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Abstract: Commercially pure aluminium is employed in several industrial applications. On some
applications, the surface of this material needs to be functionalised. Laser surface texturing is a
powerful tool to functionalise aluminium and aluminium alloy surfaces. However, the corrosion
resistance of the laser textured aluminium alloy can be modified, and this has rarely been investigated
in the literature. Consequently, the corrosion resistance of the laser textured commercially pure
aluminium in saltwater was evaluated using several electrochemical techniques: asymmetric electro-
chemical noise, potentiodynamic polarisation curve and electrochemical impedance spectroscopy.
Although the non-laser surface textured samples possessed higher kinetic corrosion resistance in the
first hours of immersion, the corrosion mechanism (process group of the corrosion) was found to be
more unstable than the laser textured specimens. The oxidised layer of the textured samples was also
nobler than the native passive film.

Keywords: corrosion; laser processing; surface texturing; aluminium; electrochemical noise;
potentiodynamic polarisation curves; electrochemical impedance spectroscopy

1. Introduction

Commercially pure (CP) aluminium is used in various industries, such as chemi-
cal [1,2], printing [3], electronic, automotive and aerospace. This is because of its excellent
properties, such as high corrosion resistance, low weight, high formability, excellent electri-
cal conductivity, good thermal conductivity and being strain hardenable [1,2,4,5]. Some
applications (e.g., printing plates, automotive and aerospace usage) need to have function-
alised CP aluminium surfaces in which “functionalised” is defined as improving a feature
of the material or providing a new property to the material. In some cases, functionalisa-
tion is used to improve the CP aluminium wear and friction resistance (automotive and
aerospace [6]), while in other cases functionalisation is used to give new properties such as
a specific topography, and wettability to water and oils, (e.g., printing plates [3]). Surface
functionalisation can be carried out with various methods, such as mechanical machin-
ing [6], chemical [7], laser [8-10], electrochemical, [11] and ion beam [12] surface texturing.
Laser surface texturing stands out as a powerful tool to conduct the functionalisation of
the surface because of its good properties, such as being environmentally friendly, easily
automated, high reproducibility, excellent accuracy and moderate cost [13].

Differing results have been reported on the effect of laser surface texturing on alu-
minium alloy corrosion resistance. Corrosion resistance is a vitally important issue for
aluminium alloys, as good corrosion resistance is one of their main properties. Boinovich
et al. [14] studied the influence of laser surface texturing on the corrosion resistance of
an aluminium-magnesium alloy in saltwater. The laser parameters were a 50 ns pulse
length, 1064 nm wavelength, 20 kHz pulse repetition rate, and 0.95 mJ pulse energy. The
samples were textured using a parallel line-scanning mode at 50 mm /s of scan velocity
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and 100 um distance between the scan lines. The researchers observed that the corrosion
resistance of the samples was increased by the laser surface texturing due to the genera-
tion of a superhydrophobic surface, good passive film formation and the chemisorption
of fluorooxysilane. It was noted that the good corrosion resistance of the laser textured
samples was produced due to the combination of the laser process with a chemical product.
The high hydrophobicity sample reduced the ion access to passive layer, resulting in the
corrosion resistance increment. However, this hydrophobicity was lost after 10 days due to
the generation of micropitting. Ahuir-Torres et al. [8] investigated the corrosion resistance
of 2024-T3 aluminium alloy textured with 10 ps pulses at a wavelength of 1064 nm in
0.06 M NaCl. Several types of textures (dimple, grooves and concentric rings) and various
texture densities (from 5% to 70%) were generated on the aluminium alloy surface using
from 0.1 to 1]/cm? of energy fluence, a scanning velocity of 24 mm/s and a 5-10 kHz pulse
frequency rate. They determined that the laser surface texturing with a picosecond pulsed
laser had a low influence on the corrosion resistance of the aluminium alloy. This was due
to the low thickness of the oxidised layer of the picosecond pulsed laser textured surfaces.
The research group commented that the oxidised layer thickness generated with the laser
process was proportional to the molten material depth created during the process. The
molten layer was also proportional to the pulse length (10 ps), being, in this case, lower than
the native passive film thickness of the aluminium alloy. The corrosion mechanism of the
samples was defined by the diffusion of the electrolytes. Misyura et al. [15] studied the laser
surface texturing influence on the corrosion resistance of an AIMgé6 alloy. A nanosecond
pulsed fibre laser operating at 1064 nm wavelength was employed to texture the aluminium
alloy surfaces. The textures were created using a pulse energy of 1 mJ, a focused laser
beam diameter of 60 um, and a pulsed frequency rate of 20 kHz. The type of texture was
a dimple pattern. The laser textured samples had higher corrosion resistance than the
original surfaces because the laser oxidised layer was thicker than the native passive film.
In this case, the pulse length of the laser was sulfficiently long to produce an oxidised layer
thicker than native passive film.

Although the corrosion resistances of laser surface textured aluminium alloys have
been investigated in the literature, analysis of the corrosion behaviour for laser surface
textured CP aluminium has not been reported. Thus, the present paper is a study about
the laser surface texturing influence on the corrosion resistance of CP aluminium. The
texturing of the surface was carried out with a nanosecond pulsed infrared laser. The
corrosion behaviour was evaluated in 0.6 M NaCl solution using electrochemical noise,
potentiodynamic polarisation curves and electrochemical impedance spectroscopy.

2. Experimental Setup
2.1. Materials

CP aluminium was derived from 1050 aluminium alloy (chemical composition in
Table 1 [16]) and samples were prepared from a 0.4 mm thick VELA IT3 lithographic
printing plate. Laser texturing was conducted on the non-printing side of the sheet material.

Table 1. Chemical composition in %mass of 1050 aluminium alloy [16].

Element Si Fe Cu Mn Mg Zn Ti Al
Mass (%) 0.080 0.310 0.003 0.036 0.004 0.009 0.008 99.54

2.2. Laser Parameters

The sample material chosen for this corrosion study was laser textured using an
approach developed in another research project investigating the generation of hydrophobic
surfaces [17]. The samples were textured using an 800 W nanosecond pulsed Diode Pumped
Solid State (DPSS) laser (Powerlase Photonics Ltd. Crawley, UK. Model Rigel i800). This
laser had a wavelength of 1064 nm, and a maximum average output power of 800 W. The
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output power of the laser was controlled by an internal optical attenuator, so the output
beam optical characteristics were not affected by the output power delivered by the laser.

A 1 m focal length lens was used to collimate the laser beam after it left the laser head
(Figure 1b). Two mirrors directed the laser beam into a 40 mm focal length double convex
lens, and then onto the sample material (Figure 1a). Due to the high average power of
the laser, high traverse rates were required to laser texture the samples. To achieve the
necessary speeds, the samples were mounted on a 170 mm diameter rotating cylinder
(Figure 1c). The rotating cylinder was mounted on a linear axis, so the static focused beam
was tracked as a spiral across the surface of the sample simulating a parallel hatch texture
pattern. A perpendicular linear axis allowed precise setting of the focal point relative to
the surface. The linear axes/rotary axis combination was of bespoke construction with a
digital controller.
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Figure 1. Laser Texturing Set up: (a) Schematic of high-speed laser texturing setup; (b) output (image)
from Rigal i800 laser; (c) high speed rotary axis.

The parameters employed for the laser texturing of the sample used for the corrosion
analysis are given in Table 2. No atmospheric control was used during texturing or
subsequent storage of the samples.

After 25 days the sample was heated for 85 min at 60 °C. Following this, its water
contact angle was found to be 152°. A high coverage rate of 0.43 m?/min was achieved
as a result of the available average laser power at relatively high pulse energy applied
over a large spot size, and represents a coverage rate that is adequate for a number of
industrial applications.

2.3. Electrochemical Analyses

The samples were cleaned before the electrochemical analyses by cleaning with com-
mercial detergent and fresh water soaking, rinsing with distilled water, cleaning with
isopropanol and drying with a drier. Areas of the samples (0.3 cm?) were exposed to
an aggressive environment. These areas were limited with holed tape that was shielded
using epoxy resin. The aggressive environment was a solution of sodium chloride in
water with 0.6 M (Mol/L) of concentration at 298 K. Merck was the provider of the
chemical compounds.
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Table 2. Laser texturing parameters use for the CP aluminium texturing experiments.

Nr. Parameter Value Units

1 Average Power 800 W

2 Pulse Repetition Rate 10,000 Hz

3 Pulse Energy (calculated from 1 and 2) 80 mJ

4 Pulse Length 60 ns

5 Beam Diameter at Lens 21 mm

6 Focal length 40 mm

7 Defocus 4 mm

8 Estimated spot size at sample (from 5,6,7) 2.1 mm

9 Rotary Speed of 170 mm cylinder 963 rpm

10 Tangential speed (“scan speed”) 8.6 m/s

11 Linear translation speed 0.81 m/min
12 Hatch spacing (calculated from 9, 11) 0.84 mm

13 Coverage rate (calculated from 10, 11, 12) 0.43 m?2/min

The electrochemical trials were carried out with a potentio/galvanostat (Interface1010E)
provided by Gamry Instruments Inc (Warminster, PA. USA). The potentio/galvanostat was
controlled with Gamry Framework Version 7.8.4 software designed by Gamry Instruments
Inc (Warminster, PA. USA), and the data were evaluated with Gamry Echem Analyst soft-
ware. A three-electrode cell was used to conduct the electrochemical analyses. The cell was
comprised of a reference, counter and working electrode. The reference electrode was 3 M
KCl silver/silver chloride (Ag/AgCl 3 M KCl) with a double junction that was supplied
by EDT Direct Ion Ltd (Dover, UK). The counter electrode was a platinum wire of 0.7 mm
diameter that was provided by Cooksongold (Heimerle + Meule Group) (Birmingham,
UK). The working electrodes were the samples.

The electrochemical analyses were passive (open circuit potential and zero resistance
ammeter), perturbative of direct current (potentiodynamic polarisation curve) and of
alternating current (electrochemical impedance spectroscopy). Open Circuit Potential
(OCP) and Zero Resistance Ammeter (ZRA) were conducted with an asymmetric system in
which a counter electrode was used. The total time of testing was 2 h, and the acquisition
time was 0.05 s. Combined assessment of both techniques is usually called electrochemical
noise, and the employment of the asymmetric system means that these analyses are defined
as Asymmetric Electrochemical Noise (AEN) [18]. Potentiodynamic Polarisation Curves
(PPC) were carried out with an initial potential as the potential at open circuit of ——0.3 'V,
a voltage scan of 0.167 mV/s, a current density limit of 0.01 A/cm? and a final potential of
2V vs. areference electrode. Electrochemical Impedance Spectroscopy (EIS) was conducted
at 5 mV root mean square of potential amplitude, frequency ranges from 0.01 Hz to
100,000 Hz and 10 points per decades (ten measurements for each order of frequency
magnitude). The equivalent circuit method was utilised to assess the EIS data. Gamry
Echem Analyst software was used to develop the equivalent circuit method. All individual
tests were repeated a minimum of three times, to confirm validation of the data.

3. Results
3.1. Electrochemical Assessments
3.1.1. Open Circuit Potential and Zero Resistance Ammeter (Electrochemical Noise),
Passive Corrosion Testing

Figure 2 shows the potential (Figure 2a) and current density (Figure 2b) evolution over
the time of the samples. Both potential and current density fluctuated with time in both
samples. This indicates the generation of metastable pitting for two hours of immersions
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in 0.6 M NaCl solution. Chloride ions can react with the oxidised aluminium layer or a
passive film, easing its dissolution in water. The amplitude of the fluctuation was wider for
the non-textured samples than the laser textured aluminium. This shows that the pitting of
the non-textured samples was deeper and wider than the textured aluminium [19,20]. The
oxidised layers of the textured samples were more homogeneous than the native oxidised
layer. Iron-rich intermetallics (AlsFe and AlgFe) are the cause of the huge pitting on pure
aluminium alloys because these intermetallics have cathodic/anodic effect on aluminium
matrix [20-22], which are absent in the textured samples. The evolution of potential
and current density (outputs) over time were different for the non-textured aluminium
compared to the laser textured samples. Both AEN outputs reduced with increasing time
for the non-textured samples at <900 s. Passive film generation on commercial pure
aluminium decreases the potential and current density [23]. The potential increased over
time while the current density remained constant with time between 900 s and 1600 s.
The growth of the passive film is characterised by potential increase with constant current
density [24]. After this point, both outputs of the non-textured samples remained constant
with time. This indicates that the passive film was stable after this point [22]. For the
textured aluminium, both potential and current density declined with increasing time
for all testing times. Reduction of the outputs over time causes the continuous oxidation
of the samples [25]. The different corrosion behaviour of the samples showed that the
textured aluminium was continuously oxidized, while the non-textured samples generated
a stable passive film. The potential was higher for the non-textured aluminium than the
textured samples. This indicates that the textured oxidised layer is less noble than the
native oxidised layer.
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Figure 2. (a) AEN results of the non-textured and textured aluminium in 0.6 M NaCl immersion for
2 h, OCP (potential evolution over the time); (b) ZRA (current density evolution with the time).

The results of the OCP and ZRA were employed to obtain AEN factors that allowed
the analysis of the corrosion process for first two hours of immersion. Asymmetric system
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electrochemical noise corrosion rate (C.R.zgn) was calculated using Equations (1) [23]

and (2) [26].
N 12
I = L 1
RM.S l; \/ N 1)

IR'M'S'XM
Fxnxp

C.R.AEN = ()
where, I; is current density per measurement i, N is measurement number, Ig.js.s. is
the current density root mean square, M is the aluminium molarity (27 g/mol), F is
Faraday’s constant (96,500 C/mol x electron), n is electron number (3) and p is aluminium
density (2700 kg/m?). The non-textured sample C.R. gy was lower than that for textured
aluminium (see Table 2). The reduction reactions were faster for textured samples than
non-textured samples. Note that the corrosion rates were obtained with an asymmetric
system corresponding to the cathodic processes (reduction reaction) [18]. The cathodic
area of the textured surface was larger than the non-textured pure aluminium surface.
The oxidised textured surface and iron-rich intermetallic particles [20-22] are cathodic
areas where the elements (e.g., oxygen and water) are reduced. In the case of the iron
intermetallics, their particle sizes are of the order of a few micrometres in size [20-22] while
for the laser oxidised textures, surface areas are millimetres in size. Larger cathodic areas
encourage the reduction reactions [27].

The localised index (L.1.) was estimated using Equation (3) [23].
J1

LI =
IR M5

®)

where 07 is the standard deviation of the current density. L.I showed that corrosion in
both samples was controlled by mixed processes (diffusion and activation). The control
of corrosion is defined by L.I values, i.e., 0.001-0.01 general corrosion, 0.01-0.1 mixed and
0.1-1.0 localised [23,28].

Equation (4) [29] was used to calculate the asymmetric system electrochemical noise

resistance (RAgn)-
(3
R == 4
AEN = 4)

where o is the standard deviation of the potential. The R4y of the non-textured samples
was lower than for that of the textured samples. This confirms that the reduction reactions

of the aluminium were promoted by laser surface texturing. These values can be found
in Table 3.

Table 3. AEN factors of the non-textured and textured samples in 0.6 M NaCl for 2 h.

o1 Ir.Mm.s C.R.AEN 2

Sample o (mV) (uA/cm?) (uA/em?) (um/Year) L.I Rapn (kO X cm?)
Non-textured 11.340 0.331 3.194 34.314 0.09 34.221
Textured 7.676 0.466 12.281 131.954 0.04 16.481

3.1.2. Potentiodynamic Polarisation Curve (PPC), Active Corrosion Testing of
Direct Current

The PPC were different according to the textured or non-textured samples, as can be
seen in Figure 3. Both samples possessed a horizontal curve in the cathodic branch at low
potential (=—1.1 V). Part of the supplied potential is used to evolve the water to hydroxide
and hydrogen [30,31].
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Figure 3. Sample PPC at 2 h immersion in 0.6 M NaCl.

For non-textured samples, the cathodic branch was controlled by the activation reac-
tion as indicated by the inclined curve [14]. With respect to the anodic branch, the curve
was vertical up to ~—0.698 V, showing the presence of the passive film [32-34]. The curve
then levelled to near horizontal at —0.698 V, indicating the breaking down of the passive
film [14]. Both branches had current density fluctuations with the increase of the potential.
These fluctuations were observed throughout the cathodic branch, while for the anodic
branch these were only present close to the potential of the breaking passive film for the
non-textured specimens. The dissolution of the iron-rich particles with anodic effect on the
aluminium matrix produces these fluctuations for the cathodic branch [20-22]. This process
was also observed in AEN testing, confirming these results. The anodic fluctuations are
generated by the metastable pitting that announces the breaking of the passive film (anodic
branch) [32,34]. The inflection point potential of the return curve was higher than the
corrosion potential, showing the capacity to spontaneously recover the passive film [32].

Considering now the results of the textured samples, the cathodic branch indicated
diffusion control from —1.14 V to —0.86 V, due to the near verticality of the curve [31].
From —0.86 V to —0.690 V, the curve was more inclined, which indicates that cathodic
reaction control is active at these potentials. This shows that the cathodic reaction possesses
mixed control (diffusion and activation). The anodic branch was near horizontal, indicating
activation control of the oxidation reactions [31]. The passive film was absent for the tex-
tured sample PPC due to the breaking passive film potential being similar to the corrosion
potential [8]. The return curve was absent for textured samples because of this similarity of
breaking passive film potential and corrosion potential and, therefore, the re-passivation of
the sample was impossible.

PPC dissimilar behaviour of the samples is caused by the oxidised layer and inter-
metallic particle refining (Al3Fe and AlgFe) produced by the laser surface texturing. The
laser oxidised layer reduces the diffusion processes as a result of the rough topography.
Surfaces with relief (peaks and valleys) hinder the oxygen and water access to cathodic
areas [14]. This produces diffusion control of the cathodic branch for the laser surface
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textured samples. In the case of the non-textured CP aluminium, the flat surface reduces
the diffusion impedances due to topography, producing mixed control of the cathodic
branch. The imperfections of the laser oxidised layer increase the chemical activity of the
surface, causing the reduction of its protective capacities and the activation control of the
anodic branch. In respect of the non-textured CP aluminium, passive control occurs due to
the absence of imperfection and the high chemical inactivity of the aluminium passive film.
Intermetallic surface refining (reducing intermetallic size) reduces the cathodic/anodic
effect on the aluminium matrix [20-22], eliminating metastable pitting close to breaking
passive film potential for the laser surface textured samples. This is due to the rapid
melting of the material followed by rapid cooling, re-dissolving these intermetallics in the
aluminium matrix. This reduces the size of these intermetallics.

Relevant corrosion factors of the samples obtained using PPC are summarised in
Table 4. The corrosion potential (Ecor) of the textured samples was higher than that for
non-textured commercial pure aluminium. It was also slightly higher than the breaking
passive film potential (E,p) of the non-textured samples, meaning that the laser textured
oxide layer is slightly nobler than native passive film.

Table 4. PPC factors of the non-textured and textured samples in 0.6 M NaCl.

Factor Non-Textured Aluminium Textured Aluminium
Ecorr (V) —0.988 —0.695
Teorr (MA/cm?) 47.085 338.101
C.R.corr (um/year) 0.506 3.633
Bc (mV/decade) —0.035 —0.012
Ba (mV/decade) 0.150 0.001
Rp (kQ*cm?) 421 0.941
Ipass (LA /cm?) 0.110 -
C.R.pass (Lm/year) 1.182 -
Laife (A/cm?) - 3.673
C.R.gisf (um/year) - 39.463
Epp (V) —0.698 -
Erp (V) —0.896 -

The corrosion current density (I.o+) of the non-textured samples was lower than the
textured aluminium I.o,,. These current densities were estimated by the intersection of the
Tafel lines [33,35]. The different corrosion rates of the samples were determined by the
different corrosion processes. The near vertical curve in the cathodic branch of the textured
samples indicates a diffusion process (diffusion current density) defining the corrosion
rate of this sample. In the case of the non-textured specimens, the passive process (passive
current density) defines the corrosion rate as indicated by the near vertical curve of the
anodic branch. The diffusion current density (I3) was greater than the passive film current
density (Ipsss). This indicates the kinetic corrosion resistance of the textured samples was
lower than non-textured samples. This is due to the imperfections (cracks) of the laser
oxidised layer [14]. It is noted that Ly was absent for the non-textured CP aluminium
because of the mixed control of the cathodic branch. The absence of Isss for the laser
textured samples is due to activation control of the anodic branch. The corrosion rates of
these density currents were calculated using Equation (2), but the Ir.ps.s were replaced by
Leorr, Idiff and [s5, respectively.

Polarisation resistance (R,) was calculated using Equation (5) [30].

_ Pa X e
Rp - 2.303 x Ieorr X (ﬁa + .BC) ®

where 8, and . are the anodic and cathodic slope, respectively. These slopes were estimated
using the Tafel lines [33,35]. Non-textured samples had higher R, values than textured
aluminium. This verifies that the non-textured samples had a higher kinetic corrosion
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resistance. In both cases, R, was different than R4gn, being the resistance from AEN results.
RagN was lower than Ry, for the non-textured samples and higher than Rp in the case of the
textured samples. This is because Ragy is related to the cathodic reaction of the corrosion
while R, relates to the equilibrium point of the reactions. Thus, the cathodic reactions are
faster than chemical reactions in equilibrium for the non-textured samples. In the case of
the textured specimens, the cathodic reaction was slower than the other reactions because
of the diffusion impedances.

3.1.3. Electrochemical Impedance Spectroscopy (EIS), Active Corrosion Testing of
Alternating Current

EIS results indicated that the corrosion mechanisms of the non-textured and textured
samples were different, as shown in Figure 4.

+ 2 hours * 24 hours 48 hours 72 hours
(a)m0 96 hours 2 hours 24 hours 48 hours IE+08

72 hours 96 hours 1E+07 a
80 Ve - eesseesren . g
: e e
= — i, g (06 X
3 60 # Mb%ﬂfiw“ﬁ g
= 2 1E+05
on wn
5} =
a 40 1E+04 3
~ 39
o =}
ED 20 1E+03 s
< IE+02 ©
2 0° 5
E IE<01 5
=9
0 IE+00 &
1E-02 1E+00 1E+02 1E+04 -
Frequency (Hz)
100 ¢ 2 hours = 24 hours 48 hours 72 hours 1E+07
(b) 96 hours 2 hours 24 hours 48 hours —_
i A M ZE g ses 1E+06 .
%0 ;;;g;ah% a— e, £ (d) +2hours =24 hours - 48 hours
w - e b 1E+05 X% 1.6E+06 72 hours * 96 hours
8 el e <
5, 60 - '{%% ) \Eio4 2
@ -0 “H ¥ =
a e "r%% % £ 1.4E+06
- s 0 T . F
o a0 %&e s 1E+03 3 ~
%ﬂ re ‘%‘S}% 1E+02 E E 1.2E+06
20 g 9 X
2 s > 1E01 Z <3
= e, o P 1.0E+06 - .
= 1E+00  E g . .
1E-02 1E+00 1E+02 1E+04 = -] "
x 0E+05
Frequency (Hz) 2 8.0E+05 .
g .
> x "
(C) £ 6.0E+05 A
1LOE+06 £ . Zbours « 24 bours - 43w
g . 2 hours . 06 hours
1.5E+07 &b - .
= £ 4.0E+05 -
g = 2 hours - ] 15
- . « 24 hours 2.0E+05 ¢ - f
. £ . 48 hours 00E+00
a T 5.0E+05 Lo ) O o a0k L0603
E E “ 96 hours 0.0E+00
= . s
G LOE+07 e 0.0E+00 1.0E+06 2.0E+06 3.0E+06
£ ; 2
8 . £ i Real Impedance (Qxcm?)
£
o H L
& . 0.0E+00 S
=1 0.0E+00 5.0E+05 1.OE+06
_— Real Impedance (Qxem?)
E . -
E50E106 . * 2 hours
50 = 24 hours
E ta 48 hours
! - + 72 hours
-
’ 96 hours
pefen
-

0.0E+QQ s ===

0.0E+00 5.0E+06 1.0E+07 1.5E+07
Real Impedance (£2xcm?)

Figure 4. (a,b) Bode and (c,d) Nyquist plots of the (a,c) non-textured and (b,d), textured samples at
all immersion times in 0.6 M NaCl.



Processes 2023, 11, 721

10 of 16

The corrosion mechanism of the non-textured pure aluminium (Figure 4a,c) changed
at 48 h of immersion in 0.6 M NaCl. This indicated the instability of the corrosion system
over the time. The equivalent circuit for the corrosion mechanisms (Figure 5a) at <24 h
was formed of three time constants. A resistance (R;) and constant phase element (CPE)
were the equivalent circuit elements that represented the first time constant. This time
constant was associated with the semicircle at low real impedance in the Nyquist plots,
and the peak (phase angle plots) and slope (impedance modulus plots) of the Bode plots at
high frequency range (from 10° to 10° Hz). Both equivalent circuit elements were in series
between them. The second time constant was the flat peak (phase angle plots) and inclined
curve (impedance modulus plots) at low frequency range (10~2-10% Hz) for the Bode plots
and the semicircle at high real impedance for the Nyquist plots. This showed that the
equivalent circuit elements of this time constant were a resistance (Ry) and a constant
element phase (CPE,) in parallel with each other. The elements of this time constant were
in parallel with each other and in series with the previous time constant elements. The last
time constant was represented with the same equivalent circuit elements as the previous
time constant (CPE3; and R3). The same elements of the Bode and Nyquist plots of the
previous time constant formed this time constant, with overlapping between both time
constants. CPE3; was also in parallel with R3 and was in series with Ry.

Figure 5. Cont.
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Figure 5. Equivalent circuits of the corrosion mechanisms of the (a,b) non-textured commercial pure
aluminium at (a) 2 h and 24 h immersion and, (b) 48 h, 72 h and 96 h immersion and, (c) textured
commercial pure aluminium at all immersion times in 0.6 M NaCl.

The corrosion mechanism at prolonged immersion time (at >48 h) was comprised of
four time constants, (Figure 5b). The first three time constants were similar to the previous
corrosion mechanism, and the signals in the Bode and Nyquist plots, and equivalent circuit
elements, were also similar. The fourth time constant was related to the inclined curves with
negative slope at low frequency range (10-2-10~! Hz) for Bode plots and the negative loop
of the Nyquist plots. This time constant was formed of a resistance (R,) and an inductance
(L), which is characteristic of a dramatic reduction in the imaginary impedance [36]. Both
elements were in series with each other and in parallel with the equivalent circuit elements
of the third and fourth time constants.

The corrosion mechanism of the textured sample (Figure 4b,d) was constant over time,
indicating the high stability of the corrosion process. This mechanism was formed of three
time constants (Figure 5c). A resistance was the first time constant (R;) that was found
at high frequencies (10*-10° Hz) in the impedance modulus Bode plots as a horizontal
curve. The second time constant was from 10! to 10° Hz in the Bode and Nyquist plot. This
element was the beginning of the flat peak for the phase angle plot, while this was first
inclined curve of the modulus impedance plot. The semicircle at low real impedance was
the constant time in the Nyquist plots. Thus, the equivalent circuit elements of this time
constant were a resistance (Ry) and constant element phase (CPE;,) in parallel with each
other and in series with Ry. The third time contact was similar to the second time constant,
but these were observed at low frequencies (1072-10" Hz). The flat peak of the phase angle
plots indicated that the second and third time constants overlapped. R;, therefore, was in
series with third time constant element phase (CPE3), while the resistance of third time
constant (R3) was in parallel with CPE3.

Proposed equivalent circuits according to the analysis of the experimental EIS data can
be seen in Figure 5. The experimental data and simulated data from the equivalent circuits
are shown in Figure 6. The good X? value (10~4-1072) confirms that the data calculated
using the equivalent circuits were valid.

The data obtained for the equivalent circuit method is listed in Table 5. According to the
simulated values, the equivalent circuit elements were identified for each corrosion process
of the corrosion mechanisms. Varying elements of the equivalent circuits represented
similar corrosion processes for both samples. Ry, CPE; and n; corresponded at the same
processes for all samples, these being the passive film processes, and therefore these
elements were named Ry, CPE; and ny (as in Table 5). R3, CPE; and n3 were other common
elements for all samples and these represented the charge transference resistance (Rc)
and double layer capacitance (CPEq; and ng)) [37]. Ry and CPE; of the non-textured pure
aluminium samples had the same corrosion process, being associated with the activation-
passivation processes of the metallic material (Rap and CPE,). This is because of the
partial passivation of the surface [38]. In the case of textured pure aluminium sample Ry,
this represented the environment resistance (Rs). Ry and L, which were found only for the
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non-textured pure aluminium at >48 h of immersion, represented adsorption-desorption of
the water and protons on the aluminium surface [30,31]. These elements were thus named
as Rad-de and Lad-de-

Table 5. Summary of the equivalent circuit element values according to the samples and immer-

sion time.
Non-Textured Samples

Time R, CPE,, N R¢ CPE; A Rt CPEg A Rad-de Lad-de X2
(h) (uQ)  (uS x s"/cm?) 1 kQ x em?)  (uS x s"/cm?) f (kQ X cm?) (uS x s"/cm?) 4 (kO x cm?)  (kH x cm?)  (10-3)
2 0.065 0.95 0.85 146.0 0.747 0.85 15.80 0.48 0.87 - - 1.62
24 136.0 1.38 0.83 4.1 361.0 1.00 8.46 1.33 0.81 - - 1.52
48 1752.0 1.53 0.84 2.0 0.832 0.95 0.78 1.96 0.82 123.0 0.23 2.16
72 29240 88.5 0.68 83.2 2.682 0.79 0.41 1.67 0.81 225.0 225.0 5.07
9% 1056.0 116.0 1.00 1076.0 2.370 0.81 0.57 2.93 0.76 428.0 2034.0 3.40

Textured Samples

Time ¢ (A x cm?) R¢ (Q X cm?) CPE; (uS X s™/em?) n Ra CPEg (uS X s'/em?) n X2
(h) s f £ £ KQ X cmz) dl dl (1073)
2 2.566 112 1.53 0.95 1750 0.90 092 1.8
24 2.590 221 232 0.94 5830 1.40 091 137
48 2.605 96.0 252 0.94 611 0.60 1.00 3.07
72 2.331 75.5 2.19 0.95 560 1.05 096 5.77
9% 2117 64.0 2.24 0.95 603 1.10 095 7.21

The values of some of these equivalent circuit elements evolved over time, and in
different ways, according to the sample type.

With respect to the non-textured samples, Rap and CPE,, increased with time, in-
dicting the surface passivation was increased. R¢ decreased with time at <48 h, while this
increased over the time at >72 h. The decrease of Ry was due to the pitting generation,
whilst re-passivation caused the increase in R;. This confirms that the passive film can
spontaneously recover by itself, as mentioned in the potentiodynamic polarisation curves
analyses section. CPE¢ presented the opposite evolution over time compared to Ry, validat-
ing the passive film behaviour. The passive film thickness, d, is proportional to CPE;, as
can be observed in the next Equation (6) [30].

d— €A10 X &0 i ©)
CPEf x (2 7 x fy)

where, ¢, is the permittivity of free space (8.854 x 10714 F/cm [39]), fris the frequency of
the phase angle for passivation elements and €a)p is the dielectric constant of alumina
(8.5 [39]).

n¢ decreased with time at values around 0.8, indicating that the passive film has
pores [37] because of the high affinity of the aluminium passive film for chloride ions [40,41].
Ret, CPEy and ng; were approximately constant with time, showing the bare, pure alu-
minium was free of the aggressive environment effect. Note that the ng was around 0.8,
showing the bare material surface had roughness [37]. The presence of R,4.4e and L,g-qe in
the equivalent circuit at >48 h indicated that adsorption-desorption processes of chloride
ions, water and oxygen occur at 48 h of immersion [30,31]. The localised dissolution of the
passive film caused by the chloride ions generated cracks and pores on this film. These im-
perfections are zones where the adsorption-desorption process of these elements occurs at
a slow velocity. R,4.4e and Lyg-qe increased with time, showing that adsorption-desorption
are slower. The accumulation of the harsh elements (e.g., water, chloride ions and oxygen)
on the surfaces of cracks and pores hinder the process of adsorption-desorption [30,31].

Regarding the laser textured sample corrosion mechanism, the element values of the
equivalent circuits were constant over time. This indicates that the corrosion mechanism of
the textured pure aluminium is stable over time. Rt was the only element that changed
over time. The reduction of this value with time shows a diminishing of the sample
corrosion resistance.
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Figure 6. Experimental and simulated Bode and Nyquist plots of the non-textured and textured samples.
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4. Discussion

The corrosion behaviour of the pure aluminium changed following the laser surface
texturing process due to chemical and topographic modifications. The oxidised layer
generated with the laser processing was more stable than the native passive film. This was
observed in the low fluctuation amplitude of the metastable pitting (AEN analyses), higher
Ecorr (PPC assessments) and the stable corrosion mechanism over time (EIS evaluations)
of the textured samples. The laser process refines the iron-rich intermetallics, producing
a reduction of the metastable pitting activity and ennoblement of the samples. These
intermetallics have a cathodic/anodic effect on the aluminium matrix that destabilises the
native passive film of the commercial pure aluminium in an aggressive environment. This
cathodic effect is proportional to the size of the intermetallics. The laser surface texturing
refines and oxidises the AlsFe and AlgFe, causing the reduction or removal of the detaching
process of the intermetallics [20-22]. This eliminates the evolution of the system over
the time.

The commercial pure aluminium specimens possessed higher kinetic corrosion resis-
tance than textured samples. Lower Rapn and higher Ir.m.s. (AEN assessments), faster
C.R.corr (PPC evaluations) and lower R¢ (EIS analyses) of the textured samples indicated
this lower kinetic corrosion resistance. Laser processing produces a thermal stress on
the pure aluminium samples, generating cracks. These imperfections reduce the kinetic
corrosion resistance of the laser processed passive film. These defects hinder the possibility
of recovering the passive film by itself. The equal value of Ecorr with Epass indicates that
repassivation is impossible [8].

The textured samples showed a cathodic branch with diffusion control, while the non-
textured specimens had a cathodic branch controlled by activation (PPC analyses). The high
roughness of the textured surfaces hinders the access to oxygen and water to the cathodic
areas, slowing the mass transference process (diffusion) due to this impedance [31].

5. Conclusions

The conclusions of the present study are that the laser processing modified the cor-
rosion behaviour of the pure aluminium. Metastable pitting was lower after the laser
processing owing to the refinement and oxidation of the iron-rich intermetallics. The cor-
rosion rate of the native passive film was lower than the laser oxidised layer because of
these cracks. Textured samples were nobler than non-textured specimens because of the
elimination of the intermetallics. The native passive film could recover owing to the absence
of the cracks. The corrosion mechanism of the textured samples was more stable than the
non-textured samples as a result of the refinement of the intermetallics during processing
that avoids or reduces the intermetallic detaching process. The corrosion resistance of the
non-textured pure aluminium, however, was higher than in the textured samples because
of the good qualities of the native passive film.

Although the non-textured pure aluminium presented better corrosion resistance than
the textured samples, this corrosion resistance evolved over the time. This indicates that
the corrosion resistance of the pure aluminium without laser processing can be damaged
and become lower than textured sample corrosion resistance, which is stable over time.
This can be advantage for applications that require a stable corrosion mechanism.
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