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In this work, the effect of an ammonium nitrate ionic liquid on the corrosion susceptibility of an Al-Cu-Mg alloy
was investigated. The effect of the nitrate anion and the ammonium cation on the anodic and cathodic kinetics
were studied separately using potentiodynamic polarisation testing, electrochemical impedance spectroscopy and
scanning electron microscopy. The results revealed a significant anodic inhibition, associated with a cation/anion
synergy. The cathodic kinetics however increase with the presence of nitrates, associated with nitrate reduction
reaction. Conversely, longer alkyl chain seemed to reduce the effect of nitrates. Such findings are promising in
the context of developing ecofriendly chromate alternatives.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Institute of Metal Research, Chinese Academy of

Sciences.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Corrosion protection of structural alloys remains to this date a signif-
icant technological and economical challenge [1,2]. Besides the main-
tenance and repair costs, from an environmental aspect, most of the
current coating technologies rely on toxic chemicals such as chromates
[3-5]. In light of recent legislations (e.g., the Regulation Evaluation,
Authorisation and Restriction of Chemicals - REACH), chromate use has
been progressively banned from most coating formulations [6,7]. Never-
theless, several exemptions were granted, based on safety reasons, such
as for Al alloys used in aerospace applications [3]. Since the early 1960s,
numerous chromate replacement candidates have been explored includ-
ing vanadium, rare earth elements, trivalent chromium, or lithium salts
[8-14]. To date, lithium technology is one of the most promising candi-
dates and is already commercialised broadly [15]. However, this tech-
nology relies on lithium ores, a highly prized resource, especially in the
current context of energy transition, as lithium is the core component
of most battery technologies [16].

In this context, new directions are to be explored and from a practi-
cal aspect, ionic liquids (ILs) appear as promising candidates for chro-
mate salts replacement [17-21]. This class of salts is characterized by
a melting temperature below 100 °C, which makes them attractive for
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processing on a wide range of materials. In fact, one of the main bene-
fits of this class of chemicals is their thermal, chemical/electrochemical
stability, together with negligible vapour pressure. From an industrial
point of view, such properties can be beneficial in the context of primer
technologies as ionic liquids can be readily integrated into epoxy or
polyurethane coating as corrosion inhibitors, which necessitate curing
at ~200 °C. Promising results have been reported in the literature by Sun
et al., where phosphonium-based ionic liquids were used as conversion
coatings for Mg alloys [17]. Several studies on steels were reported in
the literature as well, in which the ionic liquids were studied as poten-
tial corrosion inhibitors and added at (mg/kg) levels in NaCl solutions
[22-24]. The inhibitions mechanisms however remain rather unclear,
probably due to the complexity of these electrolytes, as many parame-
ters such as concentration, the chemical nature of anion and cation, and
pH of solution will impact the mechanism.

Herein, the corrosion inhibition mechanism of a protic ionic liquid -
butylammonium nitrate (BAN) - on an aluminium alloy AA2024-T6 is
presented. Although the effect of BAN is not investigated as a pure sol-
vent and is mixed with water, the physicochemical properties of the
solutions used in this study are assimilated to concentrated saline solu-
tions. For this reason, the term ionic liquid is used, as the synthesis of
the inhibitors follows the ionic liquid synthesis path. In the future, these
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inhibitors are intended to be used as pure components to be introduced
in a coating system.

In this work, potentiodynamic polarisation testing, electrochemi-
cal impedance spectroscopy (EIS) and scanning electron microscopy
(SEM) characterisation were conducted on an Al-Cu-Mg based Al al-
loy (AA2024-T6) exposed to 0.1 mol/L NaCl in the presence butylam-
monium nitrate ionic liquid. The effects of the anion, the cation chain
length as well as the ionic liquid concentration were investigated in
order to picture the overall inhibition mechanism associated with this
ionic liquid family. This study is intended to highlight the potential of
this promising class of chemicals which potentially could be used as
inhibitors for coating systems of tomorrow.

2. Experimental
2.1. Sample preparation

In this work, Al alloy sheets (2 mm thick) AA2024-T6 were used.
The chemical composition is reported in Table 1. The alloy sheets were
mounted in epoxy resin and ground mechanically using silica carbide
paper with ethanol up to 4000 SiC finish. The exposed surface area was
0.7 cm?.

2.2. Ionic liquid synthesis

The ionic liquid synthesis was performed by slow additions of con-
centrated nitric acid (68% in water) to butylamine (68% in water) and
purchased from Sigma Aldrich, at a 1:1 molar ratio. The reaction was
conducted in a temperature-controlled recirculating bath fixed at =10 °C
by a cryothermostat to maintain the mixture temperature under 5 °C
during the synthesis. BAN was subsequently lyophilised for water re-
moval, and then characterised by density measurements and NMR anal-
ysis. Since these ILs are well known, these data were compared with
the existing literature. Ethylammonium nitrate ionic liquid (EAN) and
propylammonium nitrate (PAN) were synthesised and characterised fol-
lowing the same procedure.

2.3. Electrochemical measurements

All electrochemical measurements were performed using a mul-
tichannel Biologic potentiostat, an Ag/AgCl reference electrode
(Eag/agcl = 0.199 V/ESH), and a Pt mesh as the counter electrode. Ex-
periments were conducted in naturally aerated 0.1 mol/L NaCl solutions
with controlled amount of BAN (1 wt.%, 5 wt.%, 10 wt.%, 30 wt.%,
and 50 wt.%). It should be mentioned that for content above 50%
in BAN, NaCl was no longer soluble in the mixture. The molar con-
centrations were determined and are reported in Table 2. The pH of
the as-prepared solutions was measured prior to the experiments for
all the solutions and was varying between 7.9 and 8.3. Electrochemi-
cal impedance spectroscopy analyses were systematically conducted for
each measurement at the corrosion potential — or on the anodic and

Table 1
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cathodic branch + 0.02 V vs. the corrosion potential (E,,) when spec-
ified — after 10 h immersion at E,,.. The sinewave perturbation ampli-
tude was fixed to 10 mV, peak to peak, between 2 x 104-10~3 Hz with
8 points per frequency decade. Potentiodynamic polarisation testings
were performed following a 30 min immersion at OCP, started at E_,,
—0.02 V vs. Ag/AgCl and stopped when the current reached 1 mA cm™2
for the anodic branch, whereas the cathodic branch was measured inde-
pendently from E,,,, + 0.02 V to 1.5 V vs. Ag/AgCl at a 1 mV s~! scan
rate. All solutions were prepared from reagent grade chemicals (NaCl
and NaNO;) purchased from Sigma Aldrich.

2.4. Microstructural characterisation

Surface topography and chemical composition were determined us-
ing ZEISS ULTRA 55 FEG SEM equipped with EDS (QUANTAX SDD), to
understand the inhibition mechanism associated with the ionic liquids
used in the study. Secondary and backscattered electron mode analysis
was operated at 15 kV to identify corrosion products, localised attacks
and sample surface composition after 24 h immersion in 0.1 mol/L NaCl,
0.1 mol/L NaCl + 10 wt.%, 30 wt.% and 50 wt.% BAN.

3. Results
3.1. Effect of BAN at different concentrations

3.1.1. Potentiodynamic polarisation testing of AA2024-T6 in the presence
of BAN

In order to investigate the effect of BAN and depict a scenario re-
flecting a defect such as a scratch on a coating, various mass fractions
of BAN with water (1 wt.%, 5 wt.%, 10 wt.%, 30 wt.%, and 50 wt.%)
were investigated by potentiodynamic polarisation which is displayed
in Fig. 1. Anodic behaviour was investigated separately (Fig. 1(a)) in or-
der to visualize the impact of BAN concentration on the anodic kinetics
(dissolution, passivation, pitting potential (Epit)) of the alloy. For refer-
ence, potentiodynamic polarisation measurements were also performed
in a 0.1 mol/L NaCl solution, showing a sharp increase in the anodic
current, with no distinction made between E,, and Ey;; indicating that
stable pitting occurs at the vicinity of E,,,. Conversely, a slight shift of
Ep; from E,, is observed at low concentrations (1 wt.% and 5 wt.%)
followed by an active domain. In fact, at 5% BAN, the active domain
observed is also accompanied by the presence of a passive plateau rang-
ing from 0.0 Vg agc1 to about 0.5 Vg aqc1 SUggesting the passivation of
the AA2024-T6. Most importantly, however, is the significant decrease
of about 3 orders of magnitude of the anodic current, which is observed
for concentrations larger than 10 wt.% of BAN, and which is followed by
an extended passive domain ranging from 0.3 Vg aeci t0 1.6 Vag/agcr-
These results clearly indicate a significant inhibition of the anodic ki-
netics when BAN is introduced into solution, 10 wt.% BAN being the
threshold concentration for a better inhibition.

Conversely, the cathodic polarisation curves displayed in Fig. 1(b)
show an increase in the cathodic kinetics in the presence of BAN in so-
lution. However, the addition of BAN at increasing concentrations did

Elemental composition (in wt.%) of the AA2024-T6 alloy used in this work.

Element Al Cu Mg Fe Mn Si Ti Cr Zn P S Ca
wt. % Bal. 4.8 1.6 0.22 0.64 0.19 0.05 0.04 0.08 0.03 0.02 0.04
Table 2
Calculated molar concentration of the BAN mixtures used in this study.
wt.% BAN 1% BAN 5% BAN 10% BAN 30% BAN 50% BAN 100%
[BAN] 0.07 0.37 0.74 2.3 3.9 8.1
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not change significantly the overall cathodic kinetics. The cathodic ki-
netics on AA2024-T6 is known to be dominated by the oxygen reduction
reaction (ORR), but in this case, the result suggests that the mechanism
involves the reduction of other species present at the solution-metal in-
terface. At this stage, the main hypothesis related to the presence of
this additional cathodic current is the reduction of nitrate anion (NO3),
known to reduce preferentially on Cu-rich sites [25-27]. The effect of
NOj anion on the anodic and cathodic kinetics will be discussed in fur-
ther details in the next section.

3.1.2. Electrochemical impedance spectroscopy: influence of the ionic
liquid concentration

Electrochemical impedance spectroscopy measurements were car-
ried out after 10 h immersion in 0.1 mol/L NaCl and with the concen-
tration of BAN as a parameter (Fig. 2). In 0.1 mol/L NaCl, the Nyquist
representation reveals the presence of two time-constants, the first cor-
responding to a capacitive loop, followed by a ~40° slope. The char-
acteristic frequency of the first loop (1.1 Hz) is commonly associated
with charge transfer resistance in parallel to the interfacial capacitance
(probably dominated by the capacitance of the oxide layer as reported
previously for pure aluminium [28]. The second time constant, however,
might be attributed to a diffusion process of species inside a finite layer
(which could be the outer porous layer which has a loose resistance to
corrosion) known also as the finite-length Warburg impedance, as the
value of the slope is close to 45° (the values measured graphically might

2.0

—=8—0.1 mol/L NaCl
—#—0.1 mol/L NaCl+1%BAN
—=®—0.1 mol/L NaCI+5%BAN
—&—0.1 mol/L NaCl+10%BAN
——0.1 mol/L NaCl+30%BAN
—=—0.1 mol/L NaCl+50%BAl

1.5

1.0

05F

EAg/AgCI v

FUTY EEPEPETT EEPEPTTIT BT | aul sl PN |

L i P PEPETTIT B
10* 10° 102 10" 10° 10" 102
{/ mg-cm?

10°
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be affected by an overlap of two loops which can slightly affect the ac-
tual value). Between 0.1 mol/L NaCl and 0.1 mol/L NaCl + 1 wt.% BAN,
minimal changes are observed revealing a limited effect of the ionic lig-
uid at such a concentration. It is only from 5 wt.% BAN in solution that
a noticeable increase in the magnitude of the impedance response can
be observed with the same overall shape, meaning probably that the
corrosion mechanism is very similar.

The corrosion inhibition of AA2024-T6 by BAN becomes significant
at a concentration larger than 10 wt.%, rationalising the results obtained
by potentiodynamic polarisation testing. In fact, the impedance of the
first loop increased by approximately one order of magnitude. This first
capacitive loop is characterised by a time constant similar to what was
reported in the literature for the charge transfer resistance in parallel
with the interfacial capacitance for Al dissolution. In this study, this
first loop is influenced by BAN concentration (above 5 wt.%). There-
fore, it can be hypothesised, that the addition of BAN at a concentration
above 5 wt.% can slow down the charge transfer reaction - for instance
by forming a thin protective film at the material surface. This film can
cover or partially cover the surface, thus reducing the active surface
area. Moreover, from the Nyquist representation, it is unclear at this
stage whether the second loop is associated with a CPE or a diffusion
mechanism. However, the low-frequency time constant shows a linear
behaviour forming a 45° slope with the x-axis. This is usually a char-
acteristic of a diffusion-limited process. The graphical analysis of the
second loop as a function of BAN concentration revealed a decrease in
the angle of the slope from ~40° to ~22° for concentrations larger than

0.0
(b)
0.5+
-1.0F
-1.5+
—&—0.1 mol/L NaCl
20k —a—0.1 mol/L NaCl+1%BAN
. —=—0.1 mol/L NaCl+5%BAN
—&—0.1 mol/L NaCI+10%BAN
—&—0.1 mol/L NaCl+30%BAN
—m—0.1 mol/L NaCI+50%BAN
_2 5 d d d d d d annd d .

107 10 10 10 10° 102 107" 10° 10' 102 10°
{/ mg-cm?

Fig. 1. (a) Representative anodic and (b) cathodic polarisation curves of AA2024-T6 in naturally aerated 0.1 mol/L NaCl (black) and in the presence of 1 wt.%

(purple); 5 wt.% (pink); 10 wt.% (blue); 30 wt.% (green), and 50 wt.% (red) BAN.

5x10*
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o © 91 mollL NaCl+30%BAN o 4.0x10
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Fig. 2. Nyquist diagrams of the AA2024-T6 after 10 h immersion in 0.1 mol/L NaCl and 0.1 mol/L NaCl + 1 wt.%, 5 wt.%, 10 wt.%, 30 wt.%, 50 wt.% BAN (Fig. 2(b)
is an enlarged version of Fig. 2(a) to show 0.1 mol/L NaCl and 1 wt.%, and 5 wt.% BAN).
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10 wt.% BAN, indicating a change of the diffusion properties, typically
reported in the literature to be associated with the diffusion inside pores
[29]. The evolution of the slope angle as a function of BAN concentra-
tion is reported in Table 3.

3.2. Effect of the cation chain length and nitrates on the anodic and
cathodic kinetics

3.2.1. Potentiodynamic polarisation curves of AA2024-T6 in the presence
of BAN, PAN, EAN and NO3

Nitrates are known to be strong oxidants and their effect on Al has
been largely documented in the literature. In order to solely investigate
the effect of the NOJ, a NaNOj solution was prepared with a NO3 con-
centration equivalent to 10 wt.% BAN (0.7 mol/L) (Fig. 3). Conversely,
the role of the cation was studied by varying the chain length of the
alkyl chain at a fixed concentration (0.7 mol/L).

The anodic polarisation curves reveal that in the presence of NaNO5
in NaCl solution, at NOj concentration equivalent to 10 wt.% BAN,
the passive plateau is one order of magnitude higher than the results
obtained with BAN, PAN and EAN. Such results highlight a probable
cation-anion synergy on the inhibition mechanism. The passive plateau
length, however, remains similar for the three ionic liquids, indicating
a limited effect of the chain length on the anodic inhibition mechanism.
Conversely, the cathodic polarisation curves show a very different trend.
In fact, as the chain length decreases, the cathodic slope, especially for
the second part of the curve observed for potential lower than -0.8 V vs.
Ag/AgCl, is very similar to the result obtained with NaNO;, suggesting
that nitrate reduction might be limited by the presence of long alkyl
chains. In conclusion, the presence of the cation in solution further de-
creases the anodic current density plateau (by one order of magnitude),
however the chain length does not induce change in the anodic kinetics

Table 3

Parameters determined from EIS measurements performed in this study
as a function of BAN concentration. a is the CPE parameter measured
from the high-frequency capacitive-like loop, and 6 corresponds to the
angle of the diffusion low-frequency time constant.

Electrolyte a 0/()
0.1 mol/L NaCl 0.72 38.4
0.1 mol/L NaCl + 1 wt.% BAN 0.71 40.3
0.1 mol/L NaCl + 5 wt.% BAN 0.81 39.7
0.1 mol/L NaCl + 10 wt.% BAN 0.83 22.3
0.1 mol/L NaCl + 30 wt.% BAN 0.89 21.2
0.1 mol/L NaCl + 50 wt.% BAN 0.88 19.5
2.5 —@— NaCl 0.1 mol/lL
5 NaCl 0.1 mol/L+ NaNO, 0.7 oL (a)
—&— NaCl 0.1 mol/L+ BAN 0.7 mol/L (10%) S
2.0 —a— NaCi 0.1 moliL+ PAN 0.7 molL (12%) i -
#—NaCl 0.1 mol/L+ NEA 0.7 mol/L (14%) ‘2/.-,/,"7
15}
1.0

_1 i | 'l 'l 1 ol 'l 'l

10% 10° 10* 10° 102 10" 10° 10" 102 10°

I/ mA-cm?
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(the passive current density). Contrastingly, the presence of shorter alkyl
chain on the ammonium cation increases further the cathodic kinetics.

3.2.2. Electrochemical impedance spectroscopy: influence of chain length

Electrochemical impedance spectroscopy measurements were per-
formed on the AA2024-T6 in presence of BAN, PAN, EAN and NO3
(Fig. 4). In the presence of NOJ, only a single capacitive loop can be
seen, associated with the charge transfer process and is much larger
than in NaCl solution, thus corroborating the hypothesis of an Al pas-
sivation by NO3 (discussed in the next section). In this case, however,
the second loop was not seen on the low-frequency part of the spectra,
but the very low-frequency part has been truncated to avoid the non-
stationarity effect of the system on long time. A similar observation can
be made with the EAN. However, as the cation chain length increases
such as for PAN and BAN, with the presence of the characteristic second
loop with a 22.5° slope, as discussed previously. Interestingly, the sec-
ond loop becomes better defined as the ammonium cation chain length
increases. The characteristic frequency of the second loop is for BAN
10 wt.% at about 14 mHz, which, together with the decrease in slope
at 22°, suggests that the diffusion process might be occurring in pores.
At this stage, the results suggest that the presence of the second loop is
mostly associated with the ammonium cation and its chain length plays
a role in the inhibition mechanism.

3.3. Microstructural characterisation of AA2024-T6 before and after BAN
exposure

The effect of BAN on the surface and particularly on the localised
corrosion process was investigated using SEM. The surface topogra-
phy and chemical contrast (secondary electrons and backscattered elec-
trons modes) of the AA2024-T6 surface before (Fig. 5 (a0)) and after
24 h immersion in 0.1 mol/L NaCl (Fig. 5 (al) and (a2)), 0.1 mol/L
NaCl + 10 wt.% BAN (Fig. 5(b1) and (b2)), 0.1 mol/L NaCl + 30 wt.%
BAN (Fig. 5(c1) and (c2)) and 0.1 mol/L NaCl + 50 wt.% BAN (Fig. 5(d1)
and (d2)) were investigated. The AA2024-T6 surface before testing
shows the presence of large intermetallic particles with sizes ranging
from several micrometer to ~15-20 um. EDX analysis revealed the pres-
ence of Cu-rich particles, as expected for this alloy family, and particu-
larly the presence of the S-phase (Al,CuMg) the Al,Cu,Fe phase and the
0-phase (Al,Cu). After 24 h exposure in 0.1 mol/L NaCl clearly shows
signs of extensive localised corrosion. The presence of small and large
pits throughout the matrix, corrosion products around the large pits, and
trenches surrounding intermetallic particles, reveals important pitting
and trenching caused by the difference in the electrochemical poten-
tial between the particles and the matrix. Conversely, after BAN addi-
tion, the alloy does not reveal any sign of significant pitting or corrosion

0.0
(b)
0.5}
-1.0F
-1.5 ¢+
—=— NaCl 0.1 mol/L "
—mu—NaCl 0.1 mol/L+ NaNO, 0.7 mol/L o
-2 0 L= NaCl 0.1 mol/L+ BAN 0.7 mol/L (10%) '.
. = NaCl 0.1 mol/L+ PAN 0.7 mol/L (12%)
= NaCl 0.1 mol/L+ NEA 0.7 mol/L (14%)
- 5 al ¥l ul il o ul Wi 1
10® 10° 10* 10° 102 10" 10° 10" 102 10°
I/ mA-cm?

Fig. 3. Effect of the ammonium cation chain on the (a) anodic and (b) cathodic kinetics of the AA2024-T6.
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Fig. 4. Electrochemical impedance results in Nyquist representation of the AA2024-T6 after 10 h exposure in 0.1 mol/L NaCl, 0.1 mol/L NaCl + 0.7 mol/L

BAN/PAN/EAN and 0.1 mol/L NaCl + 0.7 mol/L NaNO; (Fig. 4(b) is an enlarged version of Fig. 4(a) to show 0.1 mol/L NaCl and 0.1 mol/L NaCl + 0.7 mol/L
NaNO,).

Element [at.%]

Al Cu Mg Fe Mn Intermerallic

1 6960 | 17.48 | 1267 0.05 0.1 ~AlLCuMg

2 6848 | 2043 0.62 6.92 3.56 ~Al;Cu,Fe

10 pm

3 57.05 | 40.99 1.90 - - ~AlL,Cu

10 pm 2 pm

Fig. 5. SEM micrographs in BSE (al, b1, c1, d1) and enlarged areas in SE (a2, b2, c2, d2) mode of the AA2024-T6 surface before exposure (a0), after 24 h immersion
in (al, a2) 0.1 mol/L NaCl exposure, (b1, b2) 0.1 mol/L NaCl+10 wt.% BAN, (c1, c2) 0.1 mol/L NaCl+30 wt.% BAN and (d1, d2) 0.1 mol/L NaCl+50 wt.% BAN.
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product accumulation on the matrix. Interestingly, only a few areas were
attacked, indicating a selective dissolution of several intermetallic parti-
cles. Such observation, however, does not provide more information on
the dissolution mechanism involved (i.e., chemical or electrochemical
process). Overall, the microstructural observations emphasise the pres-
ence of two areas with distinct surface reactivities, with the passive Al
matrix and large active cavities that could be assimilated to pores. The
SEM observations, however, do not reveal the formation of a protective
film. More detailed surface analysis such as XPS should be realised in
future work.

4, Discussion

The corrosion mechanism of Al alloys is known to be highly depen-
dent on the microstructure [30-32]. More specifically, the intermetal-
lic particle population, distribution and size, provide preferential sites
for corrosion initiation. In this work, an AA2024-T6 was exposed to
0.1 mol/L NaCl solution with and without the presence of ammonium ni-
trates ionic liquids. Besides the heterogeneous nature of Al-Cu-Mg alloys
[33,34], chloride containing electrolytes are also known to be highly
aggressive towards Al alloys, causing pitting and passivity breakdown
[35-37]. In this section, and based on the experimental evidence and the
literature, an overall mechanism which includes the corrosion initiation
process induced by chlorides as well as the inhibition mechanism will
be discussed and is presented in Fig. 6. On Al matrix, and with the CI~
species in solution, the pitting initiation mechanism occurs through the
following steps: i) CI~ adsorption on the oxide film caused by a chem-
ical reaction between Cl~ and the film, leading to the oxide thinning,
ii) Al-chloride species formation, and finally, iii) exposure of the bare
Al surface [30,38,39]. In the presence of NO;, however, the dissolu-
tion mechanism is inhibited, as NO; are known to be strong oxidants,
yielding to iii) NO; reduction on bare Al metal [27,40]. In fact, this was
corroborated by the passivation plateau seen on the potentiodynamic
polarisation results and the microstructural observations, revealing the
absence of corrosion products and pitting on the Al matrix. The ability
of NOJ anions to be reduced by metallic Al (after being exposed) has
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been documented previously through the following mechanism [27,41],
involving AI3* cation from Al,0;.nH,0:

AP* +2CI” + 2H,0 — AI(OH),CI; +2H* (1)

Al — APT +3e” 2
AP* +4C17 - AICI, (©)
AICI; +2H,0 — AI(OH),Cl+ 2HT +3CI~ @)
3NOj + 8Al+ 18H,0 — 3NH; + 8AI(OH); + 30H™ )

However, the Al passivation can be partially explained by the pres-
ence of nitrates in the ionic liquids as the results also highlighted the
role of the ammonium cation on the passivation mechanism. In fact, it
was seen on Fig. 3(a) that for similar NO; concentrations, the passiva-
tion plateau in the presence BAN (butylammonium + nitrates) was one
order of magnitude lower than the results shown for NO;. Such observa-
tions reveal a synergistic effect between the anion and the cation chain,
further reducing the anodic current density plateau. In fact, the syner-
gistic effect of several anions and a tetra-n-butylammonium cation has
been investigated previously by Aramaki et al. in the context of Fe cor-
rosion in acid solution [42,43]. It was reported that the addition of the
tetra-n-butylammonium cation yielded to an increase of the anion sur-
face coverage and a stabilisation by electrostatic interactions. Nonethe-
less, the electrochemical and surface characterisation did not provide
a clear idea on the nature of the cation-substrate interaction. Another
hypothesis of this work emitted in this work is the blocking effect of the
ammonium species on the surface from aggressive chloride ions pene-
tration.

On the intermetallic particles, however, such as Al,Cu and Al,Cu,Fe,
the electrochemical reactions involve a multistep process. As revealed
by the potentiodynamic polarisation tests, NO; addition resulted in a
cathodic current density increase characterised by two distinct slopes.

Cu(NH,) >
©. o =
0, 4 (Nos

.

/
Al(OH)]

Al matrix

gD EED

Bare aluminium
alloy metal
exposed

Al,0;.nH,0 + nCl — Al(OH),Cl
()AL - AB " +3e
(D) AP +acl salcl, )
(iii)AlCl,~ +2H,0 — Al(OH),Cl+2H " +3Cl
3NO; +8Al + 18 H,0 — 3NH; + 8Al(OH); + 30H

NOj reduction
on bare metal
and Al
passivation

Aluminium
oxide thinning

Cu-rich particle

Chemical
0O, and NOy reactions with
reduction in Cu rich
competition particles and
dissolution

e

(i) 0, + 2H,0 + 4e = 40H
(i) NO3 +2e  +2H — NO, +H,0
-— - +
(i) NO, +6e +7H - NH;+ 2H,0 (after incubation period)

(Al)Cu + 4NH; — Cu(NH;) 2~

Fig. 6. Schematic figure illustrating the overall mechanism of this work. On the Al matrix, Al dissolution and passivation occur, promoted by the presence of Cl~
and NO;~ species. On the Cu-rich particles, O, reduction and nitrate reduction are the primary reactions followed by nitrite reduction and Cu dissolution.
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At the open circuit potential, the reduction mechanism could be sepa-
rated into two stages: the first stage involves the i) oxygen reduction
reaction (ORR) known to occur on the intermetallic particles (i.e., Cu-
rich particles), as ORR progresses, O, depletion is accelerated at the
electrolyte-surface interface and yields to a second stage involving ii)
nitrate reduction to nitrites with the concomitant Cu oxidation, known
to be preferentially oxidised by NOJ species. After a certain incubation
period, a second reduction reaction - also highlighted by the dramatic
current density increase from E= -0.8 V vs. Ag/AgCl - albeit nitrites
reduction is initiated through the following reactions as reported by
Adams et al. involving Cu from intermetallic particles [27]:

0, +2H,0 +4e~ — 40H~ (6)
NOj +2e” + H,0 — NO; +20H~ )
Cu — Cu®* +2¢” 8)
NOj + 6~ + 5H,0 — NH; + 70H" ©)

With the presence of NH; in solution, the chemical dissolution of the
Cu present on the intermetallic yields to the formation of the large pits
- corroborated by the SEM observations after 24 h immersion - through
the following reaction:

Cu?* + 4NH; - Cu(NH;)2* (10)

The formation of large pits might explain the low frequency diffu-
sional loop observed on the Nyquist spectra on Figs. 2 and 4. The char-
acteristic frequency of the second time-constant (~14 mHz) seems too
low to be attributed to a surface-electrolyte diffusion process, which was
found to be around 250 mHz, as reported by Keddam et al. in a study of
Al alloy AA2219-T87 exfoliation corrosion mechanism in an EXCO so-
lution [44]. Moreover, such a surface-electrolyte diffusion process will
not be sensitive to minute change in the porosity of the interface. In
this work, the impact of the viscosity of the mixtures on the diffusional
processes was considered to not vary significantly as reported previously
by Xu who measured the viscosity of n-butylammonium nitrate mixtures
[45]. In this scenario, the presence of alkylammonium cation in the elec-
trolyte may also play a role in the cathodic reactions and adsorb on the
surface such as the cathodic sites. The alkylammonium adsorption will
be in competition with O, and NO; reduction. Under these specific con-
ditions, the EAN, PAN and BAN and NaNO; mixtures were prepared in
order to obtain similar NO; anion available, in fact, NO; anions are
known to be weak complexing agents, rather favouring complete dis-
sociation, as reported for BAN ionic liquid in the work of Bou Malham
et al [46]. In fact, this hypothesis can explain the cathodic polarisation
results, revealing that an increase in the cation chain length was limiting
the dramatic current density increase caused by NO; and NO; reduc-
tion, particularly on the lower cathodic potential (E < -0.8 Vg agc1)-
Similar observations were made by Zhang et al. who investigated the
effect of quaternary ammonium-based ionic liquid on the electrodeposi-
tion mechanism of Cu [47]. The addition of an ammonium-based ionic
liquid in the solution resulted in a decrease in the cathodic peak cur-
rent density related to Cu reduction, explained by strong adsorption of
the quaternary ammonium cation on the cathodic sites, competing with
Cu reduction reaction. Their results also revealed a greater surface ab-
sorbability of the quaternary ammonium cation with longer alkyl chains.
Such a hypothesis also rationalises the idea of a chain length effect (i.e.,
longer alkyl chains will more efficiently block cathodic sites for NO;
reduction reactions) and can explain such differences between the NOj,
EAN, PAN and BAN cathodic polarisation tests as seen in Figs. 3 and 4.

5. Conclusion

In this work, three ammonium-based ionic liquids were used as po-
tential corrosion inhibitors for an AA2024-T6 Al alloy. Herein, the ionic
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liquid concentration and the effect of the chain length on the anodic
and cathodic kinetics were investigated by electrochemical impedance
spectroscopy, potentiodynamic polarisation testing and SEM characteri-
sation. After 24 h immersion tests, the Al alloy surface was significantly
less attacked, with the presence of preferential dissolution at the inter-
metallic particles. The anodic polarisation testing and the electrochem-
ical impedance spectroscopy results revealed inhibition of the anodic
kinetics, as seen by the presence of a passivation plateau and the in-
crease of the first capacitive loop associated with the charge transfer
reaction. Interestingly, the chain length seemed to not significantly af-
fect the anodic kinetics but rather the cathodic reaction mechanism as
reported by the cathodic polarisation testing. In fact, the cathodic po-
larisation curves indicate that increasing the chain length (passing from
BAN to EAN) limits the cathodic reaction, which is, according to the lit-
erature, due to ammonium cation adsorption, limiting available site for
NOj reduction. From the experimental observations and according to
the literature, a three stages mechanism is proposed as shown in Fig. 6,
which will be further investigated in the future:

- The anodic reaction is dominated by Al dissolution and passivation,
promoted by the presence of nitrates in solution.

- The cathodic reaction can be described by (i) O, reduction, which is
followed by (ii) NO; reduction once O, depletion occurs.

- Nitrite reduction to NH; induces Cu-rich particles dissolution, lead-
ing to the formation of large “pores” on the Al alloy surface.
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