Journal of Solid State Electrochemistry
https://doi.org/10.1007/510008-023-05472-3

ORIGINAL PAPER

=

Check for
updates

Corrosion inhibition of magnesium alloy AZ31 in chloride-containing

solutions by aqueous permanganate

Maria A. Osipenko’ - Aliaksandr A. Kasach? - Janusz Adamiec? - Matgorzata Zimowska* - Irina I. Kurilo' -

Dzmitry S. Kharytonau*

Received: 14 December 2022 / Revised: 9 February 2023 / Accepted: 13 March 2023

©The Author(s) 2023

Abstract

In this work, corrosion of the AZ31 magnesium alloy was examined in 0.05 M NaCl solutions containing 0.01-0.150 mol/
dm? of potassium permanganate as a corrosion inhibitor. A set of electrochemical impedance spectroscopy, linear sweep
voltammetry, and hydrogen evolution measurements revealed high inhibitor effectiveness at relatively high (0.150 mol/
dm?) KMnO, concentrations. Based on data of energy-dispersive X-ray analysis, scanning electron microscopy, and Raman
spectroscopy, a mechanism of the corrosion inhibition of AZ31 alloy by potassium permanganate in chloride-containing

media was proposed.
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Introduction

Magnesium and its alloys are characterized by low density
(1.74-1.95 g/cm?), high strength-to-weight ratio, non-toxicity,
biocompatibility, and good machinability. Due to these prop-
erties, magnesium and its alloys are widely used in automo-
tive, aircraft, aerospace technology, and medicine [1]. Mag-
nesium belongs to active metals (E° ,  =-2.38V), and it
Mg™" /Mg
actively corrodes in aqueous solutions, with the formation of
a surface layer consisting mainly of Mg(OH), and MgO at the
metal/electrolyte interface [2]. Unlike other active metals
widely used in industry, such as aluminium and titanium, the
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natural oxide film on the surface of magnesium is not uni-
form. The Pilling—Bedworth ratio of the Mg oxide layer is less
than 1. Therefore, it does not provide sufficient corrosion
protection and, as a result, limits the use of pure magnesium
[1,3-5].

Optimization of the composition and microstructure of
magnesium alloys is one of the ways to increase their cor-
rosion resistance and improve their physical and mechani-
cal properties. Aluminium-containing magnesium alloys
of the AZ series (the Mg—Al-Zn system) have received the
widest industrial application. Alloying of magnesium with
aluminium leads to a decrease in the corrosion rate and an
increase in tensile strength, which is due to the formation of
the Mg,,Al,, B-phase [6, 7], as well as the Al-Mn and Al-Zn
phases [8]. An increase in the aluminium content in the alloy
from 1 to 5 wt.% leads to the formation of equiaxed grains of
the alloy and a decrease in their size. In a corrosive medium,
the formed fB-phase is characterized by a more electropositive
potential compared to the alloy matrix, which can contribute
to the occurrence of local corrosion spots [9]. Additional
alloying with zinc (up to 1 wt.%) enhances the corrosion
resistance and strength of the alloys at room temperature [8].

The AZ31 alloy is one of the most used alloys of the
Mg-Al-Zn type. It was shown [10], that heat treatment of
the AZ31 alloy leads to the formation of a more homogene-
ous microstructure with a low dislocation density. Despite
the improvement of the corrosion resistance of the alloy, it
does not adequately solve the problem of rapid corrosion.
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A more reliable way to protect Mg alloys from corrosion
is to use soluble inhibitors. To provide effective inhibition of
Mg alloy corrosion, a fast interaction kinetics of the inhibitor
with the metal surface is necessary to suppress the anodic
dissolution of the Mg matrix and the cathodic activity of sur-
face constituents. Chromium(VI) compounds have proven to
be effective corrosion inhibitors for magnesium and alumin-
ium alloys, carbon steel, zinc, and magnesium alloys. How-
ever, due to toxicity and carcinogenicity, the use of these
compounds is limited and strictly regulated. Recently, more
environmentally friendly alternatives to Cr(VI) compounds
have been extensively examined [11, 12]. Such inhibitors
as inorganic oxyanions, e.g., aqueous vanadate, molybdate,
permanganate, and tungstate, have shown promising perfor-
mance for suppressing corrosion of Al alloys in NaCl media
[13-19]. However, limited knowledge on the use of such
inhibitors for the corrosion protection of Mg alloys has been
gained in the scientific literature [20]. Recently, the group
of Buchheit et al. has examined the inhibitive effect of vana-
date and selenite on the Mg alloy AZ31 [21-23]. They have
shown that these anions can effectively retard the corrosion
attack of the AZ31 alloy by creating insoluble surface pas-
sive films. In our recent studies [24, 25], we have examined
the mechanism of corrosion inhibition of the AZ31 and the
WE43 (Mg-Y-Nd-Zr) alloy by sodium molybdate. Molyb-
date ions, being adsorbed on the surface of these alloys, form
a protective layer of oxides and hydroxides of molybdenum
of mixed valence Mo(V)-Mo(VI), which leads to predomi-
nant inhibition of the anodic reaction of the corrosion pro-
cess. One of the possible solutions is to use strong oxidizers,
which can rapidly react with the surface to form a protective
passive layer. In this regard, the use of potassium permanga-
nate might be promising. It is often used in the development
of protective conversion coatings on steel, aluminium, and
magnesium alloys with protection ability similar to that of
chromate [17, 26-29]. Due to its high solubility in aqueous
solutions and high reduction rate, as well as excellent protec-
tive ability of the oxide compounds formed in near-neutral
media, potassium permanganate can also be effectively used
for magnesium alloys as a corrosion inhibitor. Madden and
Scully [13] reported that in the case of the AA2024-T351,
permanganate acts as a complex ionic inhibitor that is more
beneficial when present as a pre-treatment compared to
an ionic species addition. However, del Olmo et al. [30]
recently reported the use of permanganate as an effective
active corrosion inhibitor loaded into layered double hydrox-
ide coating on the AA2024-T3 Al alloy. Therefore, perman-
ganate can be used to combine both pre-treatment and active
corrosion protection schemes. Despite the pre-treatment
stage of the conversion treatment by permanganate being
extensively examined, no detailed examination on the active
corrosion protection of Mg alloys by permanganate in the
presence of chloride ions has been reported in the literature
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[12]. The aim of this study was to investigate the corrosion
inhibition of the AZ31 magnesium alloy by potassium per-
manganate in 0.05 M NaCl solutions in conditions where
permanganate acts as an active inhibitor. As the inhibitor
performance strongly depends on its concentration, 0.05 M
NaCl solutions containing 0.01-0.150 mol/dm? of potassium
permanganate have been examined, and a possible mecha-
nism of its action has been proposed.

Experimental

Samples of the magnesium alloy AZ31 with sizes
10 mm X 10 mm X5 mm were used in all experiments.
The nominal elemental composition of the AZ31 alloy is
presented as follows (wt.%): 3.8-5.0% Al, 0.8-1.5% Zn,
0.3-0.7% Mn, and balance Mg. Prior to experiments, the
samples were mechanically polished in absolute ethanol with
the final sandpaper grit of P1200.

Corrosion experiments were performed at least in trip-
licate in a 0.05 M NaCl aqueous solution serving as a ref-
erence medium. The KMnO, inhibitor was added to the
reference solution in amounts from 0.01 to 0.15 mol/dm?
without further pH adjustment. A PGSTAT 302N poten-
tiostat/galvanostat (Metrohm Autolab) equipped with an
FRA32M impedance module was used in electrochemical
experiments. A saturated silver—silver chloride electrode was
used as a reference electrode, and a platinum mesh was used
as a counter electrode. Before all electrochemical tests, the
samples were exposed to the examined solutions for 30 min
without any perturbation. Afterwards, the open-circuit
potential (OCP) was monitored for 1000 s. In all examined
solutions, this time was enough for potential stabilization.
Potentiodynamic polarization curves were recorded in the
potential range from —300 to+700 mV vs. the OCP with
the potential sweep rate of 1 mV/s. Parameters of cathodic
and anodic electrochemical processes were calculated using
Nova 2.1.5 software. The polarization resistance, Rp, was
calculated from the results of small amplitude linear polari-
zation resistance measurements with a linear potential sweep
of 1 mV/s in the overpotential range of + 10 mV from the
OCP. The R, was calculated using the equation:

R, = AE/Aig_, ()

where AFE is the difference in the electrode potential and
Aiyp_, 18 the difference in the current density when AE
strives towards O.

Electrochemical impedance spectroscopy (EIS) spectra
were recorded in the frequency range from 100 kHz to 0.01 Hz
with an oscillation amplitude of 10 mV. Spectra analysis,
selection of equivalent circuits, and calculation of the param-
eters of their elements were performed using the ZView 3.2c
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software. The protective effect of the inhibitor was calculated
from the electrochemical data using the following relations:

;0

I -1
corr corr
IE1, % = ———— 2
lcorr
where igorr and I o ATE corrosion current densities in the

solution without and with the inhibitor, respectively.
0
1/R, -1 /Rp

IE2,% =
0 1/R

3

p

where Rg and R, are polarization resistances in the solution
without and with the inhibitor, respectively.

To determine the amount of hydrogen gas released during
the corrosion of the AZ31 alloy, a lab-made setup consisting of
two connected burettes filled with distilled water was used. A
test tube with 60 ml of the working solution was hermetically
attached to the upper side of one of the burettes, into which the
preliminarily polished test sample was placed. After the end of
the experiment, the burettes were moved to the same level of
liquid. The volume of released hydrogen was determined as the
arithmetic mean of the change in the liquid level in each of the
burettes. The protective effect of the inhibitor was calculated
using the following formula:

Ve o—
IE3,% = ——"" “)
VH2

where ng and VH7 are volumes of released hydrogen in solu-
tions without and with the inhibitor, respectively.

The microstructure and elemental composition of the alloy
surface before and after corrosion testing were studied by scan-
ning electron microscopy (SEM) and energy-dispersive X-ray
microanalysis (EDX) using a Hitachi SU8000 and a JEOL
JSM-7500F microscopes equipped with chemical X-ray micro-
analysis modules.

The analysis of the examined surfaces after corrosion
tests by confocal Raman spectroscopy was performed using
a Jobin—Yvon T64000 spectrometer. The spectra were taken
with an Ar* laser (wavelength of 514.5 nm) and a power of
5 mW. The accumulation time was 2 X 120 s. Optical images
of the surface were taken on a high-resolution 4 K Keyence
digital optical microscope of the VHX-S7000 series.

Results and discussion
Corrosion experiments
To evaluate the inhibitive effectiveness of permanganate

ions, polarization, EIS, and hydrogen evolution experiments
were performed. Potentiodynamic polarization curves of the

AZ31 samples in 0.05 M NaCl (Fig. 1, Table 1) showed that
potassium permanganate affects both cathodic and anodic
slopes of polarization curves. The addition of 0.01 mol/
dm?® KMnO, inhibitor increased the modulus of the Tafel
slopes of both anodic and cathodic branches of polariza-
tion curves. A further increase in the concentration of the
KMnO, inhibitor in the solution to 0.05 mol/dm? resulted in
ca. half decrease of the Tafel slope, which remained almost
constant with a further increase in the inhibitor concentra-
tion in the solution. The minimal values of the Tafel slopes
were observed in 0.05 M NaCl solution additionally con-
taining 0.15 mol/dm? of the inhibitor. As the addition of the
inhibitor affected the kinetics of both cathodic and anodic
processes, potassium permanganate showed a mixed-type
inhibitor behaviour.

Electrochemical parameters of corrosion of the AZ31
magnesium alloy in the examined media (corrosion poten-
tial, E.,., and corrosion current density, i) were calcu-
lated based on the analysis of the Tafel regions (Table 1).
A gradual shift of the corrosion potential to the electro-
positive region from —1.44 to—1.19 V was observed with
an increase in the KMnO, concentration in the solution
from 0 to 0.15 mol/dm?>. This may indicate the formation
of a surface protective layer of the inhibitor. Calculated
values of i, in the reference solution without the inhibi-
tor were (1.1 +0.05)x 107> A/cm?. The introduction of
0.01 mol/dm? of potassium permanganate into the solu-
tion resulted in an increase in the corrosion current den-
sity, which is consistent with the results of other studies
on oxyanions as corrosion inhibitors [12, 24, 25]. Such a
decrease in the corrosion resistance of the AZ31 alloy is
explained by only partial hindering of the active corrosion

corr,
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Fig. 1 Potentiodynamic polarization curves of AZ31 alloy in 0.05 M
NaCl solution containing 0.01-0.15 mol/dm? of KMnO,
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Table 1 Electrochemical

i . Concentration of b l/mV/dec b,/mV/dec iore /AJCM? E !V IE1/%

parameters (.)f corrosion of KMnO,/mol/dm?

AZ31 alloy in 0.05 M NaCl

solution containing Yar){ir}g 0 180 49 (24+0.7)x107° —1.44+0.03 -

amounts of KMnO, inhibitor 4 388 85 @5+09)x10° 1304002 -

extracted from potentiodynamic

polarization 0.05 147 47 (6.0+1.1)x107¢ —-1.27+0.03 72
0.10 120 42 (4.8+£0.3)x107° —-1.24+0.07 80
0.15 113 39 (2.2+0.6)x107° —-1.23+0.1 91

sites by small amounts of the permanganate inhibitor.
As a result, corrosion activity of some individual active
areas of the surface (cathodic and/or anodic regions) is
hindered, while uncovered surface areas remain active,
which causes an increase in current density and corrosion
rate [31]. At the same time, microgalvanic couples can
be formed between surface areas covered with a layer of
corrosion products and/or inhibitor to varying degrees,
which enhance the propensity to electrochemical corro-
sion. Similar trends have been previously reported while
implementing molybdate inhibitor Na,MoO, for corrosion
protection of WE43 and AZ31 alloys [24, 25]. In addition,
partial screening of the surface leads to an increase in the
true current density on the uncovered surface areas, which
also contributes to the anodic oxidation of the alloy. In
turn, in the solutions containing 0.05-0.15 mol/dm? of
the permanganate inhibitor, i .. decreased significantly.
The smallest values of i, (1.3+0.3)x 107 A/cm? were
observed in solutions containing 0.15 mol/dm?® of potas-
sium permanganate. With an increase in the concentra-
tion of inhibitor from 0.05 to 0.15 mol/dm? in 0.05 M
NaCl solutions, the inhibition efficiency /E1 calculated
by Eq. (2) increased from 72 to 91%, respectively. This
indicates that the manganese-based inhibitor can effec-
tively protect the surface of the AZ31 magnesium alloy
from the studied corrosive environment.

The inhibitive effect of the inhibitor was also evaluated
based on the values of the polarization resistance, R,. The
results of the small amplitude linear sweep voltammetry
measurements are presented in Fig. 2. The dependence
of Rp calculated by Eq. (1) and, consequently, /E2 cal-
culated by Eq. (3), on the concentration of the inhibitor
in the solution, had similar trend with i . and IE1. The
R, decreased in the solution containing 0.01 mol/dm?
of potassium permanganate and gradually increased in
the solutions containing a higher amount of the inhibi-
tor. The calculated values of IE2 are 18, 56, and 59% at
KMnO, concentrations of 0.05, 0.10, and 0.15 mol/dm>,
respectively.

The results of the EIS measurements in the form of
Nyquist plots are presented in Fig. 3. In all examined
solutions, the Nyquist spectra showed a similar appear-
ance with two time constants. The time constant of the

@ Springer

capacitive nature was associated with the adsorption of
permanganate ions and corrosion products on the Mg
substrate, the capacitance of the formed film, and charge
transfer resistance [32]. It appears in the spectra in the
form of a distorted capacitive loop. The second time con-
stant in the low-frequency region is of inductive nature and
corresponds due to the adsorption of ionized intermediates
on the alloy surface during corrosion [25, 33]. In Nyquist
plots, it appears in the form of a distorted inductive loop
with positive values of Z". Similar to the above-described
results, it can be seen that the smallest radius of the imped-
ance spectra, i.e. the lowest corrosion resistance, was
recorded in 0.05 M NaCl solution additionally containing
0.01 mol/dm? of potassium permanganate. This indicates
the activation of the corrosion process and supports the
assumption that this amount of KMnO, is insufficient for
the formation of a continuous protective film on the AZ31
surface.

To quantitatively interpret the obtained spectra, we used
the equivalent circuit shown as an inset to Fig. 3. In this
circuit, R, is the solution resistance; R1 is the resistance of
the surface film of the adsorbed inhibitor or the layer of cor-
rosion products; R2 is the charge transfer resistance; CPEI is
the constant phase element characterizing the protective film

_--® 160

140 a
—H— Rp l(.l\‘.l
--@--|E2 .
7130
120
0.00 0.05 0.10 0.15 Y

Concentration KMnO, / mol/dm®

Fig.2 Polarization resistance of AZ31 alloy in 0.05 M NaCl solution
containing 0.01-0.15 mol/dm® of KMnO,
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Fig.3 Nyquist EIS plots in 0.05 M NaCl solution without and with
varying amounts of KMnO, inhibitor. The symbols are experimental
data, and the lines are the results of curve fitting using the equivalent
circuit shown as an inset

capacitive response; L is the inductance. The constant phase
element (CPE) was used to simulate a capacitive response of
the system, since the surface of the samples was character-
ized by pronounced inhomogeneity. The fitting results are
shown in Table 2.

The graphical analysis of the Nyquist spectra showed that
the intersection of the obtained spectra with the abscissa axis
is possible at two points. In this case, the first intersection
in the frequency range of 100-10~! Hz corresponds to the
charge transfer resistance R, while the second intersection
at frequencies f— 0 can be attributed to the polarization
resistance Rp. In this case, the assessment of the protective
effect of the inhibitor based on the values of R, can lead to
the overestimation of the value of the protective effect [33].
In this regard, to calculate the efficiency of corrosion inhi-
bition of the AZ31 alloy with potassium permanganate, the
R, values were used. For the proposed equivalent circuit, R,
was calculated by the following equation:

11,1 s
R, "R R ®)

The inhibition effect calculated from the R, values
extracted from the EIS data are 25, 31, and 43% at the con-
centration of the inhibitor in a solution of 0.05, 0.10, and
0.15 mol/dm?, respectively (Table 2).

Figure 4a shows the volume of released hydrogen dur-
ing corrosion of the AZ31 alloy in 0.05 M NacCl solutions
with different concentrations of potassium permanganate
depending on the immersion time. For all examined solu-
tions, the amount of released hydrogen gradually increases
with increasing the immersion time up to 168 h. The amount
of released hydrogen in 0.05 M NaCl solution without the
inhibitor was significantly greater than in solutions contain-
ing potassium permanganate. The introduction of potassium
permanganate into the corrosive environment led to a sharp
decrease in the volume of released hydrogen. This is due
to the formation of a manganese-containing protective film
on the surface of the magnesium alloy, which prevents the
corrosion process, accompanied by the release of hydrogen.
Within the same immersion duration, an increase in the con-
centration of permanganate ions from 0.01 to 0.15 mol/dm?
contributed to a slight decrease in the amount of released
hydrogen gas. The inhibition effect calculated by Eq. (4) is
shown in Fig. 4b. A slight decrease in the /E3 in solutions
with a low inhibitor content (0.01-0.05 mol/dm?®) after 24 h
of exposure is explained by a non-uniform inhibitor film on
the surface, which do not provide a reliable inhibition. After
36 h of exposure, the calculated values of /E3 are higher
than 90% for all examined concentrations of the inhibitor
(Fig. 4b). A slight decrease in the inhibition effect during
long-term exposure of samples in 0.05 M NaCl solutions
containing KMnO, is explained by a gradual degradation
of the surface protective layers formed on the surface of the
samples.

It should be noted that the inhibitive effect of the perman-
ganate inhibitor for all examined concentrations, calculated
based on the data of electrochemical studies and the amount
of released hydrogen, varied significantly. This difference
was especially prominent in long-time studies. Most proba-
bly, the holding interval before the electrochemical tests (ca.

Table 2 Results of fitting EIS spectra of the AZ31 alloy in 0.05 M NaCl solutions containing varying amounts of permanganate inhibitor

Concentration of Rs, Q cm? R1, Q cm? R2, Q cm? CPEL, Q' ecm™2 " ny L, H cm? Rp, 1E2, %
KMnO,, mol/dm® Qcm?

0 97.9+1.8 1464 +41.5 1146 +35.8 (1.33£0.01)«107  0.92+0.01 1335+70.8 642.8 -

0.01 23.1+2.1 1203 +46.9 900+25.3 (2.81+£0.21)«107%  0.86+0.01 1035+55.8 514.8 -
0.05 55.8+1.8 1723 +47.1 1710+52.6 (241£0.22)«107°  0.91+0.1 2087 +15.6 858.2 25
0.10 100.6+2.3 1905+72.5 1810+ 173.1 (1.37+£0.05) «107  0.92+0.02 2387+38.1 928.1 31
0.15 135.0+1.7 2405 +60.6 2100+21.3 (1.99+0.12)e107° 0.89+0.01 2580+33.9 1121.1 43
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Fig.4 Amount of released hydrogen (a) and inhibition effect (b) during exposure of the AZ31 alloy in 0.05 M NaCl with varying amounts of

permanganate inhibitor

47 min) was not enough to form a continuous surface protec-
tive film in the solutions with a low content of KMnO,. In
addition, during long-term corrosion tests, a layer of magne-
sium corrosion products forms on the surface of the samples,
which can also prevent further corrosion damage.

Thus, the performed corrosion experiments revealed that
in 0.05 M NaCl solution, potassium permanganate provides
reliable corrosion inhibition in the amount of 0.15 mol/dm?>.
Therefore, further studies were performed using the samples
exposed to 0.05 M NaCl solutions containing 0.15 mol/dm?
KMnO,.

Surface analysis

Figure 5 shows the SEM micrographs of the microstructure
of the as-polished AZ31 alloy. The microstructure of the
alloy consists of an «-Mg matrix and two characteristic types
of intermetallic particles (IMPs). The first type represents
polyhedral particles with sizes of about tens of microns.
The second type are rectangle-shaped IMPs with the long-
est side around 10 um. These particles usually formed pro-
longed IMPs agglomerates consisting of several smaller
IMPs located very close to each other. Both types of IMPs
were randomly distributed in the alloy matrix. Based on the
point EDX analysis (Fig. 5b and Table 3), these IMPs are
of Al-Mn type, which agrees well with the literature and
our previous data [24, 34]. Some analysed phases also had a
minor fraction of Zn, which is typical for AI-Mg—Zn phases
[8]. However, their exact stoichiometry cannot be reliably
detected based on the EDX analysis. Therefore, only elemen-
tal composition was considered. The EDX maps (Fig. 5c)
showed that Al and Mn are uniformly distributed over the
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surface of IMPs and Mg matrix. In the case of Zn, its distri-
bution was almost uniform over the whole examined region.

The analysis of the microstructure of the surface of the
AZ31 magnesium alloy after corrosion experiments is sum-
marized in Fig. 6. After 5 min of corrosion in 0.05 M NaCl
solution without the inhibitor, the surface of the AZ31 alloy
is already covered by a visible layer of corrosion prod-
ucts (Fig. 6a). The IMP/matrix interface remained almost
intact, while the corrosion attack was concentrated on the
alloy matrix. After 30 min of the corrosion test, the surface
was covered by a well-visible layer of corrosion products
(Fig. 6b). The location of the corrosion attack concentrated
around IMPs regions, while large regions of the alloy matrix
remained almost uncovered. Corrosion extended after 1 h
of exposure to 0.05 M NaCl solution, and the surface was
partially covered by a thick layer of corrosion products.
Moreover, numerous sites of a prominent local corrosion
attack can be detected (Fig. 6¢). After 24 h of exposure,
almost entire surface was covered with a layer of corrosion
products (Fig. 6d).

In the case when 0.15 mol/dm? of potassium permanga-
nate were added into 0.05 M NaCl solution, corrosion of the
AZ31 alloy was significantly suppressed. After 5 min of cor-
rosion experiments (Fig. 6e), the surface was almost intact,
and after 30 min (Fig. 6f), some spots on the surface were
covered by a layer of corrosion products. After 1 h of expo-
sure, an almost uniform manganese-containing protective
film was formed on the surface (Fig. 6g, Table 3). Several
cracks and local defects in the structure of the formed film
can be explained by the concentration of internal micro-
stresses in these areas of the formed protective layer. The
formed protective layers are characterized by inhomogeneity,
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Fig.5 SEM micrographs of the
surface of as-polished AZ31
magnesium alloy (a, b) and
EDX elemental distribution
maps (c) of the surface region
(b). The elemental composition
of point EDX analysis marked
in b is given in Table 3

Mg Kal,2

which may be due to the heterogeneous structure of the
alloy, consisting of the a-Mg matrix and IMPs [8, 35], which
are active centres of the formation of manganese-containing
films.

The results of the elemental analysis of the surface of
the AZ31 alloy after corrosion tests are listed in Table 3. In
every case, the EDX analysis of two characteristic areas of
the surface was performed (the spot number in Table 3 cor-
responds to the surface area marked in Fig. 6). After 5 min of
corrosion in 0.05 M NaCl without the inhibitor, the relative
composition of the alloy matrix remained close to the as-
polished surface, with a small increase in the fraction of oxy-
gen, suggesting the formation of a layer of corrosion prod-
ucts on the surface. In the case of IMP (point 4 in Table 3
and Fig. 6a), a relative decrease of Mg fraction compared
to the as-polished surface was observed, which might sug-
gest the selective dissolution of Mg from these constituents.
Oppositely, after 30 min of corrosion exposure, the relative
fraction of Mg in analysed IMPs increased, suggesting their

Zn Lal,2

partial coverage by a layer of corrosion products in the form
of hydrated magnesium oxide and selective dissolution of
Al and Mn. After 1 h of exposure to 0.05 NaCl solution, the
main fraction of the surface composition was magnesium
and oxygen, with almost complete removal of Al, Zn, and
Mn from the surface of the samples both in matrix and IMPs
regions. An increase in the exposure time to 24 h led to a
further decrease in the aluminium content in the composition
of surface films, which may be due to the transition of cath-
ode IMPs into the solution as a result of local anodic dissolu-
tion of magnesium at the phase boundary Mg-matrix/IMP,
as well as chemical dissolution of Al from IMPs and alloy
matrix due to a pH increase in the near-surface layer. The
occurrence of this process is clearly visible in SEM images
after 24 h of corrosion tests (Fig. 6d).

In the case of 0.05 M NaCl solution containing 0.15 mol/
dm? of the permanganate inhibitor, the weight content of
manganese in the composition of surface films compared to

@ Springer
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Table 3 Elemental composition

Sample Point of analysis Elemental composition, wt.%
of the surface of AZ31.alloy (Figs. 5 and 6)
before and after corrosion tests Mg Al Zn Mn (6] Cl
based on the results of EDX
analysis As-polished surface 1 11.3 52.0 - 36.1 0.6 -
2 93.0 4.5 1.1 - 1.4 -
3 10.6 36.3 0.4 50.7 2.0 -
0.05 M NaCl Exposure time 5 min
4 49 33.0 - 55.0 7.1 -
5 93.3 1.7 0.8 0.6 3.6 -
Exposure time 30 min
6 93.5 2.3 0.6 - 3.6 -
7 325 24.1 0.6 339 8.9 -
Exposure time 1 h
8 383 6.9 - - 46.9 7.9
9 57.8 4.6 - - 30.8 6.8
Exposure time 24 h
10 39.6 4.8 - - 50.4 52
11 61.6 4.1 - - 25.4 8.9
0.05M Exposure time 5 min
NaCl+0.15 mol/dm® 5 32 28.1 - 65.4 33 -
KMnO, 13 94.4 29 0.5 04 1.8 -
Exposure time 30 min
14 1.3 26.5 1.1 65.7 5.5 -
15 92.5 3.0 0.8 1.1 2.7 -
Exposure time 1 h
16 74.4 2.0 - 11.8 11.7 -
17 80.3 0.7 - 9.8 9.2 -
Exposure time 24 h
18 54.5 0.8 - 28.7 16.0 -
19 26.8 0.7 - 42.5 30.0 -

those in the solution without inhibitor increases in all exam-
ined exposure times (Table 3). The most notable difference
was observed for IMPs regions after 5 and 30 min of expo-
sure, suggesting that the permanganate inhibitor primarily
interacts with cathodic IMPs suppressing their electrochemi-
cal activity. In this case, a sharp decrease in the aluminium
content compared to samples kept in 0.05 M NaCl solution
indicate the predominant adsorption of permanganate ions
on the surface of cathodic aluminium-containing IMPs,
which leads to the shielding of Al by the formed manganese-
containing compounds [17, 36]. After 1 and 24 h of expo-
sure, it was not possible to identify IMPs under the formed
protective Mn-rich layer. However, a noticeable difference in
the elemental composition of two surface areas of the same
sample is due to different degrees of surface coverage with
corrosion products and manganese compounds. In addition,
a different elemental composition can be associated with an
inhomogeneous surface microstructure, i.e., with different
amounts and compositions of intermetallic particles in the
site selected for the point EDX analysis (Fig. 6).

@ Springer

To further study the phase composition of the AZ31
surface after corrosion experiments in permanganate-
containing sodium chloride solutions, Raman spectra
(Fig. 8) were acquired from the surface areas shown in
Fig. 7. Here, we report the results obtained only after 1
and 24 h of corrosion experiments, since surface layers
after 5 and 30 min were too thin for registering high-
quality spectra and provide their reliable analysis.

After 1 and 24 h of exposure of the AZ31 alloy to 0.05 M
NaCl solution without the permanganate inhibitor, two
Raman bands at 280 and 443 cm™! were identified as E g(T)
and Alg(T) vibrations characteristic of Mg(OH), [37, 38].
The Raman spectra obtained after 1 h of exposure to 0.05 M
NaCl solution additionally containing 0.15 mol/dm’ of
potassium permanganate exhibited peaks at 491, 572, 631,
and 670 cm™!, which indicated the presence of y-MnO, man-
ganese oxide on the surface [39]. The Raman bands in the
range 580-632 cm™! are due to symmetrical vibrations of
the Mn—O bond, which indicates a well-developed tetragonal
structure [40]. Raman bands in the range of 530, 560, and
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Fig.6 SEM micrographs of the
surface of the AZ31 magne-
sium alloy exposed in 0.05 M
NaCl solution without inhibitor
(a—d) and with the addition of
0.15 mol/dm? of KMnO, (e-h).
The elemental composition

of marked points is given in
Table 3

625 cm™! were identified as a signal from the trivalent man-
ganese-containing MnOOH [41, 42]. In turn, after 24 h of
exposure to manganese-containing solutions, bands assigned
to only Mn(IV) compounds were observed in the spectrum.

Corrosion mechanism

This section aims to summarize the obtained results and
provide a description of the corrosion mechanism of the
AZ31 alloy in 0.05 M NacCl solutions with and without
potassium permanganate. In aqueous solutions, manganese
compounds in multiple oxidation states between + 7 and + 2
can form. Figure 9a shows the calculated equilibrium E-pH

0.05 M NacCl

0.05 M NaCl
0.15 mol/dm® KMnO,,

diagram of Mn compounds in the 0.05 M NaCl solution
containing 0.15 mol/dm® of KMnO,. Potassium perman-
ganate is a strong oxidizer, and at pH above 7 (typical for
corrosion of Mg alloys), insoluble oxides or hydroxides of
Mn in different oxidation states exist. However, at low pHs,
these species can solve to form soluble Mn?* species. In
the case of the examined system, permanganate ions will
interact with the surface of the AZ31 alloy, and the OCP will
establish between the metal surface and corrosive medium.
The predicted equilibrium speciation diagram at the OCP
of —1.22 V vs. sat. Ag/AgCl, which was observed in cor-
rosion experiments (Fig. 1 and Table 2), is calculated in
Fig. 9b. It can be seen that at pHs above ca. §, Mn(OH),

@ Springer
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0.05 M NaCl

0.05 M NaCl
0.15 mol/dm3 KMnO,

Fig.7 Optical photographs of characteristic surface areas of the AZ31 alloy surface after exposure for 1 and 24 h to 0.05 M NaCl solutions with-
out (a, b) and with 0.15 mol/dm? of KMnOj (¢, d). Labels of surface areas correspond to Raman spectra shown in Fig. 8

is the only predictable Mn compound, while at lower pHs,
several soluble compounds can form. However, it is impor-
tant to remember that calculated diagrams show equilibrium

631
s 491 512 670 @
e Y
(2]
= 528
c 443°°555__620
57 670
> 491\ @3)
2
(0]
P
B 443
§ 280 @)
£
280 443
iy, A l oy (1)
" 1 " 1 n 1 1
200 400 600 800 1000

Raman shift /cm™

Fig.8 Raman spectra of the surface of the AZ31 alloy after exposure
for 1 (1, 3) and 24 h (2, 4) to 0.05 M NaCl solutions without (1, 2)
and with 0.15 mol/dm® of KMnO, (3, 4). Spectra numbers corre-
spond to surface areas shown in Fig. 7

@ Springer

conditions, while examined system strives towards this
equilibrium.

Based on the performed experiments, the following mech-
anism was proposed (Fig. 10). Initially, after immersion of
the Mg alloy into the sodium chloride solution, two parallel
processes can occur at the Mg-matrixlcathodic IMP inter-
face: the dissolution of the magnesium matrix and hydrogen
evolution (Fig. 10a, b) [1, 44-46]:

Mg — 2¢” — Mg** ©6)

2H,0 +2¢~ - H, +20H" 7
which can be summarized as:

Mg + 2H,0 - Mg(OH), + H, 8)

According to the results of the EDX analysis, a promi-
nent decrease in the surface content of zinc and manganese
is observed as the exposure time increases. This may be
explained by two reasons. Firstly, the dissolution of the
Mg matrix along the boundary of cathodic IMPs promotes
their transition into solution. Secondly, alkalization of the
solution according to reaction (7) leads to an increase in
the solution pH in the near-electrode region. The latter
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Fig.9 E-pH (a) and volume fraction (b) diagrams for an aqueous
0.05 M NaCl solution containing 0.15 mol/dm® of KMnO,. The con-
centration of Mg>* ions was set to 1 mol/dm.>. The volume fraction
data were calculated at a potential of —1.22 V vs. sat. Ag/AgCl to

process may occur also due to the dissociation of the
resulting magnesium hydroxide:

Mg(OH), < MgOH" + OH~ 9)

MgOH* « Mg?* + OH™ (10

2H,0 + 2e = H,+ 20H

a : H,O
(@) Solutlon( 2 Mg — 26 = Mg™

(b)

2A1+ 20H + 10H,0 =
= 2[Al(OH),(H.0).] +3H,

Zn + 20H + 2H,0 =
= [Zn(OH),]” + H,
2H,0 + 2e = H, + 20H"

Mg - 2e = Mg®
f, 952251
F IMP

Mg(OH),

Mn(OH)x(s,

Mn2+

simulate the OCP of AZ31 in these conditions (Table 2). The green
dashed lines in a enclose the region of water stability. Diagrams were
calculated using the Medusa software [43]

High pH values, in turn, promote the chemical dissolution
of amphoteric zinc and aluminium constituents of the AZ31
alloy, resulting in the formation of complexes (Fig. 10c):

Zn + 20H™ 4 2H,0 — [Zn(OH),]*~ + H, (1)

2A1+20H™ + 10H,0 — 2[Al(OH),(H,0),]” + 3H, (12)

2H,0 + 2e = H, + 20H
Mg — 2e = Mg*™

IMP

H,O
(d) solutioni:'»MZno;

IMP

(e)

MnO,~, MnO, +2Mg +3H,0 =

_ ' = MnOOH + OH + 2Mg(OH),
Mo, = 2Mg # 41,0 = 2H,0 + 2 = H, + 20H
2 2

= 2MnO: + 20H™ + 3Mg(OH), Mg - 26 = Mg™

Fig. 10 A schematic illustration of initiation and propagation of AZ31 alloy corrosion in 0.05 M NaCl solution without (a—c) and with 0.15 mol/

dm? of molybdate inhibitor (d—f)
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As discussed above, IMPs in the microstructure of the AZ31
alloy are cathodic relative to the alloy matrix, which promotes
the adsorption of manganese-containing anions on the surface of
the AZ31 alloy and their subsequent reduction to manganese(IV)
oxide and manganese(IlI) metahydroxide (Fig. 10d):

2MnO] + 3Mg + 4H,0 — 2MnO, + 3Mg(OH), + 20H"

(13)
MnO; +2Mg + 3H,0 - MnOOH + 2Mg(OH), + OH™

14
2MnO; + 3H, — 2MnO, + 20H™ + 2H,0 (15)
MnO; + 2H, - MnOOH + OH™ + H,0 (16)

As the amount and surface coverage of the alloy sur-
face by corrosion products increases, its shielding occurs
(Fig. 10e). During prolonged corrosion attack, manganese
metahydroxide, which is part of the protective film, is gradu-
ally oxidized by dissolved oxygen to MnO, (Fig. 10f).

4MnOOH + O, — 4MnO, + 2H,0 a7

Conclusions

In this work, corrosion of the AZ31 magnesium alloy in 0.05 M
NaCl solutions without and with permanganate inhibitor was
examined. Permanganate inhibitor provided acceptable levels
of inhibition at relatively high concentrations (0.10-0.15 mol/
dm?). The following conclusions can be drawn:

1. According to electrochemical impedance spectroscopy
data, the addition of 0.01 mol/dm? of KMnO, into a
0.05 M NacCl solution leads to a decrease in the cor-
rosion resistance of the AZ31 alloy. With a further
increase in the content of potassium permanganate in
the solution, the protective effect calculated based on the
polarization resistance data increases to 26.22, 43.98,
and 54.66% at a KMnO, concentration of 0.05, 0.10,
and 0.15 mol/dm?, respectively.

2. Potentiodynamic polarization studies showed that in a
0.05 M NaCl solution, potassium permanganate behaves
as the mixed-type inhibitor. The corrosion current density
of the AZ31 alloy in the solution containing 0.01 mol/
dm? of the inhibitor slightly increased, which indicates
low corrosion protection due to only partial coverage of
the surface by manganese-containing compounds. The
introduction of 0.05-0.15 mol/dm® of KMnO, into the
corrosive medium leads to a decrease in the corrosion
current densities and, consequently, to an increase in the
inhibition efficiency, which based on the i, data is 12.0

corr
to 87.0% depending on the inhibitor concentration.

@ Springer

3. The results of Raman spectroscopy showed that after 1 h
of corrosion tests, the formed protective film consists of
magnesium hydroxide Mg(OH), and manganese(IlI, IV)
compounds MnO, and MnOOH. With an increase in the
exposure time to 24 h, manganese(IIl) metahydroxide
MnOOH gradually oxidized to manganese(IV) oxide.

4. The surface analysis of the AZ31 magnesium alloy sam-
ples showed that in 0.05 M NaCl solution, corrosion
is localized at the Mg-matrixlcathodic IMPs interface,
which leads to alkalinization of the solution in the near-
surface area, partial detachment of IMPs from the alloy
surface, and dissolution of their constituents. In the pres-
ence of 0.15 mol/dm? of the KMnO, inhibitor in the cor-
rosive medium, the mechanism of corrosion inhibition
of AZ31 magnesium alloy by soluble permanganates
includes the stage of adsorption of ions on the surface
of the cathodic IMPs and reduction to manganese(IILIV)
compounds MnO, and MnOOH with the formation of
a continuous protective film, mainly consisting of mag-
nesium hydroxide and manganese(IV) oxide.
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