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Contrasting initial events of localized corrosion on surfaces of 2219-T42 and
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Abstract: Aluminum alloy samples, 6061-T6 and 2219-T42, were exposed to Caribbean seawater for 90 d. The fluctuations of open
circuit potential, considered as electrochemical noise (EN), were used to characterize and compare initial pitting events, which
appeared on their surfaces. EN analysis was carried out using the power spectral density (PSD) vs frequency. The decrease of the
exponent in PSD graphs indicated a release of spontaneous energy with the progress of pit formation in seawater. The fluctuations
were associated with the breakdown and formation of new corrosion layers. The values of f exponent in PSD graphs suggest that
corrosion process of AA2219-T42 alloy occurs as a persistent non-stationary process, the dynamics of which is controlled by
fractional Brownian motion (fBm), while on AA6061-T6 alloy the corrosion process was dominated by stationary and weakly
persistent features, with the contribution of fractional Gaussian noise (fGn). After the exposure in seawater, SEM—EDX analysis
revealed insoluble intermetallic particles on the alloys, rich in Cu or Fe and irregularly distributed. The preferential dissolution of Mg
and Al occurs from the S-phase (ALL,CuMg) of AA2219-T42 alloy.
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1 Introduction

Aluminum alloys (AA) series 2xxx and 6xxx are
very popular as materials for application in industry, for
example, in vehicles, aircraft and machine parts and
computers, as well in seawater structures (e.g. ships and
liquid cargo containers). The light mass, high electrical
and thermal conductivities are the main advantages of
these alloys. They present a good corrosion resistance
in many environments having neutral pH, owing to
the formation of a protective passive Al,O; oxide film
on their surfaces, which is insoluble in water [1—4].
However, the chloride ions may promote their pitting
corrosion [5—8], stress corrosion cracking [9] and inter-
granular corrosion [10]. The susceptibility to corrosion
of aluminum alloys in the form of pitting, when they are
exposed to an aggressive environment, is a consequence
of galvanic cells formed in the boundary regions
between a metal matrix and second phase intermetallic
particles [5]. These particles present cathodic activity,

when containing Cu and Fe, since they are nobler
elements with respect to aluminum matrix. The anodic
particles contain more active elements, such as Mg.
The process becomes more localized owing to the
presence of different intermetallic phases, as reported in
Refs. [11-18]. Two types of intermetallic particles
precipitated in the 2xxx alloys [15] and specifically in
AA2219-T42 alloy [11] have been identified as cathodic
and anodic. The cathodic particles are rich in copper, like
O-phase (Al,Cu) and Al-Cu—Fe-Mn, and they have less
negative corrosion potential than the alloy matrix [3].
Contact with active anodic particles, i.e. S-phase
(ALL,CuMg), promotes peripherical pitting around
them [19]. On the other hand, the anodic particles can
suffer selective Mg and Al dissolution, observed as
pitting corrosion [14]. Thus, due to the formation of local
galvanic cells between the intermetallic particles and Al
matrix, AA2219 alloy presents poor corrosion resistance
in chloride medium [16]. In AA6061-T6 alloy, the
precipitated particles have been classified into two
main groups, according to their electrochemical behavior
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relative to the aluminum matrix: active anodic (rich in
Mg, Si and Al), with Mg preferential dissolution, and
cathodic (rich in Fe, Si and Cr) [18].

Seawater is a destructive medium for metals owing
to its high salinity (35%, density of 1.023 g/cm’ at 25 °C)
and is capable of producing severe damage in a short
time. It is a very complex electrolyte with many factors
affecting the corrosion behavior of any metal or alloy,
such as salinity, pH, oxygen content, temperature,
specific contaminants and flow velocity.

The detection and characterization of the initial
events of pitting corrosion and the changes observed on a
metal surface are of great interest. Monitoring the open
circuit potential (OCP) of a metal, called as free
corrosion potential (p.), i1s a direct and non-intrusive
electrochemical method which enables the progress of
the corrosion process and changes on the metal surface to
be detected. OCP evaluation can provide an idea of the
metal behavior during its exposure to aggressive
environments. ¢, fluctuations are classified as electro-
chemical noise (EN) when they are phenomena of low
frequency (<10 Hz) and low amplitude. EN analysis
would help to describe the fluctuating behavior of a
totally random signal in respect of time [20,21]. EN
analysis would help to describe the fluctuating behavior
of a totally random signal in respect of time, which
could be attributed to the variety of macroscopic
and microscopic stochastic events in corrosion
systems [20,21]. IVERSON [22] employed EN measure-
ments for the identification and interpretation of the
corrosion process evolution in metal and alloys. The
spontaneous EN could provide important information on
the activities taking place simultaneously at metal/
electrolyte corroding interface [23]. For example, EN has
been applied to characterizing the localized corrosion of
AATA60 alloy in 3.5% NaCl solution [24] and the
corrosion process of AZ91D magnesium alloy in neutral
NacCl solution [25].

The typical procedure to analyze EN is to transform
the data in the frequency domain to acquire power
spectral density (PSD) [26,27]. PSD plots could be
estimated by utilizing standard algorithms, such as fast
Fourier transform (FFT) or maximum entropy method
(MEM) [28]. PSD method is an appropriate method to
identify long-term persistence in data and to perceive the
energy changes in a system. The plots display the power
per unit frequency with respect to the frequency on
logarithmic scale [29]. According to MANDELBROT

and NESS [30], the relation S(f) would be written as 1/
in the frequency domain, where S(f) is the corresponding
square amplitude; S is calculated by estimating the
negative slope of the line relating Ig S(f) to lg f. In
agreement with EKE et al [31], PSD allows the
distinction between series with fractional Gaussian
noise (fGn) and fractional Brownian motion (fBm): S
exponents from —1 to 1 correspond to fGn, and fBm is
considered when the exponents f are from 1 to 3. Thus,
the exponent value is correlated with persistent processes
in series over time [32]: fGn as a stationary process and
the fBm as non-stationary [33].

In our past research, the multifractal detrended
method and PSD analysis of corrosion potential were
used to characterize the initial stages of copper patina
formation [34] and pure aluminum corrosion in sea-
water [35].

The focus of this research is to extend the
information on surface changes, due to the initial stages
of localized corrosion of two aluminum alloys, 2219-T42
and AA6061-T6, exposed to Caribbean seawater over
90 d. The OCP fluctuations were considered as EN and
transformed in the frequency domain to obtain PSD plots,
in order to gain information on the dynamics of
spontaneous release of energy during the corrosion
process. The results have been supported by SEM—EDX
analysis of alloy surfaces. A qualitative correlation
between EN-PSD data and surface analysis was
recognized.

2 Experimental

2.1 Characterization of AA2219-T42 and AA6061-T6

Table 1 presents the chemical composition of 2219-
T42 and 6061-T6 aluminum alloys (California Metal and
Supply Inc.). Specimens of 1 cm” were cleaned with
ethanol and immersed in 50 mL of Caribbean seawater at
20°Cfor 1,2, 3,5, 10, 15, 30 and 90 d, respectively.

Figure 1 shows SEM images of AA6061-T6 and
AA2219-T42 surfaces. EDX elemental analysis of the
observed intermetallic particles is revealed in Table 2.
For AA6061-T6, zone A4 is rich in Al and Fe, in the
presence of Si and Mn, and traces of Cr. These could be
considered as second phases [15,18]: Al;Fe, Mg,Si,
Al-Si—Mn—Fe and Al-Mg—Si. For AA2219-T42, zones
B and C are rich in Al and Cu, Mn and Mg at low
content, probably acting as the cathodic #-phase (Al,Cu)
and anodic S-phase (Al,CuMg) [11,14,15,19].

Table 1 Chemical compositions of 2219-T42 and 6061-T6 aluminum alloys (mass fraction, %)

Alloy Si Fe Cu Mn Cr Zn Ti Zr Others Al
6061-T6 0.07 0.5 0.31 0.08 1.10 0.19 0.07 0.03 - 0.05 Bal.
2219-T42 0.05 0.12 6.3 0.34 0.02 - 0.03 0.04 0.11 0.1 Bal.
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Fig. 1 SEM images of intermetallic particles on surface of reference aluminum alloy samples: (a) AA6061-T6; (b) AA2219-T42

Table 2 EDX analysis results of intermetallic particles in zones 4, B and C of Fig. 1 observed on surface of reference aluminum

alloys samples

Zone Alloy C (0] Mg Al Si Cr Mn Fe Cu
A in Fig. 1(a) AA6061-T6 5.47 4.42 0.61 68.41 4.13 0.85 1.09 14.33 0.69
B in Fig. 1(b) AA2219-T42 - 1.49 1.54 72.04 1.52 - 3.28 7.01 13.13
Cin Fig. 1(b) AA2219-T42 - - 224 94.33 - - - 3.43 4.16

2.2 Seawater chemistry

The Caribbean seawater was collected from Telchac
port (Yucatan Peninsula of Mexico, 21°7' N, 89°25" W,
marine station of CINVESTAV-Merida), at 10 km from
the coast and 10 m in depth. The seawater contained total
salinity of 3.7%, pH 7.69, 1.1x107° of dissolved oxygen
and 20 °C of registered temperature at that depth.
Specific sea pollutants were 2.61 pumol/L silicates,
1.75 umol/L  ammonium, 1.84 umol/L. nitrates,
0.28 pmol/L phosphates and 0.04 umol/L nitrites.

2.3 Surface analysis

The samples, withdrawn at different exposure time
in seawater, were dried and analyzed by SEM—EDX
microscopy (Phillips-XL—30 and ESEM-JEOL JSM-
7600F). The samples were chemically cleaned in
1.42 g/mL. HNO; solution at 25 °C for 5 min, in
agreement with ASTM GI1-90 [36], to remove the
formed corrosion layers and to obtain images of alloy
surface changes after immersion with a SEM—EDX
microscopy. The analysis of the formed surface layers
and the precipitates of detached particles was carried out
with X-ray diffraction (XRD) equipment (Siemens
D-5000, using grazing beam geometry, 34 kV, 25 mA,
3° angle and radiation Cu K,). With DIFRACT AT
software the spectra were treated for the identification of
the crystalline phases.

2.4 Electrochemical corrosion test
The registration of free corrosion potential (@cor)
fluctuations of the alloy samples (working electrodes),

considered as EN because of their signal amplitude, was
achieved in an electrochemical cell. The recording time
of @.or was 13000 s, with a sampling period of 0.05 s
(using 2'® data), at each time of exposure of both alloy
samples in seawater. The registration of ¢, Wwas
performed with a potentiostat/galvanostat Series G750
(Gamry Instruments, Inc., software PHE 200). Calomel
electrode (9p=0.244 V (vs SCE, Hg*'/Hg,Cl,)) was used
as a reference electrode. The curves of ¢, values vs
time were plotted and the spectral analysis was achieved
to obtain the amplitude spectrum by fast Fourier
transform (FFT) and to graph PSD. The PSD as a
function of low frequency was analyzed on logarithmic
scale (10°—10"" Hz). The above procedures allowed the
slopes of the amplitude spectrum to ascertain, as well as
the corrosion mechanism taking place on aluminum alloy
surfaces exposed to seawater.

3 Results and discussion

3.1 SEM-EDX characterization of surface layers

To understand corrosion potential changes over time,
more detailed information was provided by SEM—EDX
analysis of both alloy surfaces. Figures 2 and 3 present
SEM images of the layers formed on AA6061-T6 and
AA2219-T42 surfaces, respectively, after exposure for
15, 30 and 90 d to Caribbean seawater. Their EDX
analysis results are shown in Tables 3 and 4. The
morphologies of both alloy surfaces reveal clearly that
after 15 d of exposure to seawater, as a consequence of
chloride ions aggressive attack, deeper micro-cracks and
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Fig. 2 SEM images of layers formed on AA6061-T6 surface after exposure to Caribbean seawater for different time: (a) 15 d;
(b)30d;(c)90d

Fig. 3 SEM images of layers formed on AA2219-T42 surface after exposure to Caribbean seawater for different time: (a) 15 d;
(b)30d;(c)90d

Table 3 EDX analysis results of layers formed on AA6061-T6 surface after exposure to Caribbean seawater for different time

Mass fraction/%

Zone
C (¢} Na Mg Al Si S Cl K Ca
A in Fig. 2(a) 5.01 52.79 1.94 3.89 30.01 0.64 1.88 3.32 0.52 -
Overall surface in Fig. 2(a) - 15.70 2.25 1.75 76.82 - - 3.48 - -
B in Fig. 2(b) 6.68 59.94 1.52 0.81 31.42 0.53 0.31 1.51 0.14 0.14
C in Fig. 2(c) 2348  46.17 1.23 0.61 4.75 - 0.52 2.90 0.10 20.23

Overall surface in Fig. 2(c) 10.02 4043 4.99 1.43 30.59 0.14 0.86 7.95 0.33 3.56

Table 4 EDX analysis results of layers formed on AA2219-T42 surface after exposure to Caribbean seawater for different time

Mass fraction/%
Zone
C (0] Na Mg Al Cl K Ca Mn Cu
A in Fig. 3(a) - 52.49 - 1.35 40.89 1.37 - 0.19 0.31 343
B in Fig. 3(b) 2.60 46.25 2.79 4.00 36.20 1.76 - - - 6.40
Cin Fig. 3(c) 6.53 49.66 2.93 4.18 27.84 5.83 0.46 1.67 - 0.90
more significant pitting corrosion are observable on However, at a later time (90 d) the surface layer is

AA2219-T42 surface (Fig. 3(a)), compared with that on more compact on AA6061-T6 (Fig. 2(c)), while that on
AA6061-T6 surface (Fig. 2(a)). On AA6061-T6 surface AA2219-T42 (Fig. 3(c)) is very porous. Flakes rich in
(Fig. 2(a), Table 3), zone A probably corresponds to Ca, C and O elements and low in Al element, deposited
amorphous alumina (Al,O;) and/or AI(OH);. However, at on the AA6061-T6 surface (Fig. 2(c), Table 3) could be
30 d of exposure, the AA6061-T6 shows more cracked attributed to several CaCO; compounds, originated from
surface (Fig. 2(b)), while on the surface of AA2219-T42 seawater. These flakes were able to act as additional
it seems that cumulus of amorphous aluminum products cover layer to protect the surface. However, their
were formed in the initially cracked areas (Fig. 3(b), adhesion is not good, and once growing over the time
Table 4). they detached giving precipitates. XRD analysis revealed
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the presence of CaCO; (calcite), CaAlsO; and
AlCl;-6H,0 compounds.

The larger pits on AA2219-T42 surface probably
nucleated on the anodic particles of the S-phase
(AlLCuMg) (Fig. 3(a), Table 4), referred in the
experimental part of this study. After 90 d exposure to
Caribbean seawater, during the anodic reaction on
S-phase and the local pH increase at the cathodic
particles (Al,Cu) [37,38], it seems that Al content goes
down (Figs. 3(b) and (c), Table 4) as a consequence of
chemical dissolution of the natural airborne-formed Al
oxide layer (AICl;-6H,0 participate).

Figure 4 SEM images of both alloy surfaces after
their chemical cleaning procedure [36], to remove the
corrosion layers formed at 90 d in seawater. It can be
seen that AA6061-T6 presents cracks (Fig. 4(a)) and pits;
however, they are more pronounced and deeper on the
surface of AA2219-T42 (Fig. 4(b)). An irregular
distribution of intermetallic cathodic particles rich in Al
and Fe (in the presence of Si, Cr, Mn and Cu) remains on
AA6061-T6 surface (Fig. 4(a), Table 5), while on
AA2219-T42 surface the intermetallic cathodic particles

are rich in Cu (Fig. 4(b), Table 5) [14,16,39,40].

3.2 Free corrosion potential (¢..r)

Figure 5 compares ¢, values of AA2219-T42 and
AA60601-T6 samples exposed to Caribbean seawater in
different periods of time during 90 d. It is notable that
the initial @, value of AA6061-T6 is more negative
than that of AA2219-T42; however, at 24 h ¢, shifts
approximately 350 mV to a less negative value, similar
to that of AA2219-T42.

This behavior of ¢, is usually associated with the

formation of a passive film that acts as a physical barrier
to the surface of the alloy [5], and SEM—EDX analysis
revealed that particles on AA6061-T6 surface (Fig. 2(a),
Table 3), probably correspond amorphous aluminum
compounds (Al,0O; and Al(OH);). On the other hand, the
initial @.o value (—0.659 V) of AA2219-T42 tended to a
more negative value after 24 h of exposure, providing an
indication of the breakdown of naturally airborne-formed
aluminum oxide layer, owing to the first events of pitting
caused by chloride ion attack. As mentioned above in the
experimental part, anodic S-phase particles appeared on
the surface of AA2219-T42, which altered the properties
of aluminum oxide layer [41], facilitating the penetration
of chlorides and initiation of localized piting corrosion
process. This fact caused the shift of the potential to
more negative value [14,39,40].

Over time, @q.r of AA6061-T6 suddenly started to
displace to more and more negative values, with a shift
of about —200 mV up to 30 d, because of the significant
cracking process in this period, confirmed by SEM—EDX
(Fig. 2(b), Table 3), and won again less negative values
(with about 300 mV) at the end of this experiment of
90 d. The reason for this potential shift could be the
formed more compact surface layer and flakes rich in
CaCoOs; (Fig. 2(c), Table 3).

On the other hand, the cumulus of amorphous
aluminum compounds formed in the initially cracked
areas of AA2219-T42 (Fig. 3(b)) are probably attributed
to more stable ¢, potential up to 30 d. However, at 90 d
@eorr shifted to more negative value, because of the
chemical dissolution of the naturally airborne-formed
aluminium oxide layer, as suggested by EDX analysis
(Table 4). After removal of the corrosion layer, SEM

Fig. 4 SEM images of aluminum alloy surfaces after 90 d in Caribbean seawater (corrosion layers are removed): (a) AA6061-T6;

(b) AA2219-T42

Table 5 EDX analysis of aluminum alloy surfaces after 90 d in Caribbean seawater (corrosion layers are removed)

Mass fraction/%
Zone
o Mg Al Si Cr Mn Fe Cu
A in Fig. 4(a) 1.11 0.37 68.93 5.24 1.15 1.41 20.57 1.22
B in Fig. 4(b) 5.40 1.68 60.8 0.92 - 1.69 9.52 19.99
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AA2219-T42 and AA6061-T6 samples during their exposure to

Caribbean seawater for 90 d

image (Fig. 4(b)) showed more pronounced and deeper
cracks on the surface of AA2219-T42 than that of
AA6061-T6 (Fig. 4(a)). In this way, the variation of .o,
values was well supported by SEM—EDX analysis.

3.3 PSD analysis of @, fluctuations of aluminum
alloys exposed to Caribbean seawater
It is known that over the time on the aluminum alloy
surfaces, persistent processes of pits nucleation occur,
which breakdowns the naturally airborne-formed passive
layers, competing with repassivation phenomena. All
these reflect the corrosion potential changes over time.
The nucleation of pits on aluminum alloys is often
unpredictable, tending to randomly disperse on the metal
surface, though there is evidence of preferential
localization at intermetallic inclusions. On the other hand,
the detection of the pits is difficult in their initial stages.
The localized corrosion process of 2219-T42 and
6061-T6 aluminum alloys, during their immersion in
seawater, was correlated with the fluctuations of the ¢oy,
recorded at different periods of time, to achieve
additional information for the dynamics of the initial
pitting events as surface phenomena. Considered as EN,
data time series of ¢, were treated to minimize errors,
subtracting the average value and removing the linear
trend, according to ASTM G199—-09 [42]. EN time data
have been transformed in the frequency domain to obtain
power spectral density (PSD) plots, which could deliver
information for the release of energy and its changes in
the system, as a consequence of the spontaneous
corrosion processes. PSD graphs represent the power per
unit frequency (V*/f, V is the power in V, f is the
frequency in Hz) with respect to frequency (f) on a
logarithmic scale. Their interpretation served to
distinguish the persistent processes, which control the

transformations occurring on the aluminum alloy
surfaces during their exposure in seawater.

Figure 6 compares PSD graphs of ¢, fluctuations
as a function of frequency on logarithmic scale, during
the exposure of AA6061-T6 and AA2219-T42 in
seawater over time. As examples, PSD plots are
presented for periods of time of 1, 10, 30, and 90 d. All
plots show a decrease in the f exponent that could be
associated with the spontaneous release of energy from
the alloy surfaces with the advance of localized corrosion
attack (pit formation) in seawater (Table 6). It can be
noted that at the initial stage AA2219-T42 has an
exponent of f=1.83, higher than that ($=0.60) of
AA6061-T6. In almost all periods of time, the exponent
f of AA2219-T42 maintains values of 1-3, which
suggests that the localized corrosion (pit nucleation and
growth) is a persistent and not stationary process, with
the contribution of fractional Brownian motion (fBm)
(Table 6). This behavior correlates well with the shift of
the @cor (Fig. 5) to more negative values, as from the first
24 h of immersion of AA2219-T42 in seawater and the
deeper micro-cracks, and significant pitting corrosion
(Fig. 4(a)), compared with that on AA6061-T6 surface
(Fig. 2(a)). On the other hand, the values of exponent
of AA6061-T6 (Table 6) indicate that up to 10 d and at
the later stage of 90 d, the localized corrosion is
considered as a weakly persistent process, controlled by
fractional Gaussian noise (fGn), which is considered as a
stationary process. However, at the medium period of
time in seawater AA6061-T6 corrosion is advanced as
persistent but non-stationary process, in a similar way to
that of AA2219-T42, with the contribution of fractional
Brownian motion (fBm) (Table 6). As is known, the
corrosion process is not a result of static properties of the
metal surface when localized corrosion is developed and
the dynamics of the process results in EN. The data of
PSD analysis are correlated well with the free corrosion
potential values over time and new properties of the alloy

Table 6 Experimental values of PSD slopes (exponent f)
characteristic of localized corrosion processes on surface of
2219-T42 and 6061-T6 aluminum alloys exposed to Caribbean
seawater for 90 d

f value Corrosion behavior

Time/

AA6061-T6 AA2219-T42 AA6061-T6 AA2219-T42

0 0.61 1.85 fGn fBm
1 1.03 1.55 fGn fBm
10 1.56 1.69 fBm fBm
30 2.25 2.19 fBm fBm
90 0.169 1.79 fGn fBm

fGn is considered as a stationary process and fBm motion is non-stationary
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Fig. 6 PSD plots (V*/f) of peo fluctuations vs frequency (f) for AA6061-T6 (a—e,) and AA2219-T42 (a,—e,) on logarithmic scale
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surfaces
previously) acquired as a consequence of the advance in
the corrosion process, helped considerably to distinguish
the corrosion behavior of both aluminum alloys, when

exposed to seawater.

(SEM-EDX

characterization,  discussed

4 Conclusions

(1) The values of free corrosion potential and the
change are correlated well with the

tendencies in its
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morphology and elemental composition of the surface
layers. SEM—EDX analysis reveals that the observed
difference in the corrosion behavior of the studied alloys
is influenced mainly by the second phases as
intermetallic particles, irregularly distributed in the
matrix of aluminum, rich in Cu or Fe as potent cathodes.

(2) In the case of AA2219-T42, preferential
dissolution of aluminum was observed, originated
probably from the S-phase of Al,CuMn. At the end of
90 d experiment precipitates were observed, more
significantly in the case of AA6061-T6, whose
composition corresponds to several crystalline phases,
losing adhesion to the alloy surfaces: CaCO; (calcite),
CaAl;O- and AICl;-6H,0 compounds.

(3) Additional information of the dynamics of the
corrosion process evolution was acquired, considering
the fluctuations of the free corrosion potentials ¢, as
electrochemical noise (EN). EN time data were
transformed in the frequency domain to obtain PSD
plots, which delivered information on the spontaneous
release of energy over the period of corrosion.

(4) The values of f slopes in PSD graphs suggest
that on AA2219-T42 surface a persistent and
non-stationary process of corrosion occurs, whose
dynamics is controlled by fractional Brownian motion
(fBm), while on AA6061-T6 in the major lapses of time
the process is stationary and weakly persistent, with the
contribution of fractional Gaussian noise (fGn).
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