the AA2024-T3 alloy
presents a larger density of particles than the AA2198-T8
alloy, and this can affect the voltage-current response. It
can also explain the peak observed at 0V for the
AA2024-T3 alloy (Figure 1). It is important to highlight

AA2024-T3

before after

that potentiostatic anodising performed at 0.25V (vs. RE)
does not result in particle dissolution, whereas dissolution
was observed when potentiostatic polarisation was con-
ducted at 0 V (vs. RE). This result confirms that the peak
at 0V (vs. RE) corresponds to the oxidation potential of
the constituent particles in the AA2024-T3 alloy. The attack
occurred both on clustered and isolated IMPs, supporting
the fact that the current peak at 0V (vs. RE) is due to

AA2198-T8

before after

Figure 16. Backscattered electron micrographs showing the AA2024-T3 and AA2198-T8 surface before and after potentiostatic polarisation in TSA for 5 min at 4, 5

and 14V (vs. RE).
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Figure 17. Backscattered electron micrographs showing the AA2198-T8 alloy surface before and after potentiostatic polarisation in TSA for 5 min at 4 V (vs. RE). (a)
Panoramic image. (b and ¢) Higher magnification of the scares highlighted in (a). The yellow arrows in (b) and (c) indicate the residual particles.

AA2024-T3 AA2198-T8

Al 66.1 wt.% Al 53.9 wt.%
Cu 19.8 wt.% Cu 13.5 wt.%
Fe 7.6 wt.% Fe 32.6 wt.%
Mn 6.5 wt.% ' .

P
Al 57.3 wt.%
Cu 32.54 wt.%
Mg 10.16 wt.%

Figure 18. Backscattered electron micrographs showing the AA2024-T3 and AA2198-T8 alloys surface before and after potentiostatic polarisation in TSA for 5 min
at 14V (vs. RE).

the oxidation of the constituent particles (Figure 11). Inter- The differences in the anodising behaviour of the IMPs
estingly, partial dissolution of IMPs in the AA2198-T8 alloy present in both alloys at —0.25 V (vs. RE), 0 V (vs. RE) and
was observed in samples polarised in TSA at 0V (vs. RE) 0.25V (vs. RE) can be associated with the differences in
(Figure 12). chemical composition. As mentioned for the AA2024-T3
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Figure 19. Energy-dispersive X-ray spectroscopy maps of the corresponding SEM micrographs obtained before (a-d) and after (e-h) potentiostatic polarisation in
TSA for 5 s at 14 V (vs. RE) showing the dissolution of intermetallic particles after anodising.

alloy, potentiostatic polarisation at —0.25V (vs. RE) and
0.25 V (vs. RE) resulted in matrix trenching without particles
dissolution, but the particles were dissolved at 0 V (vs. RE).
Curioni et al. [64] observed that after polarisation of the
AA2024-T3 alloy at 0.2 V (vs. RE), cavities had been gener-
ated close to clusters of second-phase particles. The EDX
analyses performed on these particles revealed Al: Cu ratios
close to 1, and magnesium remnants, suggesting that the cav-
ities were generated by the preferential dissolution of high
magnesium content particles. This behaviour is explained

AA2024-T3
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by the high solubility of magnesium oxide in the acidic elec-
trolyte. The high anodic activity of the Mg-rich phases at low
overpotentials has already been reported by Liu et al. [113].
This explains the fact that at low potentials (—0.25V (vs.
RE)/ 0.25V (vs. RE)), this behaviour is not observed for
the IMPs present in the AA2198-T8 alloy since the IMPs
are enriched only in Cu and Fe.

For the AA2024-T3 alloy, at 0 V (vs. RE), all IMPs were
dissolved. As already mentioned, the peak on the potentiody-
namic curve in Figure 1(b) corresponds to this voltage. The

AA2198-T8
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Figure 20. Schematic diagram of the behaviour of the intermetallic particles during the anodising process in TSA solution at 37°C.
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dissolution of the IMPs at this voltage is associated with
the Cu present in these particles, which leads to a higher
rate of oxygen evolution on the IMPs. This behaviour
was extensively explored by Mirnaly Saenz de Miera in
his Ph.D. thesis [114], when studying the anodising behav-
iour of the AA2024-T3 alloy in sulfuric and chromic acid
and had already been reported by Sepulveda et al. [115]
and Moutarlier et al. [116]. It is worth mentioning that
the AA2024-T3 alloy presents higher percentage of IMPs
per area compared to the AA2198-T8 alloy, about four
times more [111].

At 0V (vs. RE), some particles in the AA2198-T8 alloy
were partially dissolved. In fact, according to Araujo et al.
[11], the Cu / Fe ratio of the IMPs present in the AA2198-
T8 alloy can vary between 2 and 4. It is reported [80] that
the IMPs with higher Cu/Fe ratio tend to have higher Li con-
tent. Although, in this work, it was not possible to detect Li in
the IMPs due to the low resolution of the EDX for the detec-
tion of this element, Ma et al. [75] suggested in one of their
works that in Al-Cu-Li alloys, IMPs containing high Cu con-
tent tend to have a higher percentage of Li. Years later,
MacRae et al. [117] confirmed this hypothesis using electron
and proton microprobes in parallel with energy-dispersive
X-ray spectrometry and soft X-ray emission spectroscopy
(SXES), when characterising the AA2099-T8 alloy.

It is understood that IMPs with high Cu content tend to
promote an additional driving force for the selective dissol-
ution of Al, Fe and Li, of the IMPs during anodisation at
0V (vs. RE), which results in their partial dissolution, as
observed in Figure 12. Also, according to Saenz de Miera
et al. [63], Mg-enriched second phases have been reported
to be more readily oxidised compared with Cu-Fe enriched
phases. This was also attributed to the absence of a stable
oxide above Mg-enriched particles which results in direct
metal dissolution. Therefore, AA2198-T8 particles are also
partially dissolved at 0 V (vs. RE) due to their slow dissol-
ution rate and size.

It is important to highlight that the partial dissolution of
IMPs at 0 V during potentiostatic polarisation in Al-Cu-Li
alloys was also reported by Liu et al. [81] and Wu et al.
[80], when studying the AA2219 and AA2099 alloys during
anodisation in adipic-sulfuric and tartaric-sulfuric acid sol-
ution, respectively.

It is interesting to observe that between 3 V (vs. RE) and
4V (vs. RE) the current density difference is almost twice
that between the other tested potentials, for both alloys
(Figure 8). This can be explained by a large number of par-
ticles attacked at 4 V (vs. RE) besides the increased attack
of particles (Figures 14-17). The increment in charge density
with the applied potential is mainly related to the thickening
of the anodised layer, but also the dissolution of the IMPs.
However, the charge density associated with dissolution rep-
resents a minor contribution, since the results of polarisation
at 1V (vs. RE) and 2 V (vs. RE) did not show evidence of
particle dissolution in both alloys. However, the charge den-
sity presented a significant increase as the potential
increased. Although there is no direct connection between
charge density and particle dissolution, the current density
values related to polarisation at 0V (vs. RE) (for the
AA2024-T3 alloy) and the large increase in charge density
from 3 V (vs. RE) to 4 V (vs. RE), which correspond to par-
ticle dissolution potentials, show that charge density is also
affected by particle dissolution.

Ma et al. [75] showed that coarse constituent particles in
the AA2099 alloy, with dissimilar compositions, present
different behaviours during anodising, and this behaviour
depends on the composition of the particles. Wu et al. [80]
also studied the AA2099 alloy and observed that the dissol-
ution potential of high-copper Al-Fe-Mn-Cu particles was
close to 0V, and copper-rich nanoparticles were formed
at the sites, where the particles had been dissolved. On
the other hand, Liu et al. [81] observed that in the
AA2297-T8 alloy with particles with different Cu content,
the high Cu-containing particles (HCCPs) were preferably
dissolved at potentials around 0.1 V and completely dis-
solved at 3 V. This resulted in the absence of a stable
oxide film and the presence of cavities in the film. The
medium Cu-containing particles (MCCPs) were not dis-
solved at 0.1 V but were oxidised at 3 V, while the Cu-
Mn-Fe-containing particles remained on the surface at
potentials below 3V and were dissolved at potentials
above 3 V. The differences in the behaviour of the IMPs
in the AA2099, AA2297 and the AA2198 are explained
by differences in the alloy compositions. The AA2099 pre-
sents lower Cu and Ag content, but higher Li, Mn and Zr
contents than the AA2198, whereas the AA2197 presents
lower Cu and Mg contents but higher Li content, when
compared to the AA2198 alloy.

Differences in the composition of Al-Cu-Li alloys (such as
in Cu, Fe, Mn and Zn and Li [11]) lead to significant changes
in the composition of the IMPs. In the present study, how-
ever, AA2198 presents only one type of IMP composed of
Al, Cu and Fe with differences in size and distribution
[11,111] with slight variation in composition. This shows
that each Al-alloy presents its own characteristics and, con-
sequently, an extensive study on the behaviour of coarse
intermetallic particles of each of this kind of alloy deserves
a proper investigation.

At potentials above 5V (vs. RE), all particles dissolved in
both alloys (see supplementary material). It is important to
note that, for both alloys, under industrial anodising potential
(14 V), 5 min of anodising resulted in the dissolution of the
particles (Figure 18). The EDX results of the AA2198-T8
alloy (Figure 19) suggest that selective leaching of elementary
components (such as Fe) in the particles possibly preceded the
complete dissolution of the constituent particles at the begin-
ning of anodising. This is under investigation and will be pre-
sented in future works on the AA2198 alloy, since the works
by Curioni et al. [64] and Saenz de Miera et al. [65,66,118]
have reported, in detail, the role of elements in IMPs for the
AA2024 alloy during sulfuric acid and TSA anodising.

Conclusions

The IMPs in both alloys, AA2024-T3 and AA2198-T851,
exhibited similar or different behaviours depending on the
voltage applied during anodising. The AA2024-T3 alloy
has two main types of IMPs, mainly composed of Al-Cu-
Mg and Al-Cu-Fe-Mn; while the IMPs in the AA2198-T8
alloy are enriched in Cu-Fe, with slight variations in their
chemical composition. A current peak related to the dissol-
ution of IMPs was observed at 0 V (vs. RE) during the poten-
tiodynamic polarisation of the AA2024-T3 alloy. For both
alloys, full dissolution of IMPs does not occur at potentials
in the range of 0 V (vs. RE) to 2 V (vs. RE), but at potentials
above 3 V (vs. RE), these particles are visibly attacked. At0 V



(vs. RE), the IMPs in the AA2024-T3 alloy are attacked. Pre-
ferential dissolution of the constituent particles occurs at
potentials close to or above 4 V (vs. RE) for the AA2024-
T3 and at or above 5V (vs. RE) for the AA2198-T8. For
both alloys, the preferential attack of these particles occurs
initially in the clustered particles. However, at potentials
above 5V (vs. RE), both types of particles, isolated or clus-
tered, are attacked. The charge density values increased at
potentials where the IMPs are attacked, showing that the cur-
rent related to this attack has a significant contribution to the
total charge density measured.
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