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Magnesium is the world’s lightest structural metal, with a significant growth potential in view of the accelerating
demand for light-weighting portable devices and transportation (aerospace, automotive), amongst other. The
effect of carbonate ions on corrosion protection of AZ31 magnesium alloy was studied in 0.1 M NaCl solution
saturated in Mg(OH), using Electrochemical Impedance Spectroscopy (EIS), potentiodynamic polarization
measurements, hydrogen evolution tests and SEM-EDX analysis. X-ray Photoelectron Spectroscopy (XPS) was
used in order to investigate the top-surface composition. The inhibitive effect of CO3~ ions on corrosion of AZ31

magnesium alloy was highlighted and the underlying mechanisms discussed.

1. Introduction

Considerations concerning energy consumption and environmental
issues have convinced the scientific and economic communities to focus
on the use of low-density metals which would allow the weight reduc-
tion of cars or other vehicles. The ultimate result would be the limitation
of fuel consumption and thus greenhouse gas emissions [1,2]. Nowa-
days, magnesium alloys have a high growth potential in view of the
increasing demand for light-weighting portable devices and trans-
portation (aerospace, automotive). Magnesium (Mg) is one of the most
abundant elements in the earth’s crust. It has a high strength- to- weight
ratio with a density of 1740 kg/m? and a Young’s modulus of 44 GPa. In
addition, these alloys present other interesting properties such as a high
thermal conductivity, electromagnetic damping protection, machin-
ability and recyclability [3]. The microstructure of AZ31, of nominal
composition: 3 % Al, 1 % Zn and 0.3 % Mn (wt %) with the balance Mg,
has been comprehensively characterized [4] and the influence of the
intermetallic phases on corrosion behavior explained in terms of their
nobility. Although Mg-Al alloys are well known to form a Mg;7Al12 B
phase, the aluminum content of AZ31 is insufficient to allow the for-
mation of this particular intermetallic [5]. Consequently, most of Al
remains in solid solution in the majority alpha phase, along with the
alloyed Zn. The principal type of intermetallic present in AZ31 alloy is
Al-Mn phase, dispersed both in the a-Mg grains and at grain boundaries
as particles of typical size between 2 and 20 pm [6].
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However, the high chemical reactivity and therefore the low corro-
sion resistance of magnesium alloys in aggressive environments limit
their applications [7]. The E-pH diagram of pure magnesium established
by Pourbaix in 1963 indicates that the standard electrochemical po-
tential of magnesium is -2.37 V vs SHE [8]. This means that magnesium
is directly oxidized in aqueous electrolyte. Different stable chemical
species of magnesium are expected depending on pH of the solution. In
acidic or neutral media, magnesium is oxidized to the free Mg2+ ion [9].
In basic medium, the formation of Mg(OH), film is thermodynamically
stable [9], but the passive layer formed is not sufficiently protective,
presenting a Pilling-Bedworth ratio (ratio of the volume of metal oxide
to the metal) of 0.81 for MgO/Mg. This value lower than 1 is an indi-
cation that the surface oxide layer is porous [10].

The coating technology related to the corrosion protection of mag-
nesium is a topical challenge. Surface conditioning treatments and
different types of coatings are under current investigation to fulfil the
requirements related to the envisaged for applications and corrosion
exposure scenarios. The take-off of Mg-based technologies relies on the
appropriate application of efficient corrosion inhibitors to coating sur-
face treatments. However, only a limited number of chemical com-
pounds have been reported until recently to be effective for Mg alloys
[11]. The 2p orbital of Mg being fully occupied, limits the acceptance of
electrons from donor molecules forming stable chemical bonds [12]. Cr
(VI) was traditionally used for corrosion protection strategies of Mg al-
loys [13]. Nonetheless, hexavalent chromium is extremely irritating,
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toxic, caustic and harmful to the environment [14]. Fluorides [4], ni-
trates [15], phosphates [16] and silicates [17] have been proven as
suitable inorganic inhibitors for Mg alloys. The inhibiting effect of most
of inorganic substances could be correlated with the formation of
chemical conversion films that seal the intrinsic defects of the magne-
sium hydroxide/oxide layers [18,19]. Concerning rare earth salts, CeCls
and LaCls tend to accelerate the corrosion of magnesium alloys [11,20],
which is completely opposite to the results obtained from Ce(NO3)3 and
La(NO3)3 on AZ63 and AM60 alloys [19,21]. Hence, the corrosion in-
hibition effects of Ce(NO3)3 and La(NOg)s were attributed to the pres-
ence of nitrate rather than the rare earth element. When the dissolution
of Mg and local alkalization of the electrolyte occurred very rapidly due
to high surface area of Mg, Ce3* or La®>* did not allow a sufficient in-
crease of pH on the Mg surface in order to stabilize Mg(OH),. Moreover,
the OH™ ions formed by water reduction reaction are consumed to form
Ce(OH)3/Ce(OH)4 and La(OH)s in the diffusion layer/bulk solution,
rather than on the Mg surface [11].

The presence of CO» in the atmosphere affects the corrosion mech-
anism of magnesium alloys in a humid environment. The concentration
of CO3 in the natural ambient air can be estimated to be 330 ppm [22].
CO,, dissolution in water forms carbonic acid reducing the electrolyte pH
at the metal surface [22]:

CO; + Hy0 = HCO3 + HT, pK, = 6.65 @

HCO35 + H,0 = CO% + H;0", pKa = 10.33 @

Mg(OH)y(s) = Mg?*(aq) + 2(0H )(aq), Ks = 10! 3

2 Mg?"(aq) + CO%™ (aq) + 20H- + 3H,0 — Mgs(OH),CO3. 3H,0 (s),

logK,= -18.4 @
[22]

In a humid atmosphere, CO3~ ions can be generated through the
reaction between carbon dioxide and moisture (Egs. (1) and (2)) [23,
24], resulting in the formation of a magnesium hydroxycarbonate film
(Mg2(OH)2CO3. 3H0) (Egs. (3) and (4)). As a result of the carbonate
layer, the corrosion rate is reported to decrease [22]. However, the
thickness and the compacity of the carbonated film should be higher
than magnesium hydroxide to enhance the corrosion resistance of
magnesium alloy [25,26].

In NaCl solution, CO; also plays a significant role on corrosion of
AZ31 alloy. Qu et al. [27] found that the corrosion rate of AZ31 was
higher in NaCl solution saturated with CO, than without CO», probably
due to the increased conductivity and lower pH. In un-buffered chloride
solution, in the absence of COj, the local pH on the Mg surface rapidly
increases to 10.3 due to the low solubility of Mg(OH);, [28]. Neverthe-
less, the inhibitive effect of CO5 was also revealed versus immersion
time, by the formation of an insoluble corrosion product comprising
Mg2(OH)2COs3 (s) accumulated on the AZ31 surface, creating a protec-
tive layer whose thickness increased with time.

Gulbrandsen noted that the corrosion rate of magnesium was
dependent on the HCO3 concentration, affecting the quality of the
corrosion products covering the surface [29]. Xin et al. [30] suggested
that HCOg3 ions could induce a rapid surface passivation when magne-
sium carbonate precipitates and completely suppresses pitting corro-
sion. Zeng et al. [31] demonstrated that the hydrogen evolution rate
decreased with decreasing bicarbonate concentration. The corrosion
rate slowed down in saline solution with a 4.17 mmol/l1 HCO3 concen-
tration but increased when the concentration in HCO3 ions reached
11.91 mmol/1. The presence of bicarbonate ions significantly decreased
the open-circuit potential of AZ31.

Nonetheless, from our knowledge, there is no study related to the
investigation of the inhibitive action of CO3™ ions on AZ31 magnesium
alloys. The present work aims at investigating the effect of carbonate
ions on the corrosion protection of AZ31 magnesium alloy in 0.1 M NaCl
solutions saturated with Mg(OH),. Electrochemical Impedance
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Spectroscopy, potentiodynamic polarization measurements and SEM-
EDX analysis are employed. X-ray Photoelectron Spectroscopy is used
in order to determine the surface composition of the outermost surface.
The inhibitive effect of CO3~ could thus be highlighted.

2. Experimental
2.1. Materials and sample preparation

AZ31 magnesium alloy sheets were supplied by KG Fridman AB
(SWEDEN), with the following composition: 2.5-3.5 % Al, 0.7-1.3 % Zn,
0.2 % Mn, 0.05 % Si, 0.05 % Cu, 0.04 % Ca, 0.005 % Fe, 0.1 % Ni (wt %)
and Mg rest. All samples were degreased in 1 M NaOH for 120 s, rinsed
with distilled water, etched in 2 M HNOj solution for 30 s, immersed in
0.25 M HNOs solution for 60 s and, finally, rinsed with distilled water
before drying in air.

Sodium carbonate (NayCOs3 (98 %)) was obtained from Alpha Aesar.
The solutions were aqueous 0.1 M NaCl saturated with Mg(OH), and
containing different Na;CO3 concentrations: 5 mM, 25 mM and 50 mM,
respectively. The sodium carbonate solubility is 212.5 g/1 (Alpha Aesar).
The saturated solution had a stable pH value equal to 10.3 and was
chosen in order to avoid pH changes with time evolution.

2.2. Electrochemical measurements

2.2.1. Electrochemical impedance spectroscopy

The corrosion resistance of the bare samples in the different elec-
trolytes was studied by using electrochemical impedance spectroscopy
versus immersion time. The stability of open circuit potential (OCP) was
checked for 6 h before EIS measurements. EIS spectra were determined
in a frequency range from 100 kHz to 100 mHz using a Parstat Model
2273 controlled by Powersuite® software. The EIS data at low fre-
quencies (10731072 Hz) are highly scattered due to fast dissolution of
magnesium substrate leading to non-stationarities. A conventional
three-electrode electrochemical cell was used, composed of an Ag/AgCl/
KCl saturated reference electrode, a platinum counter-electrode and a
working electrode, namely the studied sample. The sample area in
contact with the electrolyte was 7 cm? The electrochemical cell was
placed in a faraday cage in order to minimize external electromagnetic
interferences on the system. The inhibition efficiency, was calculated
using the following equation (Eq. (5)) [32]:
= ‘Z‘%h";liillzl(l)o"Hz % 100 % (5)

10-'Hz

IE( %)

where \Zﬁ"é‘,l nz is the modulus at low frequency with inhibitor and,

|1Z)%-1 1 is the modulus at low frequency without the testing molecule
for a same immersion time in the electrolyte.

The Commercial software ZSimpWin was utilized for analyzing the
obtained impedance spectra.

2.2.2. Potentiodynamic polarizations

Potentiodynamic polarizations were performed in 0.1 M NaCl solu-
tion saturated in Mg(OH), with or without Nap,COj3 salt using a Parstat
Model 2273 controlled by Powersuite® software. The samples, with a
surface area of 7 cm?, were polarized using a sweep rate of 50 mV/min
and a sweep range of +£200 mV starting from OCP. The anodic and
cathodic polarizations were performed on separate samples. The mea-
surements were performed at least twice for each anodic and cathodic
curve in order to ensure reproducibility.

2.3. Morphology characterization

Corrosion products were observed using SEM-FEG (Hitachi SU8020
with cold cathode) and coupled to an energy dispersive X-ray
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Fig. 1. SEM-FEG (a) micrography of the microstructure of AZ31 (b) EDX spectra from a region without intermetallic compounds (c) EDX spectra from an inter-

metallic compounds-containing region.

spectrometer analyzer (EDX) to investigate the elemental distribution in
the observed micrographs.

2.4. Hydrogen evolution

Hydrogen evolution tests were carried out upon 7 cm? area of AZ31
using eudiometers. Unlike typical burette-funnel setup, eudiometers are
an enclosed system that prevents the interference (CO2 and O3) from
ambient environment. All tests were performed for 24 h without inter-
ruption and the volume of released hydrogen was recorded visually. All
experiments were conducted at room temperature. The volume of Hy
resided in eudiometer and dissolved in the aqueous medium were not
considered, since the solubility of Hy in water is about 0.0016 g/1 at
room temperature at 1 atm. The inhibition efficiency (IEy) based on Hy
evolution was calculated using the following equation (Eq. (6)):

VO _ yinh
1E( %) = —2——" % 100 % @)
Vi,

In which V§ and Vji" are the released Hy volumes measured during
immersion in NaCl solution saturated with Mg(OH), without and with
the addition of sodium carbonate, respectively.

2.5. Surface analysis

After 7 days of immersion in the electrolytes, AZ31 samples were
rinsed with demineralized water and dried with a dehydrated com-
pressed air system. The metallic surface covered by corrosion products
was characterized by X-ray photoelectron spectroscopy (XPS). These
analyses were carried out with a PHI VERSAPROBE 5000 spectrometer.
The measurements were carried out employing an X-Ray source with a
spot size of 200 pm and the power of the source was fixed at 50 W. All

spectra were shown after energy calibration. The reference peak was C1
s at 285 eV. Quantification was based on the areas of the photoelectron
peaks after subtraction of the continuous background approximated by a
Shirley baseline.

3. Results
3.1. Morphological characterization

Fig. 1 shows SEM-FEG micrography and corresponding EDX spectra
of the AZ31 top surface.

This micrograph (Fig. 1a) clearly shows the presence of particles
such as intermetallic compounds. Alloys of Mg-Al are well known to
form the Mg;7Al; 5 intermetallic phase [33]. Nevertheless, in the case of
AZ31 alloy, the Al content is not enough to form this type of interme-
tallic. Here, the intermetallics were mainly of the Al-Mn type (Fig. 1c),
which appeared dispersed in the magnesium matrix (Fig. 1a) [6].

Fig. 2 compares the SEM micrographs of the surface of the tested
materials after 7 days of immersion in 0.1 M NacCl solution saturated in
Mg(OH), without or with sodium carbonate salt. The surface of AZ31
specimens (Fig. 2(a, b, ¢, d)) was completely covered with a rather
uniform and continuous corrosion film. Localized corrosion was also
observed (Fig. 2(b)) and this was manifested by the appearance of
corrosion pits and large domes of corrosion products. The formation of
Al-Mn intermetallic particles can render the a-Mg matrix susceptible to
micro galvanic corrosion. It is generally accepted that such particles can
act as cathodes for several Mg alloys [6,10]. Microgalvanic coupling of
AloMn particles in the AZ31 alloys was shown to cause localized
corrosion in the vicinity of the particles in 3.5 % NaCl [6]. The surface of
AZ31 with 5 mM NayCOs (Fig. 2(e, f, g, h)) showed corrosion products
with a distinct morphology, characterized by a globular microstructure.
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Fig. 2. SEM-FEG micrography of the microstructure of AZ31 after 7 days immersion in 0.1 M NaCl saturated with Mg(OH),, (reference solution) (a, b, ¢, d) and in 0.1
M NaCl saturated in Mg(OH), with: 5 mM NayCOs (e, f, g, h), 25 mM Na,CO3 (i, j, k, 1) and 50 mM NapCO3 (m, n, o, p).

—e— 0.1 M NaCl saturated Mg(OH),

—y— 0.1 M NaCl/5 mM Na,CO, Saturated Mg(OH),
—m— 0.1 M NaCl/i25 mM Na,CO, Saturated Mg(OH),
—&— 0.1 M NaCl/50 mM Na,CO, Saturated Mg(OH),

Hydrogen evolution (ml)

o L L L L
0 5 10 15 20 25

Immersion time (hour)

Fig. 3. Hydrogen evolution during 24 h of immersion in 0.1 M NaCl saturated
with Mg(OH), with or without Na,COj at different concentrations.

The discontinuous corrosion products associated with the porous
morphology of the clusters have certainly allowed a constant exposure
of fresh metal. The substrate immersed in NaCl/25 mM NayCOs (Fig. 2(i,
j» k, 1)) presented the same morphology of that immersed in NaCl/5 mM
NayCOs; but the corrosion products were more uniformly distributed
and continuous and needles-like clusters were present. Finally, AZ31
revealed significantly less surface degradation when a concentration of
50 mM NayCO3 was added (Fig. 2(m, n, o, p)). In this latter case, the
exposed areas presented micro-cracks that probably resulted from
dehydration of hydroxides (such as Mg(OH),) in the SEM vacuum
chamber.

3.2. Hydrogen evolution test

Corrosion of magnesium alloys can be described as an redox process
of magnesium oxidation coupled to the reduction and formation of Hy
from both hydrogen ions and/or hydrogen atom in water molecule [34].
The overall reaction of the process can be written as presented in Eq. (7).
Theoretically, without considering the minor dissolution in the elec-
trolyte, the hydrogen volume can be directly employed for calculating
the consumption rate of Mg alloys [34]. For studying the inhibitive ef-
fect of Na;COs at different concentrations in 0.1 M NacCl saturated with
Mg(OH),, the Hj volume-time response was recorded (Fig. 3).

Mg(s) + 2H,0(1) ~Mg(OH)x(aq) + Ha(g) )
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Table 1
Inhibiting efficiency (IEy) of NayCO3 tested at different
concentrations after 24 h of hydrogen evolution testing.

Concentration (mM) 1Eq (%)

5 45+ 5.3
25 50 + 4.2
50 76 + 2.7

® 0.1 M NaCl/Mg(OH), saturated

v 0.1 M NaCl/5s mM Na,CO,/Mg(OH), saturated
] 0.1 M NaCl/25 mM Na,CO,/Mg(OH), saturated
: 0.1 M NaCl/50 mM Na,CO,/Mg(OH), saturated
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Fig. 4. The open circuit potential (OCP) of AZ31 substrates immersed in 0.1 M
Na(l, saturated with Mg(OH), with or without Na,CO3, at three concentrations
(5 mM, 25 mM and 50 mM), measured for 6 h.

From the Hy volume-time curves presented in (Fig. 3), it could be
seen that Hy production presented a linear behavior within the initial 5 h
in the absence of carbonate and for the lowest concentration (5 mM).
Next, in these two cases, there was a deceleration of the amount of
hydrogen produced, which was related to the simultaneous accumula-
tion of corrosion products on the corroded surface. After that, the vol-
ume of evolved Hy grew in a much lower rate, implying the complete
consumption of fresh AZ31 surfaces. The inhibition efficiency (IEy) of
the studied compound, for different concentrations, was determined
from the corresponding curves after 24 h of immersion and the obtained
values are listed in Table 1:

A positive inhibition efficiency indicates that corrosion is delayed
while negative values mean that corrosion is accelerated. By adding
NayCOs at the selected concentrations, the corrosion rate significantly
decreased, yielding IEy between 45 % (5 mM, the lowest concentration)
and 76 % (50 mM, the highest concentration). The inhibition efficiency
increased accordingly with the inhibitor concentration in the investi-
gated range. The exhaustive study of Lamaka et al. reported a large
amount of data on the effectiveness of inhibition in the same saturated
electrolyte [11]. By taking that work as a basis for comparison, the
achieved inhibition efficiency for Nay;CO3 which is cheap and
eco-responsible has similar efficiency compared to the most promising
reported ones.

3.3. Open circuit potential monitoring

The Open Circuit Potentials (OCP) of AZ31 substrates immersed in
0.1 M NaCl saturated with Mg(OH), and containing different sodium
carbonate concentrations (0, 5, 25 and 50 mM) are presented in Fig. 4.

The OCP for AZ31 in 0.1 M NaCl saturated in Mg(OH), stabilized
around -1.48 V, already after 30 min. With the addition of NayCOs,
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Fig. 5. Potentiodynamic polarization curve of AZ31 substrates immersed in 0.1
M NacCl saturated in Mg(OH), with or without Na;CO3 inhibitors at different
concentrations.

however, the OCP curves presented a progressive increase which lasted
between 30 min and 120 min, depending on the inhibitor concentration.
In 50 mM NayCOs electrolyte, the highest E shift was observed (~+200
mV), which was reflective of its long period of continuous increase
(~120 min). After this transient shift towards more noble potentials, all
curves obtained in the presence of carbonate showed an abrupt
decrease. At this point, a steady state-like condition was reached and all
potentials remained slightly nobler than the potential of AZ31 without
inhibitor; around -1.47 V, -1.46 V and -1.44 V for increasing carbonate
concentration, respectively. In addition, the higher inhibitor concen-
tration, the spikier was the behavior of the corresponding E curve. The
smooth behavior of the E curves during the ennobling period, prior to
their sharp decrease, might indicate that the presence of carbonate
induced a temporary passivated-like state. The potential decline could
thus be related to the rupture of a passive-like film, reflecting the dy-
namic nature of a competitive process between corrosion and tendency
to surface passivation. The EIS and polarization measurements,
described in which follows were performed after 6 h of immersion, in
order to ensure that the OCP curves have attained a plateau.

3.4. Potentiodynamic polarization measurements

Potentiodynamic polarization measurements were performed to
investigate the corrosion inhibition effect of the testing molecule on the
anodic and cathodic reactions (Fig. 5).

Fig. 5 shows the polarization curves of AZ31 obtained after 6 h of
exposure to 0.1 M NaCl saturated in Mg(OH), for the different tested
inhibitor concentrations. A significant decrease in both anodic and
cathodic branches was clearly depicted, implying that the corrosion rate
slowed down. The current densities (j) measured at OCP were all below
107%A/cm? for the inhibitor-containing media and about 10°A/cm? for
the reference solution which represents a significant difference. Con-
cerning the anodic branch, a similar passive-like behavior was observed
for all curves. Yet, a clear anodic inhibitive effect dependent on the in-
hibitor concentration was determined. For instance, at -1.2 V, the j was
around 103, 5.10%, 10 and 5.10° A/cm? for the 0, 5, 25 and 50 mM
NayCOs solutions, respectively. In the case of the cathodic curve in 0.1 M
NaCl saturated solution, only the reduction of water (WRR) could be
identified as cathodic reaction. With further cathodic potential polari-
zation (potential decrease), the current density gradually increased,
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Fig. 6. Nyquist plots of AZ31 substrates immersed in 0.1 M NaCl saturated in Mg(OH), without and with inhibitor at different concentrations versus immersion time:
(a) 0.1 M NacCl (b) 0.1 M NaCl /5 mM Na,CO3 (c¢) 0.1 M NaCl /25 mM Na,COs, (d) 0.1 M NaCl/50 mM Na,COs;.

indicating the enhancement of hydrogen evolution reaction rate. How-
ever, the behavior of the cathodic curves greatly changed upon the
addition of carbonate salt. In these cases, the cathodic curves comprised
two distinct regions: the first one, from the OCP down to ~-1.65 V, was
characterized by the same slope of the cathodic curve in the absence of
inhibitor; and the second region, from ~-1.65 V down to ~-1.68 V, was
marked by a much higher slope. This slope transition certainly repre-
sents a change in the mechanism of the cathodic process. If it represents
an increase in the kinetics of WRR or the activation of other(s) cathodic
reactions (reactional path changes) is a question deserving future in-
vestigations. In all cases, the cathodic current density strongly decreased
in the presence of sodium carbonate (particularly in the first region of
the cathodic curves) and also reduced the extent of hydrogen produc-
tion. Finally, it is worth noting that the cathodic inhibitive effect was
independent on the inhibitor concentration.

3.5. Electrochemical impedance spectroscopy

Based on the promising results obtained by the potentiodynamic
polarization measurements, electrochemical impedance spectra were
determined for AZ31 immersed in each working solution (up to 7 days of
immersion). EIS data (Nyquist and Bode diagrams) recorded after
consecutive immersion periods (6 h, 1 day, 3 days and 7 days) are given
in Figs. 6 and 7 , respectively.

From the Bode diagrams obtained for the AZ31 samples immersed in
0.1 M NacCl (Fig. 7 (a)), it can be seen that the impedance modulus (Z) at
low frequency (10_1Hz) remained low with immersion time, varying
from 1.10° to 9.10° ohm. cm?. These variations were associated with the
instability of magnesium oxide/hydroxide layer, subjected to the

simultaneous phenomena of growth and dissolution. Moreover, on the
Bode phase diagrams, two time constants (TC) could be observed
regardless of the immersion time; the first one located in the medium
frequency domain and the second one in the low frequency region. The
first TC could be associated with the response of the charge transfer
resistance and the double layer capacitance at the metal/solution
interface, as it presents a phase angle value (from -40° to -60°) charac-
teristic of such capacitive behavior [35]. In addition, the broadening of
this time constant over time may be associated with the growth of
corrosion products. It is worth noting that the outer layer of corrosion
products from aqueous exposure consists mainly of brucite Mg(OH),,
which is predictable because Mg dissolution favors the production of
OH- ions from the cathodic reaction. Moreover, the electrolyte is pre-
viously saturated Mg(OH),. Nevertheless, Feliu et al. [35] demonstrated
that CO; could dissolve in solution and cause the appearance of MgCOs.
The low frequency TC (around 20°) corresponded to an inductive loop.
According to literature [35-39], this loop is attributed to the high
concentration of magnesium ions in relatively film-free areas or with an
intermediate step in the corrosion process involving the presence of
adsorbed surface species, such as Mg(OH) " 45, Mg(OH)3 45 and Mg " aqs
[40]. Although this approach is formally correct and provides an
interpretation of the EIS response, recent experimental works have
failed at experimentally revealing the presence of univalent magnesium
[41,42].

Concerning the Bode modulus diagrams (Fig. 7(b)) obtained for the
samples immersed in 0.1 M NaCl/5 mM NayCOs, the impedance
modulus at low frequency remained stable versus immersion time. Z
values were higher than in the chloride reference medium, here varying
from 6.10° to 9.10% ohm. cm?. At low frequency, an inductive behavior
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Fig. 7. EIS curves of AZ31 substrates immersed in 0.1 M NaCl saturated in Mg(OH), without and with inhibitor at different concentrations versus immersion time: (a)
0.1 M NaCl (b) 0.1 M NaCl /5 mM Na,COs (c) 0.1 M NaCl /25 mM Na,COs, (d) 0.1 M NaCl/50 mM Na,COs.

was still detected from 3 to 7 days, which points out to the poor pro-
tective properties of this layer.

Regarding the Bode diagrams obtained for the samples immersed in
0.1 M NaCl/25 mM and 50 mM NayCOj3 (Fig. 7(c and d)), the impedance
modulus at low frequency was much higher than in comparison to the
reference solution. Indeed, Z values (10~ Hz) varied from 1.10* to 2.10*
ohm. em? and from 3.2.10* to 5.1.10* ochm. cm? for increasing carbonate
concentrations. Secondly, the capacitive behavior of the medium fre-
quency TC became more marked, attaining phases of -70° and -80° for
25 mM and 50 mM NayCOs, respectively. Moreover, the higher the in-
hibitor concentration, the less visible was the inductive loop, indicating
the decrease of the corresponding corrosion reactions. It can thus be
concluded that a protective film, showing a capacitive behavior over a
wide range of frequencies, was formed in the highly concentrated car-
bonate media, remaining stable up to 7 days. It is worth mentioning that,
after 3 days of immersion, an additional time constant appeared at the

]

B (60)

high frequency range, particularly for the 25 mM NayCOs case. This TC
could be associated with the growth of carbonate-based corrosion
products which corresponds well with the micrographs presented in
Fig. 2(i, j, k, D.

In order to quantify the electrochemical parameters of the inhibiting
system, the Bode spectra were fitted with equivalent circuits which have
appropriate physical meaning including interface processes of the
corroding system. Regarding the overall corrosion processes reflected in
EIS spectra, these were fitted by two different equivalent circuits
(Fig. 8).

In this circuit (Fig. 8(a)), Rs corresponds to the electrolyte resistance,
CPE is the constant phase element relative to the interface phenomenon
(electrochemical double layer), Ry is the charge transfer resistance. R is a
resistance associated with L the inductance [39]. Secondly, the
two-constant spectra were modelled by a series circuit which includes
two relaxation processes described by two groups combining of resistor

AN
e

—9 CPEy

Fig. 8. Equivalent electrical circuits used to fit the EIS experimental data. (a) model a and (b) model b.
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Table 2
Results of fitting spectra recorded for AZ31 in the different electrolytes with immersion time.
0.1 M NaCl Rs(ohm cm?) CPE(Fem 2™ 1) n Rt(ohm cm?) L(Henry) R(ohm cm?)
6h 141.8 1.96 107° 0.91 2217 1103 1542
1d 138.4 495107° 0.75 2848 1664 3733
3d 134.8 3.3110°° 0.76 5298 4387 1.30 10*
7d 114.4 1.64107° 0.80 1.49 10* 1828 3.68 10*
0.1 M NaCl/5 mM NayCO3 Rs(ohm cm?) CPEf(Fem 28" 1) n Rf(ohm cm?) CPEdI (Fem~28™1) n Rt(ohm cm?)
6h 91.98 7.74107° 0.92 6293 2.110-3 0.86 4396
1d 124 1.01107° 0.90 8707 8.6 10—4 1 2936
Rs(ohm cm?) CPE(Fem28™1) n Rt(ohm cm?) L(Henry) R(ohm cm?)
3d 128.4 1.41107° 0.85 9892 7195 1.17 10*
7d 121.8 1.48107° 0.84 2.08 10* 2431 2.59 10*
0.1 M NaCl/25 mM Na,COs Rs(ohm cm?) CPEf(Fem~28™1) n Rf(ohm cm?) CPEdI (Fem~28™1) n Rt(ohm cm?)
6h 95.47 41310°° 0.99 1700 1.3010°° 1 1.3510*
1d 74.58 2.4010°° 0.95 45.82 412106 0.93 1.96 10*
3d 94.68 1.87107° 0.88 65.02 6.36 107° 0.90 1.70 10*
7d 91.39 2.3010°° 0.78 205.7 5.69107° 0.90 1.28 10*
0.1 M NaCl/50 mM Na,CO3 Rs(ohm cm?) CPEf(Fem—28™1) n Rf(ohm cm?) CPEd] (Fem28™1) n Rt(ohm c¢m?)
6h 97.09 6.6310°° 0.91 2.99 10* 2.2107* 1 1.07 10*
1d 93.44 3.5710°° 0.95 118.5 3.55107° 0.93 2.06 10*
3d 97 3.8910°° 0.84 59.16 8.4810°° 0.91 4.9210*
7d 84.93 2.8110°° 0.82 86.42 8.9810°° 0.89 4.9510*
-#- 0.1 M NaCl saturated with Mg(OH), —e— 0.1M NaCl saturated Mg(OH), /5 mM Na,CO
-o- 0.1 M NaCl saturated with Mg(OH), /5 mM Na,CO, —v— 0.1M NaCl saturated Mg(OH), /25 mM Na,CO,
~v- 0.1M NaCl saturated with Mg(OH), /25 mM Na,CO, —@— 0.1 M NaCl saturated Mg(OH), /50 mM Na,CO,
—y- 0.1 M NaCl saturated with Mg(OH), /50 mM Na,CO, 100
108
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Fig. 10. Evolution of EIS fitted parameters: (a) impedance modulus at low frequency (10~'Hz) (b) inhibiting efficiency.

(R and Ry) and a constant phase element (CPE¢and CPEy)) (Fig. 8(b)). In
this circuit, CPE¢ and Ry are the constant phase element and resistance
related to the capacitance and barrier properties of the film formed on
the surface, while CPEg and R; are correlated with the double layer
capacitance and charge transfer resistance at the interface. Fig. 9 pre-
sents the fitting results of the experimental data of Fig. 7 by using the
equivalent circuit of Fig. 8. The fitting results are given in Table 2.

An increase in the charge transfer resistance R; can be observed over
the time for thee substrate immersed in 0.1 M NaCl due to the growth of
magnesium corrosion product. The parameters R ad L show a tendency
to increase during immersion time. An inductive loop must be consid-
ered whatever the immersion time. For 5 mM Na;COs solution, the two
models need to be used to fit the results with immersion time. For 6 h
and 1 day of immersion, the model b (Fig. 8b) is required. The presence
of a film resistance R is observable and increases during the first day of
immersion. In addition, R; decreases over time. After 3 days, the use of
model a (Fig. 8a) is required due to the appearance of the inductive loop.
For this low inhibitive concentration, the high reactivity of magnesium
induced complexes phenomena which are difficult to determine by

fitting analysis. For 25 mM and 50 mM NayCOs solutions, mainly an
increase of the resistance charge transfer can be highlighted with im-
mersion time and the time constant related to the formation of a pro-
tective film cannot be neglected.

For the purpose of better illustrating the inhibitive effect provided by
NayCOs, the impedance modulus Z (at 107! Hz) and the resulting
calculated inhibiting efficiency were plotted, for all concentrations, as a
function of time (up to 7 days).

In the presence of inhibitor, the reached modulus was more stable
over time (Fig. 10a). After 7 days of immersion, the samples immersed in
5 mM NayCOs obtained the same |Z| value (10* ohm. cm?) achieved in
the absence of inhibitive species. For solutions containing 25 mM and 50
mM NayCOs, the impedance modulus was much higher than in the so-
lution containing only chlorides. The values of calculated inhibition
efficiency (Eq. (5)) are given in (Fig. 10b). The inhibition efficiency
curve of 5 mM NayCO3 decreased significantly over time, attaining value
quite close to 0 % after 7 days of immersion. For the 25 mM concen-
tration, the decrease of the inhibition efficiency was less significant,
from 95 % to 35 % after 7days. For 50 mM NayCOs, the highest
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Table 3

Relative composition of the extreme surface of a sample immersed for 7 days in
0.1 M NaCl saturated with Mg(OH), without and with inhibitor determined by
XPS analysis.

Element (Atomic %) Cls Ols Al 2p Mg 2p Co3~
0.1 M NaCl 8.37 63.51 / 28.12 3.76

0.1 M NaCl/5 mM NayCO3 23.55 58.27 / 18.18 15.54
0.1 M NaCl/25 mM Na;CO3 25.65 58.34 / 15.36 17.19
0.1 M NaCl/50 mM NayCO3 27.67 52.26 1.14 18.93 10.01

efficiencies were observed whatever the immersion time, with values
reaching 97 % and 75 % after 1 h and 7 days of immersion, respectively.
The decrease of the inhibition efficiency observed over time for all so-
dium carbonate concentrations is not related to similar decreases of |Z|,
but it is rather associated to the progressive increase of the modulus in
the reference solution.

3.6. Surface analysis

Surface analysis limited to the outermost surface was needed to
clarify the hypothesis of the existence of a protective film comprising
carbonate-based phases. The relative composition of the top-surface of
AZ31 samples immersed in 0.1 M NaCl solution without or with Na;CO3
was determined by XPS and is displayed in Table 3.

Sodium was not detected at the extreme surfaces of both immersed
samples and thus probably played no role in the protection/inhibition
mechanism. On the other hand, there was a strong increase of carbon on
the surface of the sample in the presence of carbonate. A small amount of
aluminum was detected for the sample immersed in 50 mM of sodium
carbonate. The corresponding SEM micrographs (Fig. 2(m, n, o, p))
clearly showed that the substrate was more protected in this case,
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Fig. 11. Chemical state obtained by XPS analysis of the elements of AZ31 immersed for 7 days in 0.1 M NaCl saturated with Mg(OH), without inhibitor:

spectrum; (b) Mg 2p spectrum; (c) Mg KLL Auger spectrum.
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making the intermetallic compounds more visible and easily detectable.

The chemical state of the elements was investigated and Fig. 11
shows the results for the sample immersed in 0.1 M NaCl saturated in Mg
(OH)2.

The C 1s peaks detected for binding energies of 284-289 eV (Fig. 11
(a)) are often attributed to the surface contamination [43] during air
exposure. While the highest binding energy close to 290 eV is related to
carbonate species [44]. Nevertheless, Table 2 shows a relative carbon
composition of only 8.37 % at. of carbon. Such a low C quantity
confirmed the hypothesis of surface pollution in this case.

The Mg 2p XPS spectrum for the substrate exposed to 0.1 M NaCl is
shown in Fig. 11(b) and the existing peak can be associated to Mg(OH),
[45]. In order to validate these species, the Mg KLL Auger spectrum was
determined Fig. 11(c). The peak detected at 305.9 eV corresponds to
different corrosion products of Mg oxidized, namely, MgO, MgCO3 and
Mg(OH); [46].

For all solutions with inhibitor, examination of the magnesium 2p
spectra Fig. 12(b, d, f) shows that the magnesium is present as a mixture
of MgO/Mg(OH); (peak at 50.3 eV) and of MgCO3/Mg(OH), (peak at
51.2 eV). The C 1s peaks (Fig. 9a, c, e) detected for binding energies of
285 eV and 286.2 eV are attributed to C-C and C-O, respectively. The
highest binding energy is close to 290 eV and is related to carbonate
species [44]. In addition, Table 3 shows a carbon composition in the
order of 25 % at. A considerable increase in the amount of carbon could
therefore be observed on the AZ31 surface after immersion in the
presence of the carbonate inhibitor.

3.7. Thermodynamic calculations
In order to determine if the insoluble MgCO3 was thermodynamically

stable under the investigated conditions, a diagram presenting the ac-
tivity of species Vs pH was constructed using the Medusa Software [47]
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(Fig. 13). The concentrations chosen for CO%’ and Cl- ions were
respectively equal to 50 mM and 0.1 M, such the working solution which
presented the most promising results. Lamaka et al. were able to monitor
the local spatial distribution of Mg?" during corrosion of AZ31 in NaCl
media and concentrations between 0.3 and 0.8 mM were found. It is
important to note that a solution with such high Mg?* concentrations
would readily precipitate Mg(OH)a, since they are superior to the sol-
ubility limit of magnesium hydroxide (calculated as 0.1 mM in water at
25 °C). Therefore, the 0.3 mM Mg2+ (minimal value determined in their
study [9]) considered in the present simulation is representative of the
solution employed in this work (0.1 M NaCl saturated in Mg(OH)2).

Thereby, it was possible to verify that, indeed, MgCO3 was the
insoluble phase presenting the highest activity from pH ~7.4 up to
approximately 11.6 (Fig. 10(a)). Besides, the formation of MgCO3) was
expected to increase the minimum pH required for precipitation of Mg
(OH); from ~11.3 (Fig. 13(b)) to ~11.8 (Fig. 13(a)), respectively for the
non-containing and containing carbonate solutions. The relative posi-
tions of the stability ranges for both hydroxide precipitates are in
accordance with simulations performed by Salgueiro et al. [48].
Furthermore, according to these authors, an eventual pH increase could
be further buffered upon formation of protective Mg(OH), phases from
MgCOs (Eq. (8)):

MgCOs + H,O + OH™ — Mg(OH); + HCOs- 8

Therefore, the overall precipitation process occurring on the AZ31
surface in the presence of NayCOj is proposed according to the following
reactions (Egs. (9)-(11)). Moreover, Eq. (12) cannot be excluded,
considering that XPS results showed the presence of mixture of MgCO3/
Mg(OH); (Fig. 9).

Mg?*+ 20H™ — Mg(OH), 9
MgO + H,0 — Mg?™ + OH™ — Mg(OH), 10)
Mg?t + CO3~ > MgCO;3 an
2 Mg?* + CO% + 20H- — Mgy(OH),CO;5 12)

4. Conclusion

The efficiency of sodium carbonate for the corrosion protection of
AZ31 magnesium alloy was demonstrated by electrochemical mea-
surements and supported by surface analysis and thermodynamic
simulations.

Different Na;CO3 concentrations were tested (5 mM, 25 mM and 50
mM) in 0.1 M NaCl solution saturated in Mg(OH), and the highest and
durable inhibition efficiency was highlighted for the highest investi-
gated carbonate concentration.

In addition, XPS analysis showed that an efficient and durable pro-
tective film comprising magnesium carbonate/hydroxycarbonate was
formed on the sample surface for all concentrations of NayCOs3,

In summary, this study has shown that 50 mM of Nay,CO3 protects
AZ31 from corrosion in NaCl media being effective up to 7 days of
immersion.
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