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ARTICLE INFO ABSTRACT
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This work addresses the effect of the surface morphology of a 6082-aluminium alloy on the characteristics of the

anodic layer generated by an anodising process using two current densities. The samples tested were horizontal

Billet? direct chill (HDC), vertical direct chill (VDC) cast billets, and the same material after forged + T6 ageing

?g:’g‘i:gej layer treatment. Samples were anodised in a mixed citric acid-sulphuric acid electrolyte using 0.5 A-dm 2 and 1.5

Corrosion resistance A-dm~2 D.C. current densities. The protective character of the oxide layer was studied by electrochemical
impedance spectroscopy (EIS) in 0.1 M NaCl solution.

Microstructural characterisation revealed that the microsegregation and forging processes have a significant
effect on the growth of the oxide layer as well as on the optimum anodising conditions. The EIS study showed
that the corrosion protection provided by the oxide layer on Al6082 alloy was strongly affected by the
manufacturing process, with thinner oxide layers obtained for cast billets. Heat treatment and forging homog-
enise the microstructure, which positively affects anodising and modifies the growth rate and thickness of the
oxide layer. This effect makes obtaining a thicker oxide layer with good corrosion protective properties possible

by using lower current densities for forged samples.

1. Introduction

Aluminium and its alloys are characterised by the spontaneous
generation of a native oxide under atmospheric conditions which pro-
vides inherent corrosion resistance. However, the reduced thickness and
non-uniform structure of this layer do not provide adequate protection,
especially in high-strength alloys. The alloying elements used to
strengthen the aluminium matrix produce second phases in the micro-
structure with different electrochemical potentials [1], which can lead
to galvanic coupling and the corrosion of the aluminium matrix in the
presence of electrolyte and specially in aggressive media with chlorides
or sulphates [1-3]. Therefore, it is necessary to apply different types of
surface treatments to improve the corrosion behaviour of aluminium
alloys. One of the most widespread processes is anodising [1,4], which
generates a hard layer on the surface that provides good corrosion and
wear resistance. Additionally, anodising can be combined with other
treatments, such as incorporating corrosion inhibitors and organic
coatings [5,6].

The anodising process involves the electrolytic growth of an anodic
aluminium oxide (AAO) layer. Its properties depend on the anodising
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process, particularly on the nature and concentration of the electrolyte
and on electrochemical parameters such as temperature, time, voltage
and current [4,7,8]. From a corrosion resistance point of view, tradi-
tionally, using anodising and chemical conversion coatings was based on
hexavalent chromium, as it provides effective corrosion protection,
combining good coating adhesion and fatigue resistance [9-11]. How-
ever, the inherent toxicity of these species has restricted their use, and in
the future they will be banned altogether [1]. The alternatives are based
on acid electrolytes, the most commonly used being sulphuric acid,
oxalic acid and phosphoric acid [12]. However, these media generate
too brittle layers with low porosity that do not allow adequate adhesion
of the coatings. The use of mixed electrolytes that combine an inorganic
acid, usually sulphuric acid, and a weak organic acid, such as oxalic,
malic, tartaric or citric acid, reduces these drawbacks and offers specific
improvements in AAO properties [13]. These are attributed to the
presence of fewer defects in the layer, the delay in the growth of stable
pits [1], and the formation of complex species with Al>* that slow the
oxidation process [14]. The role of anions of different nature in the
morphology of the anodic layers still under study [15]. The AAO layer in
these acidic media consists of a thin, compact oxide layer (barrier layer)
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on the aluminium substrate and a thicker porous film extending from the
compact region to the surface [12,16]. The porosity of the oxide layer is
highly dependent on the type of aluminium alloy, showing pores
perpendicular to the surface for unalloyed and low-alloy aluminium.
The columnar structure and continuity of the layer can be modified due
to the presence of alloying elements. For example, the presence of Cu
produces an irregular pattern and lateral porosity [17,18]. In addition,
alloying elements such as Fe, Mn, Si and Mg, which form intermetallic
particles, generate important changes in the AAO [19] and the appear-
ance of defects that can inhibit the growth of the layer [16,20]. The type
of defect generated depends largely on the corrosion rate of these par-
ticles in the electrolytic medium with respect to the matrix. Particles
with anodic behaviour easily oxidise or dissolve in the medium and
cause voids in the oxide layer. In contrast, particles that are electro-
chemically more noble than the aluminium matrix promote the oxida-
tion of the surrounding matrix, and can generate voids due to the
occlusion of oxygen generated on their surface during anodising [21,22]
and even partially prevent the oxidation of the matrix by retaining non-
anodised areas inside the oxide layer [23].

Numerous studies deal with the corrosion resistance of Al alloys after
anodising. However, most of them focus on the high-strength Al alloys of
the 2xxx, 6xxx and 7xxx series due to the high demand from the aero-
space industry [13,20,22,24-27]. The 6082 aluminium alloy is an age-
hardening alloy of the Al-Mg-Si system widely used in the automotive
industry as it combines high specific strength and good formability
[28-30]. The heat treatment process affects its mechanical properties
and corrosion resistance, so most research has focused on optimising
these heat treatments [31-33]. Fewer studies can be found on the
anodising process of this alloy [8,34]. An additional aspect that has not
been addressed in detail is the effect of the surface condition of the
material before the anodising process in the anodic layer generated and,
mainly its corrosion resistance. Caliari et al. [35] studied the influence of
machining processes, such as milling or sandblasting operations, before
anodising the Al-Si-Cu alloy. They concluded that these operations lead
to an increase in the anodic layer. However, the corrosion resistance of
the anodised samples was not characterised. Birol et al. [36] reported
that forging produces a more uniform grain structure and superior sur-
face quality than the castings. Only a microstructural study was per-
formed, and the pieces were not anodised. Shan et al. [37] demonstrate
the better corrosion resistance of forged samples compared to extruded
ones using polarisation experiments, but samples were not anodised.

Therefore, the present work is focused on the comparative study of
the anodised 6082 aluminium alloy from two states: as-cast billets and
after forging. The billets were obtained from two technologies: hori-
zontal direct chill (HDC) and vertical direct chill (VDC) casting. The
samples were provided by a factory in the automotive sector (CIE Galfor)
and are the same that they use in its activity. This aspect is new. Most of
the studies in AA alloys used non-finished pieces. Microstructural
characterisation was performed before anodising, both in billets and
forgings. The electrochemical study was carried out after anodising.

2. Experimental design
2.1. Materials

The present study has been carried out on industrial-scale casting AA
6082 aluminium alloys. The formats supplied were billets obtained by
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horizontal direct chill (HDC) casting and vertical direct chill (VDC)
casting. Details of these technologies can be found in [38]. The
composition of the alloys is displayed in Table 1, together with the
nominal composition according to EN 573-3 standard [39].

The CIE Galfor® (Automotive Group) performed the forging process
from the billets supplied. The billets were preheated to 450 °C and
forged on a 1600 t forging press. The forged pieces were subjected to a
T6 age hardening treatment by solubilising at 530 °C for 2 h, quenched
in water, and artificially aged at 180 °C for 8 h [40].

Before anodising, samples with dimensions 50mmx20mmx4mm
were grounded with SiC grit papers up to 1200 grade; then, they were
degreased in acetone, rinsed in deionised water, and dried in a cold air
stream. Afterwards, they were alkaline etched in a 1 M NaOH solution
for 3 min at 40 °C following by immersion in 1 M HNO3 for 30 s at room
temperature to remove the smut. Finally, they were rinsed thoroughly in
deionised water.

Anodising was done using a mixed electrolyte, combining 2 M citric
acid and 1 % vol. sulphuric acid. The electrolyte was kept at a low
temperature, 5 °C, to reduce the dissolution of the layer, and vigorous
magnetic stirring was maintained to homogenise the solution. The
working electrode was the 6082-aluminium alloy in its different for-
mats, billets or forgings, and a stainless steel sheet was used as the
counter electrode. Two conditions were tested at constant current den-
sities of 0.5 A dm 2 and 1.5 A dm 2. The reason of using two current
densities is to optimise the anodising process, the 1.5 A-dm™2 current
density is used for anodising aluminium alloys where high wear and
corrosion resistance surfaces are required (hard anodising), which is the
case of the studied pieces. In the present work, the application of a
second, lower current density has been considered, and the anodised
films obtained using both conditions were compared, taking into ac-
count their potential application on an industrial scale. The use of lower
current density would lead to significant cost savings. In both cases, the
current was applied for 60 min using a Keithley® 2460 DC power sup-
ply. After anodising, samples were subjected to a hot water sealing by
immersing the anodised samples in distilled water at 95 °C for 60 min.
The samples were then dried in a hot air stream.

2.2. Experimental techniques

The morphology of the tested samples was examined by microscopy
techniques. The grain structure was analysed using an Olympus® GX51
optical microscope under polarised light. Beforehand, the samples were
polished with 3 mm diamond paste and finished with colloidal silica,
and then samples were electrolytically etched in Barker’s solution. The
intermetallic particles were characterised after etching with a 1 % NaOH
solution and Keller’s solution using a JEOL® JSM-6510 scanning elec-
tron microscope (SEM) equipped with an energy dispersive X-ray anal-
ysis (EDS) detector. This technique was also employed to assess the
anodised thickness.

The identification of the different phases was performed by X-ray
diffraction (XRD) analysis, using a Siemens® X-ray diffractometer with
the Cu ka (A = 0.154 nm) as anode, and a 20 range from 20° to 120° and
a step size of 0.02°.

The corrosion resistance was studied by electrochemical impedance
spectroscopy, EIS, using an Autolab 30 potentiostat from Ecochemie®
with a three-electrode arrangement, where the working electrode was
the anodised 6082 aluminium alloy (S =1.33 cmz), a graphite sheet was

Table 1
Chemical composition of tested 6082 Al alloy (wt%) according to EN 573-3 standard.
Si Fe Cu Mn Mg Cr Zn Ti Others Al
0.05
EN AW-6082 0.7-1.3 0.50 0.1 0.40-1.0 0.6-1.2 0.25 0.2 0.1 Bal.
(0.15 tot.)
VDC 1.21 0.15 0.08 0.59 0.79 0.14 - 0.04
HDC 1.26 0.26 0.07 0.59 0.79 0.17 0.03 0.03
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the counter-electrode, and a Saturated Calomel Electrode (SCE) was
used as the reference electrode. The electrolyte was 0.1 M NaCl solution.
All the measurements were carried out at a D.C. potential slightly
cathodic to the corrosion potential (E = Ecorr—30 mV) to avoid de-
viations in the system linearity [41]. A 10 mV s sinusoidal perturbation
was applied. The frequency range was from 100 kHz to 10 mHz with 7
points per decade. To verify the reproducibility of the obtained results,
at least three samples were tested for each system.

3. Results and discussion
3.1. Morphological characterisation

3.1.1. Pre-anodised samples

As mentioned above, a microstructural analysis was carried out to
identify the differences that may affect the anodising process and, thus,
the corrosion resistance of the anodised pieces.

Fig. 1 displays the microstructure observed for cast and forged
samples after the electrolytic etching with Baker’s solution. The grain
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structure observed in the VDC billets (Fig. la) is characterised by
equiaxed dendrites with strong microsegregation. The HDC billets
(Fig. 1b) also present equiaxed grains; however, there is no sign of
microsegregation, which suggests these billets were subjected to a ho-
mogenisation treatment after casting. However, the absence of micro-
segregation in the HDC billets cannot be ruled out since, at higher
magnifications, the dendritic structure is appreciable. Similar grain
structures were observed by other researchers [28,40,42]. The grain size
is similar in both billets with diameters close to 100 pm, although
slightly larger for HDC.

The effect of the forging process is clearly observed in Fig. 1c and d.
The typical texture of elongated grains perpendicular to the forging di-
rection can be seen. An additional consequence of the forging process is
the elimination of the microsegregation, clearly evidenced by
comparing Fig. 1a and Fig. 1c. The texture is maintained throughout the
thickness of the sample, although with differences in the produced
deformation at different distances from the surface [31]. For this reason,
all the replicas were cut in the same area of forgings to avoid differences
in the anodising process. The etching with 1 % NaOH revealed the

Fig. 1. Grain structure of VDC (a) and HDC (b) cast billets and VDC + T6 (c and e) and HDC + T6 (d and f) forgings.
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recrystallised structure of the forged samples as shown in Fig. le and
Fig. 1f with a smaller grain size than that of the billets, close to 5 pm.

The identification of the intermetallic particles was performed by
EDS and X-ray diffraction analysis. Fig. 2 shows a representative image
of the microstructure of the cast billets. Three types of particles char-
acteristic of the 6082 alloys were identified. Fe- and Si- rich interme-
tallic compounds (Fe-IMCs and Si-IMCs) and Mg,Si precipitates located
in the interdendritic regions and at the grain boundaries of the primary
a-Al. This structure is in line with that of previous investigations
[31,32,42-44].

The morphology and composition of these phases are shown in Fig. 3.
The morphology of the light grey particles is displayed in Fig. 3a, Fig. 3b
and Fig. 3c. The two first correspond to the Fe-IMCs. However, they
differ in morphology and composition. Particles in Fig. 3a have a
rounded shape, and the EDS analysis confirms a Fe/Mn atomic ratio
close to 1, a high percentage of Al and small amounts of Cr (see Fig. 3e).
The X-ray pattern displayed in Fig. 4 identifies these particles as
Aly7(Fes 2Mng g)Sis. Different stoichiometries found in the literature
could be assigned to these particles [28,32,42] since they present
diffraction peaks in the same positions. Therefore, it can be assumed that
these particles belong to the dominant a-AlFeMnSi phase. The needle-
shaped particles (Fig. 3b) have a higher silicon content with an Al/Si
ratio close to 5, as the EDS spectrum reveals (see Fig. 3e) and can be
identified as the B-AlFeSi phase. This was only detected in some VDC
billets by EDS, and no signal was recorded by XRD, perhaps due to the
low volume fraction, which may be below the XRD detection limit. This
phase is mechanically undesirable because it is associated with local
crack initiation in surface defects. However, homogenisation treatments
in the presence of Mn facilitate its transformation into the a-AlFeMnSi
[45].

Fig. 3c shows the morphology of the Si-IMCs, which are also light
grey in colour, and rounded in shape. However, their composition does
not include Fe and a high Si and Mn content is detected (see Fig. 3e). The
XRD analysis shown in Fig. 4 identifies these particles as AlssMngoSias in
good agreement with the EDS data. G. Mréwka-Nowotnik et al. also
identified these particles, although with a slightly different stoichiom-
etry [44].

The dark particles (Fig. 3d) present different morphologies, although
the EDS analysis did not show significant differences between the
different zones. These particles have been identified as the Mg»Si phase
by XRD analysis (see Fig. 4) and found in both types of billets. The
presence of these particles is the basis of the strengthening heat treat-
ment to which this alloy is subjected. This is why only tiny and highly
dispersed Mg,Si particles were found in the forged and heat-treated
samples, indicating that the solubilisation process has correctly carried
out.

'Al-Fe-Mn-Si
F

Al-Fe-Mn-Cr-Si

SEI  20kV WD10mm S840 x800

20pm  e—

Fig. 2. SEM image showing the microstructure of the 6082 alloy in the as-cast
condition including the labelling of the characteristic intermetallic particles.
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3.1.2. Anodised samples

The thickness of the AAO films was evaluated by SEM. Fig. 5 shows
cross-sectional images obtained for the two anodising conditions on
billets.

In the samples anodised at low current density (Fig. 5a and Fig. 5b),
low thicknesses, around 6 pm, were obtained. Defects or cracks are also
observed throughout the film. These anodising conditions seem not
suitable. The reason must be related to the presence of the secondary
phases. It has been shown that the growth of the anodic layer on Al-Mg-
Si alloys is hindered by the presence of Si particles and Mg- and Fe-rich
intermetallics [16,19]. At low current densities, the anodic film forms
slowly, and the electrochemical activity of the intermetallic particles
favours the anodic film’s local dissolution [21]. The film’s growth and
dissolution rates are two competitive processes. At low current density
the growth rate is low, although it must be greater than the dissolution
rate, otherwise, there would be no net AAO [14]. However, the result is a
soft and thin anodic film with poor barrier properties.

In contrast, using the higher current density, the obtained AAO films
look more uniform and with higher thickness, around 15 pm for the VDC
billets (Fig. 5¢) and close to 20 pm for the HDC billets (Fig. 5d). It seems
that a current density of 1.5 A-dm~2 can counteract the harmful effect of
the secondary phases in the anodic film growth.

Embedded intermetallic particles can be distinguished in the oxide
layers. A detail of these is shown in Fig. 6a, with the corresponding EDS
analysis in Fig. 6b. Fe-rich particles, the dominant a-AlFeMnSi phase,
were identified. The surrounding voids are associated with their partial
dissolution and oxygen generation during the anodising process. As
mentioned above, this type of defect is common in Al-Mg-Si alloys
[21-23,29]. However, their presence does not hinder the growth of the
layer. It should be noted that Si-rich inclusions were also found in the
alumina layer. They probably originated from the preferential dissolu-
tion of Mg in the Mg,Si particles de-alloyed during anodization [21,25].

The thickness of the AAO layer for the forged samples is shown in
Fig. 7, considering both current densities. In general, no significant
differences were observed regardless of the current density, obtaining
thicknesses around 30 pm for both forging alloys. However, a slightly
higher thickness seems to be observed for the higher current density
conditions. Obtaining similar thicknesses for both current densities may
be related to the increased resistance generated by the growth of the
layer, which slows down the growth rate. In contrast, the dissolution
rate remains constant [1]. The increase in thickness compared to the cast
samples is noteworthy, highlighting the significant influence of the
microstructure on the anodising process. Furthermore, proper selection
of the anodising conditions allows for adequate layer growth and re-
duces process costs by using lower current densities without reducing
layer thickness.

3.2. Electrochemical characterisation

3.2.1. Electrochemical impedance spectroscopy of anodised samples

The electrochemical response of the anodised samples was evaluated
by EIS. Fig. 8 depicts the response of anodised billets using a current
density of 0.5 A-dm™2. Impedance values are low with a limit at low
frequency around 250 Q-cm?, which tends to decrease with immersion
time. Considering the thin anodic films obtained, these poor barrier
properties are expected (see Fig. 5a and Fig. 5b).

Fig. 9 shows the Bode plots obtained for HDC and VDC casting billets
at different immersion times using a current density of 1.5 A-dm 2. The
very stable impedance values recorded during the immersion time,
mainly for the HDC samples, which remain practically invariant are
remarkable. This behaviour indicates the good quality of the anodised
film generated and agrees with the cross-sectional images shown in
Fig. 5c and Fig. 5d. The impedance modulus at low frequency exhibits a
straight line, suggesting a capacitive behaviour, regardless of the type of
samples, and the values are very similar, about 10 to 20 MQ-cm? at 10
mHz. However, the VDC casting billets show at intermediate frequencies
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Fig. 3. SEM micrographs of the intermetallic particles identified in the 6082 Al alloy: Al-Fe-Mn-Cr-Si (a), Al-Fe-Mn-Cr-Si (b), Al-Si-Mn (c) and Mg-Si (d). EDS spectra
corresponding to the selected areas in the images (e).
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Fig. 4. Diffraction patterns of the 6082 Al alloy in the HCD and VCD billets, including the identification of the main diffraction peaks.
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Fig. 5. SEM cross-sectional micrographs of anodised billets at 0.5 A-dm 2 current density in VDC (a) and HDC (b), and at 1.5 A-dm 2 current density in VDC (c) and

HDC (d).
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Fig. 6. SEM cross-sectional micrograph of anodised billets at 1.5 A-dm™~2 showing the particles embedded in the aluminium oxide layer (a) and their EDS analysis (b).

impedance values about one order of magnitude lower than those for
HDC samples.

This impedance behaviour has been modelled using the electrical
equivalent circuit (EEC) depicted in Fig. 10a. This EEC has often been
used to characterise anodised aluminium alloys [46-50] that considers
infinite the resistance associated with the non-porous fraction of the
coating (resistance not represented, in parallel with Cyxg). The high
frequency time constant, RypCyp, is related to the resistance of the outer
layer in contact with the electrolyte (layer generated during the sealing
treatment) and the geometric capacitance associated with the layer
thickness. The second time constant, R,C,, appears at intermediate
frequencies and is ascribed to the dielectric properties of the filled pores.
At low frequencies, the third time constant, RyCp, accounts for the
compact anodised layer at the bottom of the pores. The time constants
are affected by a Cole-Cole parameter, aj, which accounts for the
dispersion of the corresponding time constants [51].

The total impedance is given by Eq. (1):

Rur
— 7 + (joRue Cue ) ™"
RuF

Z=R.+ m

1+

R, Ry

dZy—— "
% AN S = T R Cy)™

p
_ 2
1+ (ijPCP) @

Being Z, =

The good agreement between the experimental measurements and
the fitted results is depicted in Fig. 10b. In this figure, the straight line at
low frequency, characteristic of blocking electrodes, can also be
appreciated.

The evolution of the associated parameters is shown in Fig. 11. In
general, all the parameters are relatively stable, as expected, considering
the impedance data. The HDC billets exhibit much higher Ryp values and
lower Cyr values than the VDC billets, which is consistent with a thicker
anodised film (see Fig. 5d). Regarding the second time constant, the R,,
values are equal for both types of billets, with very stable values around
4 x 10° Q-cm? On the contrary, the capacitance values are very
different; thus, the Cp values for the HDC billets are in the order of 0.1
uF-cm 2, while the VDC billets give values around 3 pF-cm™2. This dif-
ference must be related to the degree of hydration of the species inside
the pores, mainly alumina. As mentioned, the Ryr is lower in VDC bil-
lets, facilitating electrolyte absorption during sealing. The consequence
would be a more significant amount of hydrated alumina filling the
pores and some extra water being partially bound to the alumina,
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Fig. 8. Bode (a) and Nyquist (b) plots obtained for HDC and VDC billets at 1 and 3 days of immersion in 0.1 M NaCl solution using a current density of 0.5 A-dm~2 for

the anodising procedure.

increasing the permittivity and, therefore, the capacitance of the porous
layer.

The properties of the barrier layer at the pore bottoms, RyCp, are
shown in Fig. 11c and Fig. 11d. For HDC billets, both parameters show
again very stable values, with a slight increase in Ry, and a decrease in Cy,
which may indicate a slight thickening of this compact film. For the VDC
billets, the evolution of Ry, is characterised by an initial decline, which
suggests a specific interaction between the electrolyte and this layer; this
interaction may favour the blocking of possible defects in this layer, so
the Ry, increases with longer immersion periods. The evolution observed
in the capacitance supports this interpretation, with an initial increase
followed by a stabilisation. After this stabilisation, the Cp values are
similar for both types of billets, about 1 pF-cm 2. Considering a
dielectric constant of 10 for the anhydrous alumina, the thickness of the
barrier layer would be about 10 nm. This result aligns with those ob-
tained by other authors [24,52].

These results indicate that, even though the total impedance is
similar in both cases, the morphology of the anodised film is different
depending on the stage of the alloy. Fine equiaxed dendrites with strong
microsegregation characterise the grains structure observed for VDC
billets (see Fig. 1a). In the same way that the presence of second phase
particles affects the surface reactivity of the aluminium alloys and thus,
the anodisation [19,25], it is reasonable to assume that the micro-
segregation (chemical heterogeneity) negatively influences the growth
of the oxide film, additional local dissolution may take place which acts
as a “leakage”, resulting in a thinner anodic oxide film [21]. This hy-
pothesis is corroborated by the lower thickness measured for the AAO
layer in the VDC billets (Fig. 5c¢).

HDC and VDC + T6 heat treatment forgings were also anodised, and
their electrochemical behaviour was evaluated by EIS. In this case, the
two anodising conditions (current densities of 1.5 A-dm~2 and 0.5
A-dm™2) generated a stable anodic film. Fig. 12 illustrates an example of
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the impedance plots obtained under these two conditions.

As can be seen, the response of both films is very similar; only minor
differences are observed in the high frequency range. The higher
impedance modulus observed in the films generated at higher current
densities indicates a higher pore wall thickness. This result is as expected
[19]. However, the overall impedance is similar in both cases. Based on
this and considering that using lower current densities represents an
important saving for industrial purposes, the present study will focus on
anodic films generated at 0.5 A-dm 2. Fig. 13 shows the Bode and
Nyquist plots acquired at different immersion times using the latter

conditions.

The impedance measurements indicate the same behaviour for both
types of forgings with very similar impedance plots. They follow the
characteristic pattern of anodised samples with no low frequency limit,
associated with a blocked electrode feature. In the phase angle, minor
differences are observed at high and medium frequencies, where the
pores wall and porous layer responses are located.

The measurements were modelled using the EEC depicted in
Fig. 10a, whose physical meaning has already been explained. The
evolution of the fitting parameters is shown in Fig. 14.
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As with the billets, the fitting parameter values are quite stable
throughout the immersion time, indicating the generation of a stable
film. However, unlike the billets, no significant differences are observed
in the forgings depending on the type of initial billet (HDC or VDC).

A consequence of the forging procedure is the improvement of the
chemical homogeneity of the pieces [31]. This may explain the increase
observed in the Ryr values for VDC forgings compared to those of VDC
billets. Moreover, these high Ryr values also explain the C, values

obtained for the VDC forgings, around 100 nF-cm 2, in the same order of
magnitude as those for HDC forgings or billets. These results corroborate
the better barrier against electrolyte absorption during the sealing
process. The low frequency time constant, associated with the compact
pores bottom layer, is characterised by huge values of Ry, in the order of
GQ-cm?, in both cases. It should be noted, however, that these values are
affected by some uncertainty since the corresponding characteristic
frequencies are around 10> Hz, far from the lowest scanned frequency
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used in these experiments. From the capacitance values, Cp, the thick-

ness of this layer can be estimated to be about 25 nm. The higher values

with respect to that of the billets agree with the conclusions of other
researchers who point to generating thicker anodic layers on machined

substrates than as-cast ones [16].

3.2.2. Electrochemical behaviour of the intermetallic particles

The EIS results reveal significant differences in the AAO films

generated between the billets and the forgings + T6 formats. The growth
of this oxide layer is influenced by the presence of the intermetallic

particles, namely their size and/or distribution in the a-Al matrix before
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the anodising process, which should affect the growth of the oxide layer.
To elucidate this point, polished samples of billets and forgings + T6
were immersed in 0.1 M NaCl, then anodically polarised at 1 mV-s~* up
to 400 mV above the OCP. Fig. 15 shows the different attack
morphologies.

Fig. 15a shows the corrosion morphology of the areas where severe
attack was observed in the billets. Large pits corresponding to matrix
dissolution were observed, although the corrosion must initiate at the
grain boundary, where the IMC particles are preferentially located.
Fig. 15b is a detail of this area. The presence of unaltered Fe-IMCs and
intense attack in the surrounding area can be appreciated, with no ev-
idence of Mg,Si. These particles are anodic with respect to the matrix;
thus, corrosion initiates on their surface. However, as corrosion pro-
gresses, preferential dissolution of Mg occurs and, therefore, silicon
enrichment changes the polarity, leading to the dissolution of the matrix
at the perimetry of these particles [53]. Fig. 15c illustrates an area with a
slight attack; the dark particles correspond to Si as the EDS analysis
confirmed (Fig. 15d). The oxygen signal suggests the surface oxidation
of these particles. Although the size of these particles was not assessed, it
can be concluded from the different micrographs taken that they have a
length of several micrometers. During the anodising process, they can be
embedded in the oxide layer, but not easily, leading to discontinuities in
the anodic film or even inhibiting its growth [16].

The attack morphology of forged + T6 samples is different, as shown
in Fig. 15e and Fig. 15f. The pit size is smaller, and intergranular
corrosion is appreciated, revealing the smaller grains generated in the

SEI 20KV

WD10mm _ $S40

o ¥ f

d) Al
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recrystallisation process that takes place during the forging and heat
treatment. This structure was already shown in Fig. 1e and Fig. 1f. The
solubilisation of the MgsSi particles and their subsequent precipitation
during the artificial ageing treatment produce very fine precipitates, in
the nanometric scale, within the grain as well as at the grain boundary.
This homogeneous distribution, together with the small size, favours the
formation of a uniform and continuous oxide layer during the anodising
process, because the oxidation front can easily embed these small par-
ticles [19].

4. Conclusions

The results extracted from the present work highlighted the strong
effect of surface morphology on the generation of the anodic layer
during the anodising process.

Regardless of HDC or VDC technology, the as-cast samples generated
a thin anodic film with poor barrier properties at the low current density
of 0.5 A-dm™2. This was attributed to the similar growth and dissolution
rates of the film layer due to the electrochemical activity of the inter-
metallic particles that favour local dissolution of the anodic film. At
higher current densities, 1.5 A-dm ™2, a uniform and thicker AAO layer
was generated on both types of billets. High current densities could
overcome the local dissolution effect of the secondary phases. However,
the oxide film thickness was lower for VDC billets. The differences were
explained considering the marked microsegregation observed in the
VDC billets, which was not seen in the HDC billets. The EIS
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Fig. 15. Corrosion morphology of the 6082 Al alloy under different formats: billet in an area of severe attack (a, b), area with a slight attack of the billet (c), the EDS

corresponding to image 14c (d) and forging + T6 with a severe attack (e, f).
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measurements remained stable throughout the immersion test, which
corroborated the generation of a stable film. However, the lower values
observed at high and middle frequency ranges for VDC billets confirmed
the negative effect of the microsegregation.

Forging and heat treatment beneficiated the anodising process,
reaching AAO layer thicknesses in the order of 30 pm even for the lowest
current density. The improvements had been attributed, on the one
hand, to the forging process, which enhanced the chemical homogeneity
of the pieces, and on the other hand, to the heat treatment, which
solubilised and homogeneously redistributed the Mg,Si particles in the
aluminium matrix, allowing a more homogeneous current distribution
on the surface during anodising. The good corrosion resistance was
confirmed by the high impedance values recorded even at long im-
mersion times. The values were similar for both types of forged pieces,
which corroborates the elimination of the structural differences of the
billets.

The results show that the microstructure and heat treatment largely
determine the anodising conditions of the 6082 Al alloy. Furthermore,
optimisation of the anodising conditions not only leads to a higher
growth rate of the oxide layer but also helps reduce the cost of the
process, as similar thicknesses were obtained at different current den-
sities without detrimental effects on the barrier properties.
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