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Deep eutectic solvents have been widely acknowledged as ionic liquid analogues, since they share many
characteristics and properties with ionic liquids. The two major application areas of deep eutectic solvents
have been metal processing and synthesis media; however, plenty of other applications have already been
reported and predicted for these liquids. Reline, an eutectic mixture of choline chloride and urea, is a
well known representative of deep eutectic solvents. Despite their importance in the contemporary tech-
nologies, the knowledge about the corrosivity of deep eutectic solvents is remarkably scarce. This article
reports the results on the corrosivity of reline towards two Al alloys, namely AA2024-T6 and AA6065-T6.
To measure the corrosion rates and characterize the passive film on the alloys in reline, electrochemical
impedance and inductively coupled plasma optical emission spectroscopy methods were used, and the
corrosion product composition was analyzed by X-ray photoelectron spectroscopy. Surface morphology
and Volta potential were imaged by scanning electron microscopy, atomic force microscopy and scanning
Kelvin probe force microscopy. The corrosion tests show that the two alloys are extremely stable in re-
line, and the passive layer is formed in the first three hours of immersion in the corrosive media. There is
no evidence that electrolyte species are incorporated into the Al oxide protective layer through chemical

bonding.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The eutectic mixture of urea and choline chloride (commer-
cial name reline) has been one of the most extensively investi-
gated mixtures among the numerous deep eutectic solvents (DES)
synthesized until now [1,2]. The properties of reline which favor
its application in many fields, in comparison to water or organic
solvents, include negligible vapor pressure, a wide electrochemi-
cal window, high thermal and chemical stability, high ionic con-
ductivity, high solvating ability for some compounds insoluble in
water, and inflammability - the properties generally attributed to
ionic liquids [1,2]. The reline offers its potential application in areas
like separation and absorption processes, organic synthesis, catal-
ysis, electrochemistry, electroplating, heat transfer fluid, lubricant,
etc. [1,2]. The important benefit of reline is the biodegradability of
its constituent compounds: both urea and choline chloride are non
toxic, renewable and biodegradable chemicals [3].
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In order to apply reline in any large-scale process, it is impor-
tant to gain knowledge about its corrosivity and interaction with
different materials, particularly reactive metals and alloys. The re-
search undertaken until now [4,5,6,7,8] has shown that the cor-
rosion of Ni, Al, Cu, Ti, mild steel, and stainless steel in various
choline chloride eutectic mixtures with urea, ethylene glycol and
propylene glycol, is much lower compared to the corrosion of these
metals in aqueous solutions.

The corrosion process of Al alloys in deep eutectic solvents has
not been investigated until now. For this reason, in this work the
corrosivity of reline towards two Al alloys, namely AA2024-T6 and
AA6065-T6, has been investigated. The AA2024-T6 alloy possesses
good combination of strength and fatigue resistance, due to the
constituent particles, precipitates and dispersoids, based mainly on
Cu with small amounts of Mg and Mn. Besides its applications in
aerospace and automotive industry, it is used for various structural
applications, gears for machinery, screw machine products, cylin-
ders and pistons, fasteners, machine parts, packaging and rivets.
The AA6065-T6 alloy is a general-purpose alloy, containing Mg-Si
hardening precipitates, used for a broad range of structural appli-
cations and welded assemblies including pipelines, frames, agricul-
tural applications, building products, chemical equipment, dump
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bodies, electrical and electronic applications, fasteners, heat ex-
changers, evaporators, radiators, hospital and medical equipment,
machine parts, and storage tanks [9,10]. The wide list of applica-
tions shows that it is expected that these alloys will be in contact
with reline, as a new and promising electrolyte in many fields.

The corrosion resistance of Al in aqueous and non aqueous me-
dia depends on (a) the stability of the naturally formed Al,05 layer,
(b) the electrical conductivity of a medium, and (c) the presence of
aggressive ions [11].

(a) For example, in aluminum electrolytic capacitors with organic
electrolytes, the Al oxide withstands a potential range of 6-
16 V [12]. It is also known [13] that anhydrous alcohols and
phenols can severely corrode aluminium, but addition of up
to 0.3 wt.% water usually stops corrosion by precipitating
Al,03.There are also examples of high corrosion resistance of Al
alloys resulting from the protective action of a corrosion prod-
uct other than Al,05: Al dissolves rapidly in tetrahydrofuran
(THF) + A1C13 + LiC1 electrolyte, but Al-Mg alloy shows ex-
cellent passivity, due to the low solubility of MgCl, as a corro-
sion product [14]. In relation to the described previous findings,
low solubility values for Al,03 in reline have been reported.
In the two earlier works [3,15], metal oxides were added into
choline chloride based DESs and the solubility was expressed as
the measured metal content in DES. In the first study, in seven
choline chloride based DESs after stirring for 2 h at 353-363 K,
the solubility value for Al;03 was between 0.1 and 0.2 wt.% -
lower as compared to oxides of Ca, Ce, Cu, Zn, Pb, and Mo, but
comparable to the values measured for Fe, Ce, and Pt oxides [3].
In the second study, the Al,03 solubility in reline after 48 h at
333 K was even lower, < 1 ppm, and significantly lower than
the solubility of Cu, Fe, Mn, Ni, Pb, and Zn oxides [15]. In an-
other research, the Al,03 was reported insoluble in the eutectic
mixture of choline chloride, urea and ethylene glycol [16].

(b) The second parameter which could be used for the prediction
of Al alloys corrosion in reline is its electrical conductivity. In a
study of metal corrosion in various organic solvents (alcohols,
acetone, diethyl ether, benzene, etc.) containing HCI, it was
shown that the corrosion rate for Fe, Al, and Cr-Ni steel is very
low in electrolytes with electrical conductivity lower than the
threshold value of ~1 mS cm~!, above which the corrosion
rate increases rapidly [17]. For comparison, the reported con-
ductivity of reline ranges from 0.24 to 6.36 mS cm~! in the
temperature range from 293.15 to 338.15 K [2]. Yet in media
with aggressive adsorbed ions (like chloride in reline), the bulk
conductivity of the medium does not allow for conclusions
on the conditions at the metal/medium interface, because the
surface conductivity might be high, in spite of the low bulk
conductivity [18].

(c) The composition of the corrosive medium has a significant
influence on the Al alloys'corrosion. As concerning the cor-
rosivity of ionic liquids, the general rule for all metals is a
significantly lower corrosion in neat ionic liquids as compared
to water solutions, and even ionic liquids have been used
as corrosion inhibitors for various metals in aqueous media
[19]. The protective action of an ionic liquid is a result of an
adsorbed multilayer of cations and anions of the ionic liquid,
which isolate the metal surface from corrosive species in the
electrolyte [19]. Yet it should be stressed out that some anions
present in ionic liquids, may destroy the Al,03 layer and induce
Al corrosion: the examples are lithium salts like LiiN(SO,CF3);]
[20] and lithium imide [21].

Since reline contains ~5 mol dm~3 of chloride ion, it is ex-
tremely important to bear in mind that the susceptibility to local-
ized corrosion for both AA2024 and AA6065 alloys, is higher than
that for pure Al [22,23]. This is the result of the heterogeneity of

the alloy surface, due to the existence of Al-Mg-Si precipitates at
AA6065, and Al-Cu-Mg and Al-Cu-Mn-Fe precipitates at AA2024 al-
loy [22,23].

To summarize previous literature, the Al;O03 was reported as
not completely insoluble at elevated temperature in reline, al-
though the solubility is low, and the bulk electrical conductivity of
reline could exceed the threshold value needed for rapid corrosion.
Since it is important to have precise information regarding the be-
havior of Al alloys in this electrolyte during prolonged time of ex-
position, this work investigates in detail the corrosion of the two Al
alloys in reline, by using electrochemical and non-electrochemical
techniques.

2. Experimental
2.1. Materials and reagents

The AA2024-T6 and AA6065-T6 alloys were supplied by Mateck
(Germany). Their chemical compositions, as given by the produc-
ers, are presented in Table 1. Reline was prepared from a 1:2 mo-
lar ratio mixture of choline chloride (ChCl) (Sigma-Aldrich, > 99%)
and urea (Sigma-Aldrich, dry, >99.5%). The mixture was heated
in a beaker at 80 °C and stirred until a homogeneous and color-
less liquid was formed. Prior to mixing, both chemicals were dried
overnight in oven at 60 °C and cooled to room temperature in a
desiccator. After preparation reline was stored in bottles contain-
ing molecular sieves (L05335, 3A, Alfa Aesar) to absorb water, and
the bottles kept in a desiccator.

2.2. Corrosion testing

In order to measure the corrosion rate of AA2024-T6 and
AA6065-T6 in reline, the metallic samples were immersed in re-
line and held in the oven at 60°C. The corrosion testing was also
performed in aqueous solution of 0.22 wt. % NaCl at room tem-
perature, for comparison. The aqueous electrolyte composition was
chosen in order to have the similar electrolytic conductivity as re-
line (~ 449 mS m~1), so that the difference in the recorded results
would not be a consequence of different conductivities.

The samples were electrically connected from the back and
mounted in epoxy resin, so that only one side was in contact
with the electrolyte. Before the immersion, the metal surface was
abraded with emery papers of the following grades: 600, 1000,
1200, and cleaned in acetone. For all experiments involving immer-
sion in the electrolyte, the samples were immersed immediately
after the polishing.

Electrochemical impedance spectroscopy (EIS) was measured
in reline or aqueous NaCl, in electrochemical cell with a three-
electrode arrangement, consisting of the working electrode (resin
mounted sample), a platinum counter electrode and saturated
calomel electrode (SCE) as reference. The EIS measurements were
performed at open circuit potential, with a 10 mV (rms) sinusoidal
perturbation in the 100 kHz to 10 mHz frequency range and seven
points per frequency decade. Electrochemical measurements were
performed using a potentiostat ZRA Reference 600, Gamry Instru-
ments. EIS 300 software was used for the fitting. The EIS testing
was performed at two independent sets of samples, in order to en-
sure reproducibility.

Table 1
Chemical composition of AA2024-T6 and AA6065-T6 alloys, wt.%
Cu Mg Mn Fe Si Bi Al
AA2024-T6 4.43 1.10 0.76 0.42 0.70 / rest

AA6065-T6 033 095 0.05 020 055 065 rest
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The metal content in reline due to corrosion was analyzed by
inductively coupled plasma optical emission spectrometry (ICP-
OES) using a Spectro Genesis spectrometer, with a Burgener nebu-
lizer, a cyclonic spray chamber and radial viewing with 15 linearly
positioned CCD detectors capable of measuring wavelengths from
175 to 777 nm.

2.3. Surface analysis by X-ray photoelectron spectroscopy (XPS)

Samples of AA2024-T6 and AA6065-T6 with surfaces polished
to 1 pum alumina slurry were immersed in reline at 60 °C for 19
days. Then they were thoroughly washed with pure ethanol, dried,
and stored in a desiccator for just a few hours before measure-
ment. For comparison, similar samples were left in the laboratory
ambient (23 + 1 °C, 55 4+ 5% RH) for the same 19 days and the
surfaces also analyzed by XPS. The XPS analysis was performed on
one sample for each case. The XPS spectra were acquired in Ul-
tra High Vacuum (UHV), base pressure of 2 x 10710 mbar, with
a hemispherical electron energy analyzer (SPECS Phoibos 150), a
delay-line detector and a monochromatic AlKe (1486.74 eV) X-ray
source. High resolution spectra were recorded at normal emission
take-off angle and with a pass-energy of 20 eV, which provides an
overall instrumental peak broadening of 0.5 eV. No sputtering was
performed to remove surface impurities. All spectra were corrected
for adventitious C peak at 284.6 eV and the quantitative analysis
was performed with the XPS PEAK 4.1 software.

2.4. Scanning Kelvin probe force microscopy (SKPFM)

Aluminum alloy samples about 1 x 1 cm were abraded with
SiC paper down to 4000 grit and then polished by alumina pastes
down to 0.1 micron. The samples were cleaned on a soft sponge
pad wetted by 2-propanol and then dried on a filter paper. Sam-
ples were stored in a desiccator to prevent corrosion. Measure-
ments were performed before and after 5 days of immersion in
reline at 60 °C.

A Digital Instruments NanoScope Il system with Extender™
Electronic module was used to acquire topography and Volta po-
tential difference (VPD) at the metallic surfaces. Atomic force mi-
croscopy (AFM) combined with SKPFM measurements were per-
formed in a sequence. The first scan acquired topography of the
surface. During the second scan the tip was lifted off from surface
to a distance of 100 nm and using the nulling technique the VPD
between the surface of the alloy and the tip was measured. Mea-
surements were done at AC voltage amplitude of 5 V. Doped sil-
icon probes covered with Pt-Cr layers, acquired from Budget sen-
sors, were used for all AFM/SKPFM measurements. The VPD poten-
tial was carefully checked before and after measurements against
a standard nickel metal surface [24]. Therefore, all VPD values are
presented versus the Ni surface. Temperature and humidity during
the measurements were around 23 + 2°C and 52 =+ 4% respectively.
Scanning Electron Microscopy (SEM) pictures were acquired after
immersion, in the same regions of SKPFM maps with a Hitachi S-
4100 microscope. In order to achieve reproducible images, SKPFM,
AFM and SEM imaging was performed at different surface places
(at least three areas for each sample).

3. Results and discussion
3.1. Analysis of the surface composition

The reline contains organic cations and anions, chloride ions,
water, and oxygen, while AA2024-T6 and AA6065-T6 alloys contain
several chemical elements (Table 1). So, different surface films of
Al alloys may be expected in reline. In order to identify potential

products formed on the surface, AA2024-T6 and AA6065-T6 sam-
ples were exposed to air (as control samples) and immersed in re-
line at 60°C for 19 days, after which the XPS analysis of their sur-
face was performed.

Fig. 1a shows the XPS overview spectra of the surfaces of all
samples, while the high resolution XPS spectra of Al2p, O1s, N1s,
CI2p and C1s ionizations are presented in Figs. 1b - f, respectively.
A first look at the spectra shows similar plots except for a few ex-
tra peaks in AA2024-T6 exposed to reline. The spectra of Al show
two main peaks, one centered at 71.6 eV assigned to metallic Al (it
is in fact two peaks for the ionizations of Al2ps, and Al2p;, with
a spin orbit splitting of 0.44 eV) and a larger peak around 75 eV
ascribed to the ionization of oxidized Al, with Al,03 at 73.8 eV
and Al(OH); at 74.6 eV. The deconvolution of the O1s spectra gives
two peaks, one for 02~ at 530.7 eV and another due to OH™ at
531.8 eV. Nitrogen showed a small peak around 399.7 eV in all sur-
faces, probably related to some sort of contamination. A stronger
peak manifested in the AA2024-T6 sample immersed in reline with
binding energy of 402.5 eV, which is attributed to the ionization
of N1s from a quaternary amine such as choline cation. If choline
is on the surface, then the counter anion chloride should also be
present. Indeed, peak of Cl~ ionization at 197.5 eV appears in the
same sample. The peak is divided in two, reflecting the ionization
of CI2ps;; and CI2pyj, with a spin orbit coupling of 1.22 eV. Car-
bon presented two main peaks plus a third one of lower intensity.
The first, at 284.6 eV, is attributed to adventitious carbon, the sec-
ond, around 286 eV, is related to C-O, and the third at 288 eV is
assigned to C=0. This carbon comes from the surface contamina-
tion. The stronger C-O peak in AA2024-T6 immersed in reline is
explained by the present of the C-OH of choline cation.

It is concluded that the XPS peaks are similar for all samples
except for the existence of some choline chloride deposits on the
surface of AA2024-T6 exposed to reline, that were not washed with
ethanol. The XPS results suggest that the oxide films developed in
reline with the inherent small amount of water and dissolved oxy-
gen are not different from the ones formed in atmospheric mild
conditions (23 + 1 °C, 55 &+ 5% RH).

The XPS peak deconvolution process is presented in the sup-
plementary material, and the deconvolution results are given in
Tables 2 and 3.

In conjunction with XPS analysis, the visual appearance of the
samples immersed in reline at 60 °C, as well as those kept in the
laboratory environment for 19 days, is presented in Fig. 2. The sur-
faces of all samples were still shiny after 19 days of exposure. No
corrosion or just benign signs of corrosion could be observed. The
surfaces immersed in reline (Fig. 2b,d) seem to have some brown-
ish deposits as compared to the samples exposed to air, however
the closer look by scanning electron microscope (Fig. 2f) showed
that there was no corrosion product deposits, and that spots seen
on AA2024-T6 after 19d in reline were not pits but rather only
electrolyte deposits not removed by the washing process with
ethanol. So, there were no detected points of attack, i.e., neither
pitting or clear proofs of localized corrosion. On the other hand,
in some samples gas bubbles appeared in the first hours of im-
mersion, probably due to hydrogen evolution in localized points,
but they did not further increase in size or number until the end
of the test (Fig. 2e). It was the initial corrosion, probably originat-
ing by the small amount of water that existed in the electrolyte.
This corrosion did not last long, i.e. either the surface became more
passive with time or the water was consumed.

3.2. Electrochemical measurements
The open circuit potential, Eqcp, of the two alloys immersed in

two different electrolytes was monitored for 33 days (Fig. 3). In
aqueous 0.22 wt. % NaCl solution, the Eqp of both samples dif-
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Fig. 1. XPS analysis of AA2024-T6 and AA6065-T6 after 19 days in laboratory environment (23 + 1 °C, 55 + 5% RH) and immersed in reline at 60 °C. a) overview spectra,

and high resolution spectra of b) Al2p, ¢) Ols, d) N1s, e) CI2p, and f) Cls.

fers a little and shifts toward negative values with immersion time.
The initial Eqcp values of both samples in reline are more nega-
tive than in NaCl, but they sharply increase with time during the
first week of exposure to reline. This is followed by Eocp stabil-
ity. The Eocp oscillations at the early immersion in reline (inset in
Fig. 3) are the result of changes on the electrode, like layer forma-
tion, which eventually leads to potential ennoblement in reline. It

can be also seen from Fig. 3 that the initial potential difference, of
about 200 mV, among the samples, was significantly reduced after
about 12 days.

The EIS measurements were further performed on AA2024-T6
and AA6065-T6 samples immersed in reline for 37 days and the re-
sults were compared with those recorded in 0.22 wt.% NaCl aque-
ous solution. The comparative impedance data measured at open
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Table 2
Quantification of the XPS spectra of AA2024-T6
Air reline
BE. (eV) FWHM (eV) % BE. (eV) FWHM (eV) %
Al2p Al° 71.6 0.9 5.0 71.6 0.9 4.0
Al,05 73.9 14 11.9 73.8 1.1 7.8
Al(OH)3 74.6 1.2 10.2 74.6 1.3 12.7
O1s 0% 530.6 1.7 10.1 530.6 1.6 9.6
OH- 531.8 2.2 329 531.8 2.2 243
Cls C-C/C-H 284.6 1.4 19.5 284.6 1.4 6.9
Cc-0 286.2 13 4.5 286.0 1.2 16.1
C=0 (?) 288.2 23 4.9 287.7 24 9.2
Mgls Mg° 1304.1 1.8 0.4 1304 2.0 0.5
N1s NH; (?)  399.8 1.6 0.6 399.7 1.5 1.6
NR4* - - - 402.6 1.1 33
Cl2p Cl- - - - 197.5 1.2 3.8
Table 3
Quantification of the XPS spectra of AA6065-T6
air reline
BE. (V) FWHM (eV) % BE. (eV) FWHM (eV) %
Al2p Al° 71.6 0.9 55 71.6 0.928 49
Al,03 73.8 1.2 8.4 73.9 1.55 143
Al(OH); 74.6 13 13.1 74.6 1.42 10.2
Ols 0% 530.7 1.7 9.8 530.6 1.87 16.4
OH- 532.0 21 25.9 531.9 2.2 21.5
Cls C-C/C-H 284.6 14 20.6 284.6 1.58 171
C-0 286.1 1.4 8.9 286.2 1.29 7.4
C=0 (?) 288.3 2.2 6.9 288.1 2.56 6.6
Mgls Mg° 1304.2 1.9 0.05 1303.9 1.99 0.06
N1s NH; (?) 399.8 1.6 0.85 399.6 1.88 1.5

circuit potential are shown in Figs. 4 and 5. After 3 h of immer-
sion, the Nyquist plot is shaped into one semicircle (Figs. 4a and
b), indicating one time constant or, possibly two not well separated
time constants. This response does not change during the total im-
mersion time, for both alloys. The impedance increased monoton-
ically with the immersion time, and at the end of experiment, the
impedance response resembled capacitive behavior. An almost ver-
tical line parallel to the axis of the ordinate, characterizes the elec-
trolyte/Al interface separated by a dielectric, Al,03 [12,25].

The impedance values in reline were two orders of magnitude
higher than the ones recorded in NaCl solution (Figs. 4c and 5 a
and b). Besides, the shape of spectra, with resistive semicircles
and well resolved time constants in NaCl, suggest that a fast
electrochemical process occurs at both samples in NaCl, unlike
more capacitive response observed for samples immersed in
reline. Therefore, the corrosion process in reline is significantly
lower comparing to the water solution, in spite of a much higher
Cl~ ion concentration (~5 mol dm=3 in reline vs. 3.75 ¢ 10~2 mol
dm~3 in aqueous solution). These results correlate well with the
evolution of open circuit potential with immersion time, where
it was shown that the Eyp ennoblement in reline suggests the
formation of passive film.

The fitting procedure by EIS 300 Gamry software has shown
that the best agreement with the measured data in reline was
achieved when the equivalent electrical circuit (EEC) included two
time constants. It is known that the process when electrolyte pen-
etrates into the pores of Al,03 layer could be characterized with
the two time constants in the EIS diagram [12]. The simple equiv-
alent circuit for fitting such system is offered in earlier literature
[12,25,26] and is given in Fig. 6. Besides the solution resistance
(Rs), the time constant at higher frequencies is the response of
the passive oxide film (Cox/Rox) and the other one, at lower fre-
quencies, corresponds to the response of areas not covered by the

passive layer, where the alloy is directly in contact with the so-
lution. In these pores, the metal dissolution is controlled by the
charge transfer resistance, R, and the electrochemical double layer
is characterized by capacitance Cy. In fitting procedure, constant
phase elements CPE were used instead of pure capacitors, since the
capacitance response was not ideal. The capacitance of the system
was calculated using EIS 300 software, from the fitted results for
CPE, according to the Eq. 1:

_(YxR)
S ®

where C represents the real capacitance, while Y and n represent
the fitted values of capacitance and exponent for CPE element, re-
spectively.

The Fig. 7 presents the fitted resistance and capacitance val-
ues obtained for different immersion times in reline, determined
by modeling with the EEC in Fig. 6. The goodness of fit using non-
linear least squares fitting algorithm was < 10~3. According to the
resistance values, the oxide layer becomes more compact and re-
sistant over time. The resistance of the oxide itself increases mono-
tonically over the entire immersion period (Fig. 7a). Contrary, the
charge transfer resistance in the oxide pores, increases dramatically
during the first three days (from ~10° to ~107 © cm?). After this
period, equivalent fitting of the EIS spectra may be accomplished
by using a single time constant equivalent electrical circuit, which
is related to a homogeneous oxide layer. This means that the ma-
jority of the pores in the protective film, where the metal dissolu-
tion may proceed, gradually close and become smaller in number
and size within the first three days. The values of the capacitance
of the oxide film, calculated from the fitting data for CPE element,
are in a very narrow range (1.5-3.2 pF cm~2) during the whole
immersion experiment for both alloys (Fig. 7b). The order of the
magnitude of pF cm~2 denotes that this is the capacitance of the
oxide passive layer [11].

C
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The capacitance information in Fig. 7b was used to calculate the
Al, 03 layer thickness using the procedure described in [11]: total
capacitance values obtained in the fitting procedure are assumed
to be partly due to the oxide layer, and partly due to the Helmholtz
layer. The oxide and Helmholtz layers are treated as serialized ca-
pacitors, where the equivalent capacitance is expressed in Eq. 2:

C0X71 = CH71 +C571 (2)

Where Cox, Cy, Cs are the total capacitance, Helmholtz layer capac-
itance (the assumed value was 50 pF cm~2 [11]), and oxide film
capacitance, respectively. The Cs values calculated in this manner
were then used to calculate the Al,03 layer thickness, according to
the Eq. 3:

§ =880C371 (3)

where §, €, and g, are the oxide thickness, the relative dielectric
constant for oxide layer, and the permittivity of free space, respec-
tively. A range of values between 9 and 40 was suggested in the
literature for the relative dielectric constant, and the exact value
depends on the degree of hydration of the passive layer: the less
hydrated oxide has lower dielectric constant [11,26].

The calculated § values are plotted in Fig. 7c for different im-
mersion times and two different assumed ¢ values. In analogy to
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Rs

Ret
Fig. 6. Equivalent electrical circuit for metal/oxide/electrolyte interface.

the capacitance values, the oxide film thicknesses do not oscillate
much over time, and no difference is observed for the different al-
loy samples. The calculated values are very similar to the Al,03
layer thickness reported previously: in [26] the thickness of Al,03
formed in aqueous solutions at different Al alloys and Al single
crystals, was between 1.6 and 7 nm; in [11] the thickness of 4-
5 nm was measured at potentiostatically polarized Al in aqueous
NaCl. This correlation with previously investigated systems gives
evidence that the EIS data in this work, describe the behavior of
Al,03 layer on the two alloys. It is interesting to note that the
steady oxide thickness is formed already in the first day of immer-
sion, and this value is maintained through the immersion experi-
ment.

Summarizing EIS data show that the AA2024-T6 and AA6065-T6
alloys are very resistant in reline, over prolonged time of immer-
sion: the protective oxide film is formed quickly and its compact-
ness increases with time. The class of organic electrolytes non cor-
rosive to Al and its alloys is broad, and reline obviously belongs to
this class as well. Some representatives of such electrolytes are or-
ganic solvents with dissolved LiPFg, LiBF,, LiF, etc., used in lithium
ion batteries [27], or solvents used in Al electrolytic capacitors, like
ethylene glycol and y-butyrolactone [12].

3.3. Surface morphology

The surface changes after immersion in reline were investi-
gated by atomic force microscopy, scanning Kelvin probe force mi-
croscopy and scanning electron microscopy, with measurements

made before and after 5 days in reline at 60 °C. The results of
AA2024-T6 and AA6065-T6 are presented in Figs. 8 and 9, respec-
tively. The samples were polished prior to testing and the surfaces
remained smooth after immersion, as confirmed by the topography
maps and the profile lines - Figs. 8 and 9, a), ¢) and e).

The VPD between intermetallics and alloy matrix containing
second phase is directly related to the distribution of these ele-
ments in the alloy, which, in turn, depends on the heat treatment
and aging. Before immersion, the intermetallic particles (IMPs) in
AA2024-T6 are S-phase (Al,CuMg) and FeMn-rich phases shown in
Fig. 8 g and h, as well as Cu and Mg containing second phase parti-
cles that could not be seen in SEM images [28]. And in AA6065-T6,
the existing IMPs are Si-rich phases [29], seen in Fig. 9 g,h, as well
as Mg and Si containing hardening precipitates that could not be
detected by SEM. The observed IMPS presented VPD with values
up to 200 mV more positive than the surrounding aluminum ma-
trix. The VPD for the aluminum matrix was around -0.725 V vs Ni
for AA2024-T6 and about -1.0 V vs Ni for AA6065-T6. After 5 days
in reline the measured VPD shifted to more positive values, close
to -0.550 V vs Ni for AA2024-T6 and between -0.600 and -0.650 V
vs Ni for AA6065-T6. The potential differences between IMPs and
aluminum matrices were substantially decreased after exposure to
reline.

After immersion, the samples were inspected by SEM in the ex-
act places of the Volta potential measurements - Figs. 8 and 9, g)
and h). The surfaces were undamaged, with the IMPs easily ob-
served and no signs of localized attack neither on the alloy matrix
nor around the intermetallics.

The loss of VPD contrast between IMPs and aluminum matrix
upon immersion in reline, the general potential shift to more posi-
tive values and the absence of corrosion, namely around the IMPs,
suggest the formation of a protective passive layer. These results
are in good correlation with EIS results.

The microstructure of both alloy samples after 3 days immer-
sion in 0.22 wt. % NaCl solution (Fig. 10) show visible signs of pit-
ting, in the form of trenching around IMPs, in clear contrast to the
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Fig. 7. a) Resistances (R, and R), b) oxide capacitance, and c) oxide thickness values obtained from fitting the circuit in Fig. 6 to the recorded EIS data.
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Fig. 8. AFM, SKPFM and SEM of AA2024-T6. a) and c) topography maps, b) and d) Volta potential maps, a) and b) before immersion, c) and d) after 5d immersion in reline
at 60 °C; e) height profile in lines indicated in the maps, f) Volta potential profile in the lines indicated in the maps (green line: before, red line: after immersion), g-h) SEM
images of AA2024-T6 surface after 5d in reline at 60 °C (h corresponds to area of maps b-d). Volta potential differences are presented versus Ni reference metal.

observations in reline. So, corrosion of both alloy surfaces was lo-
calized, on intermetallic particles and around precipitates, what is
typical in chloride containing aqueous media.

3.4. ICP-OES measurements

The ICP-OES technique estimates the amount of metal ions re-
leased to the corrosive medium from the metal surface over time.
It may not be used for precise measurement of the corrosion rate.

For example, in case of Mg corrosion, it is known that ICP method
gives corrosion rate ~40% lower as compared to the rate measured
from mass loss test [30]. Yet this method gives the corrosion rates
of the same order of magnitude as other methods, and it could
be useful in this work for comparison with the electrochemical
impedance spectroscopy results.

The concentration of AI3* ion in reline and NaCl solution over
time is presented in Fig. 11a. The results are obtained as aver-
age values from three independent measurements. Interestingly, al-
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Fig. 9. AFM, SKPFM and SEM of AA6065-T6. a) and c) topography map, b) and d) Volta potential map, a) and b) before immersion, c¢) and d) after 5d immersion in reline at
60 °C; e) height profile in lines indicated in the maps, f) Volta potential profile in the lines indicated in the maps (green line: before, red line: after immersion), g-h) SEM
images of AA6065-T6 surface after 5d in reline at 60 °C (h corresponds to area of maps b-d). Volta potential differences are presented versus Ni reference metal.

though AA2024-T6 and AA6065-T6 contain Cu, Mg, Zn, Mn and Si
as alloying elements, the released amount of these metals in re-
line is below the detection limit of ICP OES. In NaCl solution, the
ICP has detected Mg and Mn ions besides Al, which is understand-
able considering their negative potentials. As expected, the A3+
ion shows the highest concentration in reline among all alloying

elements, however its concentration changes over time with the
same pattern for both alloys. It is seen that the concentration in-
creases in the first 100 h for AA6065-T6, and 200 h for AA2024-
T6, and then continually decreases. This behavior suggests the for-
mation and growth of a passive layer during immersion time and
once the critical thickness of the oxide layer is formed the metal
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Fig. 10. SEM images of a) AA2024-T6 and b) AA6065-T6 after 3 days immersion in 0.22 wt. % NaCl.
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release into the electrolyte becomes lower. The ICP measurements
of ions released to 0.22 wt. % NaCl solution (Fig. 11c) show that
the metal concentration at the beginning of immersion is around
ten times higher as compared to the case of reline, and it continu-
ally increases, indicating that a continual active dissolution occurs

in this medium.

The amount of Al released to reline was used to calculate the
corrosion current density using the Faraday law, and the results
are given in Fig. 11b. Even at the beginning of immersion, the cal-
culated corrosion current density is low (< 0.5 uA cm~2) and an
order of magnitude lower than in NaCl (Fig. 11 d). After ~150 h, it
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decreased below 0.1 uA cm~2, which means a negligible corrosion
rate.

3.5. Protection role of organic compounds in reline

One may suggest that the observed high corrosion resistance
of Al alloys in reline may be a consequence of several different
processes: protection of the metal surface by adsorbed organic
molecules; insufficiency of Cl~ ions to cause pitting; or mass trans-
port limitation of the corrosion process.

a) It is well known that Cl~ ion causes instability of the passive
film and leads to its breakdown. However, it was also proven
that some minimal surface coverage by Cl~ ion is necessary to
induce the rupture of the oxide film, and below this thresh-
old, chloride ions have little effect [31,32]. Accordingly, the sim-
plest justification of a high resistance of Al,03 film in reline
could be the insufficient coverage of the film by Cl-, as a conse-
quence of the specific structure of a metal/reline interface. Vari-
ous structures of the electrochemical double layer in reline have
been reported, depending on the substrate. The surface of Hg in
choline chloride based DESs [33] is covered with a layer of HBD
molecules in the whole potential range. On the other hand, the
interfacial layer at Pt in contact with reline is enriched with
choline cations at negative potential relative to OCP and at OCP,
while chloride anions at positive applied potentials [34]. There-
fore, the two examples for Hg and Pt in reline, support the pos-
sibility that either urea molecules or choline cations constitute
the first liquid layer in contact with the Al,05 surface, so the
solid surface is separated and protected from CI~ anions.

b) In addition to the suggested role of adsorbed molecules, the
slow dissolution of passive layer may be simply ascribed to the
limited availability of suitable ligands in the deep eutectic sol-
vent that may complex Al ions. It must be held in mind that
although the reline contains high concentration of Cl~ ion, the
complexation of this ion with urea molecules ensures that the
Cl- activity is effectively very close to zero. Hence the dissolved
Al** species must compete with urea molecules for the halide
ligand [35].

¢) Finally, the high reline viscosity and low diffusivity of species in
this liquid, ensure that the pitting corrosion, even if it occurs at
some point, will be terminated due to the mass transport limi-
tation. Earlier work has shown that the formation of a stable pit
is controlled by diffusion of metal cations within the pit [36].
This was confirmed in many organic solutions [36], but also in
highly concentrated, highly viscous aqueous chloride solutions
[37].

4. Conclusions

The deep eutectic mixture of choline chloride and urea is rec-
ognized as a promising electrolyte and solvent in various applica-
tions, and so the corrosivity of this mixture towards metals is one
of its important characteristics. The electrochemical and ICP OES
measurements have shown that the corrosion rates of AA2024-T6
and AA6065-T6 alloys in reline are extremely low, classifying re-
line into the group of non corrosive media. The electrochemical
impedance studies denote that the passive film is formed on the
Al alloys already after three hours of immersion in reline at 60 °C,
and the compactness and thickness of the film steadily increase
over time. A two time constant equivalent circuit was used for
modeling the EIS data, where one time constant represented the
oxide film, and the second time constant was related to the elec-
trochemical process on the exposed metal due to the ingress of the
electrolyte into the oxide film pores.

The analysis of the surface film composition by XPS technique
has shown that the film produced on Al alloys immersed in reline,

is aluminum oxide/hydroxide, with no evidence of any chemical
bonds with choline cation, urea molecule or chloride anion. There-
fore, the passive behavior of Al alloys in reline was ascribed to the
very low solubility of Al oxide in reline.
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