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The inhibition mechanism of cerium chloride and triethanolamine on the galvanic corrosion of AA2024-T3/
graphite in NaCl electrolyte was investigated by localised electrochemical techniques. Quasi-simultaneous
measurements of ionic current densities and pH were performed by the Scanning Vibrating Electrode Technique
(SVET) and Scanning Ion-Selective Electrode Technique (SIET). Surfaces were analysed by Scanning Electron
Microscopy coupled with Energy Dispersive X-ray (SEM-EDX) and X-Ray Photoelectron Spectroscopy (XPS). This
work follows a recent publication (Coelho et al. 2018) and discusses the effect of inhibitors on two AA2024-T3/

graphite galvanic couples, constructed with two different areas ratio, evidencing that this parameter sig-
nificantly influences the corrosion and corrosion inhibition process.

1. Introduction

Aluminium alloys are susceptible to intense corrosion processes
when galvanically coupled with Carbon Fibre-Reinforced Polymers
(CFRP) [1-5]. In aeronautical junctions, this issue is minimized by
applying insulating coatings between CFRP and the aluminium alloys
plates. For instance, G-10 fiberglass is used to avoid direct contact be-
tween the parts, thus working as an electronic/ionic barrier [2,6].
Nonetheless, in case of local failure, an electrical circuit might be cre-
ated between the two dissimilar materials: the alloy and CFRP.
Thereby, the presence of moisture and aggressive species (e.g. chloride
ions) leads to formation of a persistent Cl ~-containing electrolyte layer,
over both materials [5]. As consequence, corrosion of the aluminium
alloy can be significantly accelerated, while the carbon-fibres, playing
the role of cathode, remain protected.

Various coating systems, free of hazardous Cr(VI), have been re-
cently discussed for corrosion protection of aluminium alloys [7-15].
Concerning the particular case of AA2024, different inhibitor systems
have been proposed to offer corrosion protection, either as electro-
chemically active species or barriers layers [16-19]. In a preliminary
work [20], AA2024-T3/graphite galvanic couples were exposed to
12.00 mM NaCl electrolytes and the inhibition efficiency of several
compounds was studied by the SVET and ZRA (Zero Resistance
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Ammeter) techniques. The results suggest that some inhibitors offer
efficient corrosion protection and amongst these, cerium chloride and
triethanolamine, appear to be promising candidates for reducing gal-
vanic corrosion effects. Cerium salts, and in particular Ce (III) — con-
taining species, have been successfully applied as corrosion inhibitors
for protecting aluminium alloys for more than 30 years [21-24]. In
near-neutral solutions, these salts are known to inhibit the oxygen re-
duction reaction (ORR) by forming protective corrosion products that
restrict the diffusion of dissolved oxygen to the cathodic sites.
Triethanolamine (TEA) is a commercially available, environment-
friendly and versatile compound that forms coordination compounds
with different metals [25]. Triethanolamine has recently been used as
corrosion inhibitor and it was shown that it blocks active corrosion sites
by absorbing on the metal surface. Studies carried out on steel [26] and
Mg alloys [27] propose that TEA assists metal passivation, even if
corrosion activity is already ongoing. The good solubility of TEA in
water has been considered as one reason for poorer protection at longer
term [26]. Although several studies [26,28] refer to physical adsorption
based-mechanisms, only few [27,29] report that TEA chemically in-
teracts with the surface due to coordination of the heteroatoms with
metallic impurities. For instance, Dumitriu et al. [30] reports that TEA
behaves like N- and O-donor ligands with diverse coordination modes.
In fact, recent work has shown that TEA can assist electrodeposition of
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Cu and Zn by complexing both Cu®>* and Zn** ions [25].

Conventional electrochemical techniques, such as polarisation
curves, electrochemical impedance spectroscopy and ZRA, lack spatial
resolution, offering averaged information from the working electrode.
Local electrochemical techniques provide details of the corrosion pro-
cess with microscopic resolution. On the one hand, SVET can identify
anodic and cathodic spots as well as the current densities and their
evolution in time; on the other hand, SIET works as tool for pH (or other
ionic specie) monitoring [31,32]. The complementary information ob-
tained from these two techniques (electrochemical oxidation-reduction
processes via SVET and acid-base chemical equilibria via SIET) are of
prime importance to understand the corrosion processes, particularly
localized ones. Measurements can be made sequentially [33] or, as
proposed elsewhere, quasi-simultaneously [34]; this approach makes
SVET and SIET powerful tools to explain the electrochemical/chemical
reactions governing corrosion and corrosion inhibition mechanisms in
various systems [35-41].

In a recent study [1] the authors studied the effect of the area of the
electrodes in the galvanic couple AA2024-T3/graphite and discussed its
role on the corrosion mechanism. The study employed several techni-
ques, including SVET/SIET and SEM-EDX. It was shown that AA2024,
in the couple with the highest AA2024 to graphite area ratio (10),
presented both anodic and cathodic activities, which resulted in tren-
ching of the matrix around cathodic precipitates. Concerning the couple
with the lowest area ratio (1.5), more generalised anodic dissolution of
AA2024 was noticed, including corrosion of the matrix and grain
boundaries (intergranular corrosion). In this sequence, the present work
investigated the potential of cerium chloride and TEA as corrosion in-
hibitors for galvanic couples AA2024-T3/graphite (M1 and M2) with
different area ratio. The study explored the combined use of SVET/SIET
complemented with SEM-EDX and XPS analysis.

2. Materials and methods
2.1. AA2024/graphite galvanic coupling models

Two AA2024/graphite galvanic couple models, with different area
ratio were designed to simulate the galvanic corrosion processes oc-
curring at AA2024/CFRP interfaces. The ratios between the area of
AA2024 and that of graphite were 10 and 1.5, respectively designated
as M1 and M2 [1]. The AA2024-T3 composition (Q-Lab) was 4.65% Cu,
1.87% Mg, 0.61% Mn, 0.19% Fe, 0.13% Zn, balance Al, while the
graphite foil was 99.8% pure (Alfa Aesar). AA2024-T3 plates (1 mm
thickness) were cut into "2 mm coupons. One set of coupons was kept,
while another set was abraded using drill tools (Dremel) to form
"0.85 mm diameter rods. Next, the AA2024 specimens were cleaned by
acetone/ethanol employing an ultrasonic bath. The alloy and graphite
specimens were mounted together and their cross-sections were ex-
posed by grinding with SiC paper (up to the 4000 grade) prior to SVET/
SIET measurements. Electrical connections were introduced in the
bottom of the specimens, using conductive silver glue and graphite
conductive adhesive.

2.2. SVET/SIET measurements

The SVET/SIET system and respective operating parameters were
reproduced as previously described [1]. SVET/SIET monitoring was
performed quasi-simultaneously [34]. The apparatus and corre-
sponding software were supplied by Applicable Electronics™ and Sci-
ence Wares™, respectively.

SVET microelectrodes were prepared by deposition of a platinum
black on the tips of insulated Pt-Ir probes (MicroProbes™). The probe
was vibrated in two perpendicular planes, vertical (Z) and horizontal
(X), at frequencies of 124 Hz (Z) and 325Hz (X), respectively. The
probe diameter was 16 um, the amplitude of vibration was 32 pm (peak
to peak) and it was positioned 100 + 3 um above the sample surface.
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Only the data obtained in the vertical plane of vibration (Z) were
considered for analysis. Localised pH measurements were performed
using glass-capillary ISMEs. The silanized capillaries were back-filled
with an inner reference solution and tip-filled with a selective iono-
phore based oil-like membrane [42]. A homemade reference mini-
electrode, employing Ag/AgCl wire as inner reference, was used.

The measurements were carried out in 8.25mM NaCl + 1.25mM
CeCl; or in 12.00 mM NaCl + 500 ppm (0.5 g/L or 3.35mM) trietha-
nolamine. pH of the corresponding bulk solutions was “5.3 and "7.3,
respectively. The total chloride concentration of both solutions was the
same of the reference electrolyte (12.00 mM NaCl) considered in the
previous work [1]. CeCl37H,O was purchased from Fluka Chemika
(=99.9%) and triethanolamine from Alfa Aesar (=98.5%). All mea-
surements were performed at room temperature, at least in duplicate,
and reproducible results were obtained. The volume of the cell was kept
constant, being 7 ml. Small drops of Millipore water were added to the
cell during the experiments to keep the volume as fixed and, thus,
preventing the interference of the evaporation on the recorded results.

2.3. SEM-EDX analysis

Scanning Electron Microscopy coupled with Energy Dispersive X-ray
(SEM-EDX) Spectroscopy experiments were carried out either with a
Hitachi S2400 (accelerating voltage of 20 keV) or a JEOL 7001 F FEG-
SEM/EDX (accelerating voltage of 15 keV). Reproducibility of the mi-
crographs and elemental compositions was considered.

2.4. X-Ray photoelectron spectroscopy (XPS) analysis

The XPS analysis was performed on a Phi Versa Probe 5000 system
(resolution 0.1 eV) using an Al Ka (1486.6 eV) radiation as the excita-
tion source. The spectra were recorded in constant analyser transmis-
sion mode and an estimated error of 0.1 eV was assumed for all mea-
surements. The measurements were carried out employing an Al X-Ray
source with spot size of 200 um (50 W) for AA2024 and 20 um (4.5 W)
for graphite. Quantitative analysis was accomplished by determining
the elemental peak areas, following a Shirley background subtraction
[43]. XPS survey spectra were recorded using 187.85eV pass energy
and the high resolution spectra were taken in the region of interest (Ce
3d photoionization) using 23.35 eV pass energy with a 0.2 eV step. All
spectra were corrected for the transmission function of the spectro-
meter.

3. Results and discussion
3.1. Inhibitive action of cerium on M1

Fig. 1 shows that anodic activity over AA2024 and cathodic activity
on graphite decreased over the immersion time. The anodic activity
decreased nearly 3 times from 1 h to 20 h and the most intense decrease
was noticed at early stages. After approximately 5h (maps not pre-
sented), the magnitude of the anodic and cathodic current densities
remained stable up to 20 h. Compared to the results obtained in the
absence of inhibitor [1], electrochemical activity was significantly re-
duced. For instance, after 1h in the cerium-containing solution, the
current densities corresponding to the maximum anodic and cathodic
peaks were around 34 and —18pA/cm?, respectively — Fig. 1; while
after the same time, in the couple exposed to an inhibitor-free solution,
the same peaks reached 320 and —200 pA/cm?, respectively. The re-
sults indicated a decrease of approximately one order of magnitude of
the corrosion activity in the presence of inhibitor, probably due to the
precipitation of cerium-based compounds that occurred preferentially
over graphite. Ce cations are likely to react with generated OH™,
leading to the formation of protective species. It is worth to stress that
no gas release was noticed at the graphite surface, indicating that ORR,
and not water reduction, was governing the cathodic process. The
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Fig. 1. (a, b, ¢) Current density (j / pAcm™3)
and (d, e) pH maps obtained for the M1 sample
exposed to 8.25mM NaCl + 1.25mM CeCl3
after: (a, d) 1h, (b, ) 2h and (c, f) 20h. The
current density scales are valid for all maps.
The pH scale of (d) if valid for (e). X and Y
coordinates represent the width of the scan in
pm.

20h

Fig. 2. (a) Optical micrograph of the M1 surface taken in situ during SVET-SIET measurements after 20 h. (b) EDX elemental map of Ce taken from the M1 surface
after 20 h of exposure to the 8.25mM NaCl + 1.25 mM CeCl; solution. (c, d) SEM images of the AA2024 areas that displayed local alkalinisation at early stages
(Fig. 1(d)). The yellow and white arrows indicate intermetallic particles covered and not covered by Ce-based precipitates, respectively (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

results also demonstrated that the inhibitive effect over the M1 galvanic
couple occurred in greater extent at early immersion stages. None-
theless, one anodic spot remained active throughout the entire test, as
indicated by the red arrow in the image taken after 20 h (Fig. 2(a)). The
white arrow in the same optical image indicates the graphite region,
which was not entirely covered by the Ce-containing precipitates,
where the main cathodic activity was located at the end of the test
(Fig. 1(c)).

The same conclusions could be drawn by comparing the SIET results
obtained in the presence and absence of cerium (III) chloride: the
maximum pH values over graphite after 1 h immersion were 5.8 and 9.1
(Fig. 1(d)), respectively in the presence and absence of cerium ions.
Concerning the anodic regions on AA2024, although the pH attained
similar values (°5.2 after 1h) in the presence and absence of cerium
ions, the acidified areas were much larger in the reference electrolyte
(not-inhibited). Therefore, it can be claimed that the inhibition activity
induced a marked decrease of the alkaline pH (in cathodic areas) on
graphite compared to the acidification gradients on the alloy. This
might be related to the fact that OH™ ions produced over graphite are
readily consumed by the Ce®** cations, forming precipitates that block
the cathodic sites. Conversely, in the anodic zones, concurrent acid-base
reactions should not have been affected by the precipitation of Ce hy-
droxides, yielding pH values that were less affected by precipitation of
corrosion products. The SIET map obtained after 20 h (Fig. 1(f)) showed
that the acidification process in the anodic zones of the alloy remained
controlled, while slight alkalinization around graphite occurred. This
trend suggested that Ce®>* ions reduced the cathodic activity but could
not fully suppress it.

Contrary to the results obtained in the absence of inhibitor, where
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cathodic activity was observed on the AA2024 even after 5h [1], in the
presence of cerium ions, cathodic currents could not be measured above
the alloy surface. On the one hand, this might be explained by the
formation of cerium precipitates over the cathodic intermetallic parti-
cles (IMPs) existing on AA2024 that inhibited the development of
micro-galvanic couples on the alloy surface. On the other hand, oxygen
reduction reaction over graphite continued over time, possibly due to
the larger cathodic area and higher nobility compared to the Cu-rich
precipitates on AA2024.

It is worth to mention that SIET maps suggested localised weak al-
kalinisation processes over AA2024, particularly during the first 2h
(Fig. 1(d, e)). Such regions were located between the spots presenting
the most intense anodic activity observed in the SVET maps. This slight
pH increase might be related to electrochemical reduction of oxygen at
the cathodic intermetallics. SIET monitoring allows higher sensitivity
compared to SVET (the SIET probe has a smaller tip size and was placed
closer to the sample surface) and may detect pH changes, e.g. due to
ORR. In all cases, ORR related cathodic activity over IMPs was con-
siderably inhibited by the precipitation of cerium hydroxides, as the
alkalinisation was more controlled at early stages of immersion. At the
end of the experiments, intermetallics seemed to be protected, without
noticeable signs of trenching or de-alloying (see SEM analysis in
Fig. 2(c, d)). As result of the Ce>* ions activity over cathodic IMPs local
alkalinisation was lower (pH reached 5.8) compared to reference so-
lution (pH reached 7.5). Thus, Ce®* ions also contributed to inhibit the
cathodic activity over the S-phase in this particular case.

According to the modified Pourbaix diagram for the Ce-
H>0 —HClO4 proposed by Hayes et al. [44], the pH values (79.1) over
graphite in the NaCl reference (non-inhibited) solution [1] were not
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high enough to allow formation of stable Ce(OH); precipitates
(pH = 9.6). However, considering that the SIET probe monitors the pH
at approximately 50 um from the sample surface, these pH values are
likely to be underestimated for 0.1-0.6 pH units [45] and, thus, at the
surface they might be slightly higher. Moreover, the referred diagram
does not take into account the presence of dissolved oxygen in solution,
which significantly enlarges the stability zones of Ce(II)/Ce(IV) hy-
droxides towards lower pH, as proposed elsewhere [44,46]. In other
words, the higher the concentration of dissolved O, the lower is the pH
at which the precipitation of Ce-containing hydroxides (from Ce** and
Ce**) occurs. In all cases, the pH that allows precipitation of Ce (III/IV)
hydroxides certainly was achieved, since yellowish areas (likely to be
related with presence of Ce(IV)-containing species [44,47,48]) were
clearly observed over graphite after 20 h (Fig. 2(a)).

SEM-EDX analysis carried out on the M1 couple showed that the
presence of Ce was assigned to both electrodes (AA2024 and graphite)
with the strongest intensity over graphite (Fig. 2(b)). Concerning the
alloy regions initially subjected to alkalinisation (Fig. 1(d)), few inter-
metallic particles were covered by Ce-containing precipitates
(Fig. 2(c)), while others seemed protected (Fig. 2 (c, d)). The pre-
cipitation of Ce-containing species on AA2024 was expected after the
previous electrochemistry study. Importantly, evidences of localised
corrosion were not noticed on the alloy surface (Fig. 2(d)) together with
vestiges of hydroxychlorides species (pictures not shown). These results
suggested that if trenching of the alloy matrix triggered by cathodic
particles took place, it was not sufficiently intense to be discriminated
during the electrochemical measurements.

Summarizing for the M1couple and for the investigated inhibitor
concentration, cerium chloride could control the self-corrosion of
AA2024-T3 triggered by local galvanic coupling between matrix and
inclusions, but it was not capable of avoiding completely the anodic
activity on the alloy induced by coupling with graphite.

3.2. Inhibitive action of cerium on M2

After 1h of immersion, SVET/SIET monitoring performed on M2
showed a decrease in the cathodic activity around the centre of the
graphite (Fig. 3(a)). The corresponding optical micrograph, taken in
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situ during the measurement, evidenced the formation of a whitish zone
(indicated by an arrow in Fig. 3(g)), which can be related to pre-
cipitation of cerium containing species. The precipitate was almost
colourless (translucent white gel), thus probably containing Ce(III)
oxides [44,48]. Previously, in the reference solution [1], there was
release of H, bubbles (Fig. 3(g)) as result of intense dissolution of the Al
matrix followed by acidification due to hydrolysis of AI** cations
(pH = 4.7, Fig. 3(d)).

During the first SVET/SIET scan, the centre of graphite suffered
slight acidification (pH between 5-6, Fig. 3(d)), probably related to
diffusion of H* from the alloy surface, experiencing intense anodic
dissolution, towards regions where generation of OH~ was suppressed
due to cerium ions precipitation. Next, as time elapsed, cathodic reac-
tions were progressively supressed on the graphite surface. The max-
imum cathodic current density decreased from —40 to —30pA/cm?
during the first 2h and reached —2pA/cm? after 8 h (Fig. 3(a—c)), re-
spectively). From 8 h up to 20 h, only minor cathodic activities were
noticed, being homogeneously distributed over graphite (picture not
presented). Concerning the anodic current density related to AA2024,
its maximum decreased from 84 to 40 pA/cm? during the first 2 h, at-
taining 4 yA/cm? after 8 h. This minor anodic activity remained stable
until the end of the test.

In the M2 couple, the SIET results were in accordance with the SVET
results: from the first scan up to 8 h, alkalinisation related to ORR over
graphite was continuously suppressed (pH decreased from 5.7 to 5.4)
and the acidification induced by the alloy dissolution was progressively
controlled (pH increased slightly from 4.8 to 5.1). After 20 h (picture
not presented), the pH values corresponding to the graphite and
AA2024 electrodes were respectively around 5.3 and 5.1, while the pH
of the bulk electrolyte remained stable at “5.2.

The results obtained for M2 showed that the cerium-based pre-
cipitates offered even higher protection compared to the case of M1, as
the magnitude of both maximum anodic and cathodic current densities
presented a sharper decrease for longer immersion time. Nonetheless,
the minimum pH values over the alloy were systematically lower for
M2 (Fig. 4) than for M1 (Fig. 1). The more aggressive conditions, im-
posed by the higher cathode/anode ratio of M2, force the alloy to dis-
play essentially anodic activity. Contrarily, in the M1 couple, AA2024

Fig. 3. (a, b, ¢) Current density (j / pAcm™?)
and (d, e, f) pH maps obtained for the M2
sample exposed to 8.25mM NaCl + 1.25 mM
CeCl; after: (a, d) 1h, (b, €) 2h and (c, f) 8h.
(g, h, i) corresponding optical micrographs
taken in situ after the scans. X and Y co-
ordinates represent the width of the scan in pm.
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Fig. 4. (a) SEM secondary electron image of the AA2024 surface in the M2 surface after 20 h of exposure to 8.25mM NaCl + 1.25mM CeCl; solution. (b) EDX
elemental maps of Al, Cu, Mg, O, ClI and Ce corresponding to the SEM image in (a). The red arrows indicate regions presenting intergranular corrosion. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

100um 100pm 100pm 100pm 100um

Fig. 5. (a) SEM images on the M2 surface and corresponding EDX elemental maps (Al, Ce, O, Cu, Mg, Fe and Mn) after 20h of exposure to the 8.25mM

NaCl + 1.25mM CeCl; solution. (b) SEM image and EDX elemental maps (Ce, O, Al and Cl) corresponding to the region indicated in (a).

evidenced the presence of both anodic and cathodic regions that could
contribute to the underestimation of the acidification (H* ions could be
locally neutralised by the generated alkalinity). The same effect was
observed for the M1 couple in the reference electrolyte [1].

SEM-EDX analyses were performed on the M2 sample after 20 h of
exposure to the Ce-containing solution. The AA2024 surface appeared
protected, although traces of localised corrosion activity, mainly in the
form of intergranular corrosion (IGC) were noticed. In Fig. 4(a), the red

arrows indicate regions presenting IGC associated to hydroxychlorides
domes (the precipitation of such phases is usual in the reference NaCl
medium [1]). Yasakau et al. studied cerium salts [49] and found that
such inhibitors are more efficient in preventing pitting corrosion, while
they have little influence on limiting corrosion currents, likely related
to IGC (obtained at high anodic polarisations).

The alloy precipitates seemed rather intact, as neither trenching nor
Mg depletion nor Cu redistribution processes could be detected. Cerium
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Fig. 6. XPS Ce3d photoionization obtained on the AA2024 and graphite sur-
faces in the samples: (a) M1 and (b) M2 after 20 h of immersion in the 8.25 mM
NaCl + 1.25 mM CeCl; solution.

species are formed over the alloy, since cerium appeared homogenously
distributed on the AA2024 surface (Fig. 4(b)). Contrarily to M1, in
which cathodic activity was demonstrated on the AA2024, over M2 the
deposition of cerium species suggested that generation of OH ™ ions had
occurred on the alloy, despite the response provided by SVET-SIET
being essentially anodic-related. One possible explanation relies on the
fact that local electrochemistry techniques are not always able to re-
solve ORR related to classical micro-galvanic coupling when it takes
place at very low intensities. Alternatively, faster de-alloying of the S-
phase could also explain the presence of Ce-containing species on the
alloy, as the selective dissolution of Al and Mg would generate OH™
(Egs. 1 and 2) [49,50]. Thereby, the bubbling verified at the early
stages of immersion could be partially related to hydrogen evolution
induced by chemical processes. Traces of de-alloying were seldom as-
signed to AA2024, as S-phase particles were most likely hidden by the
precipitation of Ce-containing species.

Mg + 2H,0 — Mg** + 20H™ + H,?1 1)

Mg + 2H,0 — Mg?** + 20H™ + Hy1 (2)

Despite the inhibitive effect of cerium, the distribution of the
AA2024 constituent elements (especially Al, Mg and Cu) around the
alloy surface (Fig. 5(a)) proved that it was under uniform dissolution.
Moreover, its main elements (Al, Cu, Mg, Fe and Mn) could also be
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detected at the graphite surface. The metallic cations generated due to
the etch out of the matrix were able to meet the alkaline ions generated
on the graphite part upon the formation of hydroxide compounds - as
predicted for AI**, Cu>* and Mg?™* in the diagram of the activity of
species as function of pH [1]. The inset image of the deposits obtained
on graphite (Fig. 5(b)) suggested the formation of Al hydroxide/hy-
droxychlorides besides cerium hydroxides. According to previous work
[5], the precipitation of stable AI(OH); gel layers on graphite could be
responsible for restricting the transport of oxygen to it, also con-
tributing to decrease galvanic activity. Fig. 5(b) also suggested a fragile
behaviour of the formed Ce-based species, since several micro-cracks
were observed throughout the precipitates. The same fragile mor-
phology was observed for species precipitated on graphite in M1 (pic-
tures not presented). This might have resulted from fast or excessive
growth of Ce-containing precipitates [51], induced by the fast kinetics
of ORR on graphite. However, dehydration after removing the sample
from solution and/or due to the Ultra-High Vacuum conditions of the
SEM chamber is likley to induce identical features.

Summarizing, the inhibitive effect of cerium chloride on M2 re-
duced the extension of the galvanic corrosion between AA2024 and
graphite, as observed during SVET/SIET analysis. Eventually, minor
local processes responsible for alkalinisation and related to micro-gal-
vanic couplings and/or dealloying of the S-phase were also inhibited.
From the SEM-EDX analysis of the post-immersion surfaces, it could be
seen that despite limited progression of IGC, a considerable generalised
dissolution of the alloy took place.

3.3. XPS analysis after exposure to NaCl/CeCl; solution

To determine the valence state of Cerium in the compounds formed
on the graphite and alloy surfaces, XPS analyses were performed on M1
and M2 after exposition to 8.25mM NaCl + 1.25mM CeCl; for 20 h.
Fig. 6 (a) and (b) depict the obtained Ce3d photoionization for the
samples M1 and M2, respectively. The peaks labelled as v, v\ and u, u'
refer to 3ds,» and 3ds/, electron states, respectively and they are in-
dicative for the presence of Ce(IV). The peaks labelled as v' and u' refer
to 3ds,» and 3ds,, (respectively) are characteristic of Ce(III) [23]. It had
been reported in the literature that the u"' peak (mainly detected on the
graphite) arose exclusively from Ce** [52]. But the unresolved peaks in
the 895-910 eV range account for the presence of mixture of Ce(IV)/Ce
(III) oxidation states [23,44]. Therefore, it can be concluded that the
chemical nature of the top surfaces (5-10 nm) from the Ce-based pre-
cipitates is essentially the same, regardless the area ratio of the elec-
trodes. Finally, it is important to note that results presented in Fig. 6 are
expressed in normalised intensity, but in reality, the Ce concentrations
detected were much higher on graphite compared to AA2024: 6.00%
vs. 0.82% for M1 and 3.50% vs. 0.16% for M2.

3.4. Effect of triethanolamine addition on M1

As presented in Fig. 7, in the presence of TEA, the corrosion activity
in the galvanic couple was reduced; this was well reflected by the
progressive suppression of the cathodic activity on graphite. The cur-
rent densities were considerably lower than those measured in the re-
ference (non-inhibited) electrolyte: after 1 h of exposure to 12.00 mM
NaCl, the maximum cathodic and anodic current densities were re-
spectively around -150 and 240 pA/cm?, instead of —20 and 70 pA/cm?
in presence of TEA. Despite the inhibiting effect of TEA, few regions on
AA2024 remained active, evidencing anodic activity throughout the
test (anodic current densities between 40 and 70 uA/cm?).

During the first hour of immersion (Fig. 7(d)), SIET was able to
detect a slight pH increase on the alloy surface, contouring the locations
of anodic activity that induced local acidification. Since this local pH
increase was not coincident with the main cathodic areas, it may be
related to chemical dissolution of S-phase [37]. It is worth to note that
the pH over anodic zones were much higher (6.0-7.0) than those
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Fig. 7. (a, b, ¢) Current density (j / pAcm™?)
and (d, e, f) pH maps obtained for the M1
sample exposed to  the 12.00 mM
NaCl + 500 ppm TEA solution after: (a, d) 1h,
(b, e) 2h and (c) 17 h of exposure. The current
density and pH scales are valid for all re-
spective j and pH maps. X and Y coordinates
represent the width of the scan in pm.
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Fig. 8. (a, b, d) SEM images obtained on the AA2024 surface in the M1 sample after 20 h of exposure to the 12.00 mM NacCl + 500 ppm TEA solution. (¢) EDX
elemental map of Cu corresponding to “(b)”. (e, f) EDX mapping of Al and Cu corresponding to “(d)”.

measured in the absence of inhibitor (4.5-5.2), most likely, because the
presence of TEA initially increased pH of the bulk solution and induced
a buffering effect. Starting from 2 h of immersion (Fig. 7(b, €)), cathodic
activities were detected over zones of AA2024 highlighting alkalinisa-
tion (pH around 8), meaning that ORR extended towards newly formed
Cu remnants - just as observed in the reference electrolyte. Until the end
of the test, the anodic and cathodic areas (and the corresponding
acidification and alkalinisation gradients) remained stable over the
alloy.

From the post-immersion SEM-EDX analysis, rings of corrosion
products were clearly assigned to the anodic regions on AA2024

213

(Fig. 8(a)). Considering the pH range recorded above the alloy surface
(6.0-8.0), the localised corrosion processes were likely to result from
breakdown of the passive layer by Cl™ ions [53]. Furthermore, a
trenching process associated to Cu-rich IMPs was clearly evidenced in
the regions that presented cathodic activity (Fig. 8 (b, ¢)). Some part of
the produced grooves comprised Cu-rich remnants of modified shape
(in comparison to the remnants observed in the reference solution), as
indicated by the green arrows, while other small, and round-shaped
grooves, were often left completely empty (white arrows). Based on the
shape and diameter (around 5 pm), it is plausible to postulate that the
Al,CuMg phases were completely dissolved [54-56].
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However, the trenches were different from those that typically occur
in the passive layer around IMPs when the AA2024 is immersed in NaCl
media and that have been discussed elsewhere [1,57,58]. In Fig. 8(d, e,
f), it seems that the Cu-rich particles themselves, rather than the ad-
jacent matrix, were dissolved. Moreover, the trenches observed in the
non-inhibited reference solution presented axial growth from the Cu
remnants: their propagation could be clearly assigned to dissolution of
the alloy matrix. However, in the presence of TEA the grooves evi-
denced well preserved surfaces, suggesting that their formation was
preferentially induced by dissolution of the intermetallic phases.

The Cu remnants observed in (Fig. 8(b, c)) seem to have been ori-
ginated from relatively large (5-50 um) and irregular IMPs, probably
related to both Al-Cu-Fe-Mn intermetallics and the S-phase [59-61].
According to Ramirez et al. [25], TEA can form coordination com-
pounds with various metals. Therefore, the systematic presence of
dissolved Cu-rich remnants might be a consequence of complexation
reactions between Cu (and possibly Fe, Mn) and TEA.

Fig. 9 shows a diagram for different species involving the Cu®>*-TEA
system and it was constructed using the Medusa Software [62]
([Cu?*1 = 0.1 mM and [TEA] = 3.35 mM). The simulation showed that
Cu cations can be complexed by TEA, preferentially forming soluble Cu
(TEA)(OH);3 ™ species, which are stable regardless the pH. For instance,

(@) 1h (b) 3h

Corrosion Science 150 (2019) 207-217

TEA might have chelated Cu cations, resulting from Cu enrichment of
intermetallics, induced by local alkalinisation. In fact, the trenching
processes and S-phase dealloying are known to generate Cu ions (and its
eventual re-deposition) [63,64]. Therefore, the formation of the soluble
Cu(TEA)(OH)3; ™~ complexes can explain the strong dissolution of the Cu-
rich phases (grooves in Fig. 8) assigned to the cathodic/alkaline regions
of AA2024 (Figs. 7).

Cu-rich remnants were not found inside the round-shaped holes
assigned to the original Al,CuMg particles. The large surface of rem-
nants originated from the S-phase self-dissolution [65], often referred
as “Swiss cheese” — like morphology, might be the reason for their total
consumption: highly exposed Cu-rich surfaces would preferentially
react with TEA, increasing the kinetics of Cu(TEA)(OH);~ formation.
Moreover, this could explain why Cu re-deposition, a process often
associated to the S-phase self-dissolution, was not detected (Fig. 8); the
Cu ions produced may promptly react with triethanolamine. The pre-
vention of Cu re-deposition around the remnants might also explain the
minor propagation of trenches through the Al matrix [66] - in com-
parison to the trend observed in the reference solution [1].

In conclusion for M1, the inhibitive mechanism of TEA appears to be
related to its ability to chelate Cu and other metals (e.g. Fe [67]) pre-
sent in the alloy IMPs. By decreasing the area of exposed Cu-rich sur-
faces, TEA decreased the intensity of micro-galvanic couplings between
Cu-containing phases and the alloy matrix. Besides, triethanolamine
lowered the corrosion intensity on the AA2024/graphite galvanic
couple, as the cathodic current density related to graphite considerably
declined compared to the reference results.

However, TEA was not sufficiently efficient to protect the alloy from
localised anodic dissolution. Protective TEA coordination compounds
could not have been indistinctly formed on the entire alloy surface, as
they would be rather associated to the Cu-rich intermetallics. At the
same time Cu was preferentially removed from the active sites in the
form of a soluble complex, leading to formation of empty grooves. As
the TEA inhibitive action was considered to proceed via either physical
adsorption or chemical coordination [26-28], the limited effect ob-
served on the AA2024/graphite galvanic coupling could be related to
the presence of molecules only physically interacting with the alloy
passive layer.

3.5. Effect of triethanolamine addition on M2

The galvanic corrosion of M2 appeared to be slightly more con-
trolled with addition of TEA (Fig. 10), compared to the reference so-
lution after 1h of immersion. However, in case of the inhibitor-

20h Fig. 10. (a, b, ¢) Current density (j / pAcm ™ 2)
and (d, e, f) pH maps obtained for M2 sample
exposed to 12.00mM NaCl + 500 ppm TEA
after: (a, d) 1h, (b, e¢) 3h and (c) 20h of ex-
posure. The current density and pH scales are
valid for all respective j and pH maps. X and Y
coordinates represent the width of the scan in
pm.

197 56
6.93

-2030 2030 X -2030 2030

22030 ' 2030
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Fig. 11. (a, b, ¢) SEM images obtained on the AA2024 surface in the M2 sample after 20 h of exposure to 12.00 mM NaCl + 500 ppm TEA solution. “(b)” and “(c)” are
insets from “(a)”. (d, e, f) corresponding EDX elemental maps (Al, O and Cl) obtained from “(a)”.

containing solution, electrochemical activity remained fairly constant
up to 20h, with maximum cathodic and anodic current densities
around -50 and 150 pA/cm?, respectively. Compared to the behaviour
observed in the absence of inhibitor, galvanic activity was progressively
suppressed, with anodic and cathodic current densities reaching 34 and
—30 pA/cm?, respectively, after 20 h of exposure. Therefore, the pre-
sence of TEA could not inhibit galvanic corrosion activity even at longer
times.

SIET maps showed that the intensity of galvanic corrosion seemed
slightly weaker in the presence of TEA. At early immersion stages the
pH values measured over graphite and over the alloy surface reached
8.8 and 5.2, respectively, while more extreme values, around 10 and
4.7, respectively, were attained in the reference solution. However,
after 20 h, the acidic pH arising from AA2024 reached values around
4.4, which is lower than the values measured in the 12.00 mM NaCl
solution ("4.8) — despite the TEA-containing solution being more alka-
line (pH ="7.5) compared to the reference one (pH = "5.3).
Surprisingly, even though more acidic conditions were observed for
AA2024 in the presence of TEA, Al hydroxide precipitates were more
stable in its presence (Fig. 11(c, d)) than in its absence. Indeed, the
structure of the TEA molecule is referred as capable of accelerating the
precipitation of hydrated oxides, thus being responsible for favouring
the sealing of anodic films on Al [68]. The corrosion products rings that
were observed looked similar to those related to the anodic spots of
AA2024 in the M1 sample.

Similarly, to the behaviour observed for the M2 sample exposed to
12.00 mM NacCl, the alloy also underwent intergranular corrosion (IGC)
besides the generalised dissolution process. Once again, Al hydro-
xychlorides were detected, and seem associated to regions presenting
IGC (Fig. 11 (b) and (c)). The location of the Cl-containing corrosion
products corresponded to areas under highest acidification, as mon-
itored by SIET at different immersion times. Although these acidified
regions shifted over time, the corresponding previously formed

corrosion products did not dissolve, showing high stability under the
conditions of measurement.

SVET/SIET results combined with surface analysis indicated that
TEA could not inhibit the corrosion processes observed on AA2024 in
the M2 galvanic couple. In the reference solution, despite the intense
anodic dissolution of the alloy, the formation of Al hydroxychlorides
(yet minor) had limited the extension of galvanic corrosion over time.
On the contrary, in the present case, TEA seemed to trigger the pre-
cipitation of non-protective corrosion products, by stabilising Al hy-
droxide phases at lower pH. The compound was not able to chelate Cu
from the Al alloy surface, probably due to the limited dissolution of Cu-
rich phases in case of M2 sample with higher graphite/AA2024 ratio.
This result confirmed that TEA only acted as efficient corrosion in-
hibitor if the electrochemical conditions for the generation of Cu ions
(Cu enrichment processes induced by S-phase de-alloying and/or by
trenching phenomena) are created — such as those that occurred on M1
as a result of its less intense galvanic coupling.

4. Conclusions

Quasi-simultaneous SVET/SIET measurements supported by SEM-
EDX analysis unveiled the corrosion inhibition mechanisms of cerium
chloride and triethanolamine on AA2024-T3/graphite galvanic model
couples. The corrosion processes and the corrosion inhibition me-
chanism of both compounds strongly depend on the ratio of areas be-
tween different materials in the couple.

In the couple AA2024/graphite with ratio equal to 10 (M1), cerium
chloride effectively inhibited localised corrosion processes on AA2024
and greatly controlled the development of trenching related to Cu-rich
precipitates. Similarly, for the lowest AA2024/graphite ratio
(M2 = 1.5), the presence of cerium ions limited the extension of in-
tergranular corrosion. However, cerium ions were less effective in in-
hibiting generalised dissolution of AA2024 induced by coupling with
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graphite — which was particularly noticed for M2, due to the increased
cathode area. XPS analysis revealed that a mixture of Ce(OH)3/Ce(OH)4
was present on both AA2024 and graphite surfaces, but at higher
concentration over graphite.

Concerning the corrosion inhibition of triethanolamine, the results
demonstrated its ability to form complexes with Cu?* ions, under
conditions that favour the dissolution of Cu-rich intermetallic particles.
However, triethanolamine was shown to be little effective to protect the
alloy under anodic dissolution without relevant cathodic activity taking
place at the intermetallics. Therefore, the effect provided by trietha-
nolamine on AA2024 was extremely sensitive to the electrodes area
ratio: TEA could reduce the extension of trenching of the alloy matrix
triggered by Cu-rich IMPs (M1 case), but it was not effective in pre-
venting generalised anodic dissolution and associated intergranular
attack in the M2 couple. In fact, for M2, the presence of triethanolamine
seemed harmful: the Al hydroxides formed over the acidified regions
did not demonstrate protective properties, contrasting to the effect of
corrosion products obtained in the NaCl reference solution.

Finally, this investigation stresses the importance of considering
different configurations when testing galvanic couples because this
helps to select the inhibitors that are likely to be more effective for
particular applications.
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