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Abstract: Magnesium (Mg) alloys possess the lowest density among structural materials, and their
application in the automotive and aircraft industries might enhance fuel efficiency. The mechanical
properties can be improved by the addition of alloying elements. However, since Mg and its alloys
are very susceptible to corrosion degradation, it is important to study the effect of these elements
on the alloys’ corrosion behavior. In this study, 1 wt% of calcium (Ca) was added to wrought
AM60 Mg alloy, and the electrochemical corrosion behavior of the alloys in alkaline solutions with
and without CI~ ions was compared. The corrosion behavior was investigated by means of immersion
tests, gravimetric measurements and potentiodynamic polarization (PDP); the characteristics of the
oxide layer were studied by electrochemical impedance spectroscopy (EIS) and X-ray photoelectron
spectroscopy (XPS). The addition of Ca resulted in precipitation of the ternary aluminum-rich
(Mg-Al),Ca phase. Scanning Kelvin probe force microscope (SKPFM) identified that this phase has a
cathodic behavior relative to the x-Mg matrix; hence it can serve as additional sites for initiation of
pitting corrosion. As a result, the corrosion resistance of wrought AM60 alloy with 1 wt% Ca addition
deteriorated in a NaCl solution. However, in the absence of C1~ ions, alloying with Ca improves the
corrosion resistance of wrought AM60 alloy due to the stabilization of the corrosion products layer.
The effect of long-period immersion time on the corrosion behavior and alloy oxidation is discussed.

Keywords: magnesium; corrosion resistance; calcium addition; oxide layer

1. Introduction

Reducing greenhouse gas emissions and improving fuel efficiency is an aspiration in
the automotive and aircraft industries. This can be achieved by using lightweight metals
and reducing the vehicle’s weight. Among other structural materials, magnesium (Mg)
alloys have the lowest density; additional advantages are high strength-to-weight ratio and
high damping capacity [1-5]. Further improvement of strength and ductility was obtained
for wrought Mg alloys [4,5]. Nevertheless, since the formability of Mg alloys at room
temperature is limited, the production rate of wrought Mg alloys is relatively low and most
of the commercial Mg components are produced by casting [4-8]. Moreover, based on
our previous research, as well as of other researchers [8-20], it can be seen that Mg alloys
are susceptible to corrosion. This susceptibility prevents their widespread application.
Therefore, there is a growing need for the development and production of new wrought
Mg alloys with superior mechanical properties and good corrosion resistance.

A common way to improve the corrosion resistance of Mg is alloying with small
quantities of manganese (Mn) [21-23]. Mn additions effectively mitigate the harmful effect
of heavy metal impurities (e.g., iron) by encapsulating them [24] and reducing the micro-
galvanic effects. Yet, large additions of Mn can deteriorate the corrosion resistance of Mg
alloys. For instance, in magnesium—-aluminum (Mg-Al) alloys, Mn reacts with Al to form
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Al-Mn intermetallics. Those intermetallics have a higher reduction potential in comparison
to the x-Mg matrix and serve as local cathodes [25]. A higher amount of Mn in the alloy
results in larger precipitation of Al-Mn particles, and eventually in a higher corrosion
rate [11,23]. To avoid this negative effect, no more than 0.5 wt% Mn is added to commercial
Mg-Al alloys.

Mg-Al alloys are the most widely used commercial Mg alloys; the optimal combination
of mechanical properties is achieved for Mg-6Al alloy [4]. The strength of Mg-Al alloys
is generally higher in comparison to the strength of pure Mg, but the rollability and the
creep rate of Mg alloys is deteriorated by increasing Al content [26,27]. As for the corrosion
properties, Al tends to enrich the oxide layer on the surface of Mg-Al alloys which enhances
its passive behavior [9]. Moreover, alloying with Al results in continuous precipitation
of 3-Mgi7Al;; phase at the grain boundaries, which can act as a corrosion barrier in cast
alloys [9,28,29]. In wrought alloys the effect of 3-phase is different. During extrusion, the
continuous network rearranges to non-continuous particles, which serve as local cathodes,
thus accelerating the overall corrosion rate [30]. Therefore, binary wrought Mg-Al alloys
are not suitable for application as good corrosion-resistant material.

Calcium (Ca) additions to Mg alloys have many advantages. Aside from improving the
alloy’s mechanical properties, both at room temperature and at elevated temperatures [31-36],
Ca was found to enhance corrosion resistance. This is achieved by increasing the x-Mg ma-
trix corrosion potential [10,37], improving the protectiveness of the oxide layer [36-40], and
precipitation of Ca-containing phases, which may act as corrosion barriers [34,37,41-43].
In addition, Ca is a relatively light and cheap material. Hence, the use of Ca may result in
the development of cost-effective Mg alloys with good mechanical properties and enhanced
corrosion resistance. On the other hand, it was also reported that Ca additions may deteri-
orate the corrosion resistance mainly due to the appearance of new micro-galvanic cells
within the material [40,42,44-47]. The protectiveness of the oxide film is also questionable.
Baek et al. [44] reported that precipitation of the Mg-Al-Ca phase reduces the solutionized
Al within the a-Mg matrix and decreased the stability of the corrosion products layer.
In addition, the corrosion of Mg alloys in relatively short immersion periods (several
hours) is widely studied, whereas there is a lack of knowledge regarding the corrosion
behavior in longer immersion periods. This lacking information is very important for
further application of the alloys.

The aim of the present study is to compare wrought AM60 alloy (Mg-6Al-0.5Mn in wt%)
with and without Ca, and to reveal the influence of alloyed Ca and Ca-containing phases
on the alloy’s microstructure and corrosion properties. For this purpose, 1 wt% of Ca was
added to wrought AM60 alloy. The corrosion properties and electrochemical behavior of
the as-extruded alloys at alkaline solutions were studied and compared, and the role of Ca
will be discussed in detail.

2. Materials and Methods
2.1. Alloys Preparation and Microstructure Observations

Pure Mg ingot was melted in a steel crucible under a protective mixture of CO; and
0.5% SFe. After the addition of Al, Mn and Ca (99.99% purity), the melt was mechanically
stirred, cast and homogenized for 12 h at 400 °C. The extrusion process was proceeded
at 300 °C, with an extrusion ratio of 56:1 and ram speed of ~0.8 cm/min. The chemical
composition of the as-extruded alloys was measured by optical emission spectroscopy and
the results are shown in Table 1.

Table 1. The chemical composition of extruded AM60 and AMX601 alloys.

Mg Al Mn Ca Fe Si Cu Ni
[wt%] [wt%] [wt%] [wt%] [ppml [ppml] [ppm] [ppml]
AM60 Balance 6.0 0.4 0.0 71 136 10 5

AMX601  Balance 6.4 0.5 1.1 22 152 14 9
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For microstructure observation the specimens were polished up to 1 um and etched
in a solution containing 1.5 g picric acid, 10 mL distilled water and 25 mL ethanol. The
microstructure of the as-extruded alloys was investigated using Rigaku D/MAX-2000 X-ray
diffractometer (XRD), Rigaku, Tokyo, Japan Nikon Eclipse MA200 light microscopy (LM),
Nikon, Tokyo, Japan, JEOL JSM-IT100 scanning electron microscopy (SEM) JEOL, Tokyo, Japan,
and Jeol JEM-2100F transmission electron microscope (TEM), JEOL, Tokyo, Japan.

2.2. Corrosion Measurements

The corrosion properties of as-extruded alloys were studied in alkaline 3.5 wt% NaCl
solution saturated with Mg (OH), and NaOH solution at room temperature. The pH of both
solutions was set to ~10.5. In this pH, Mg alloys can form a protective oxide or hydroxide
layer which checks the dissolution reaction [8]. For the electrochemical tests, a standard
three-electrode cell was used, with a platinum reference electrode, a silver-chloride counter
electrode, and an Mg specimen with an active area of 1 cm? served as a working electrode.
The samples were wet grounded to 5 um SiC. Prior to electrochemical tests, the specimens
were immersed in the solution for 1 h to obtain a stable open circuit potential (Eocp).
The potentiodynamic polarization (PDP) curves were carried out in a potential range of
—500 mV to +1000 mV vs. Eqcp at a scan rate of 1 mV/s. The electrochemical impedance
spectroscopy (EIS) tests were performed in the frequency range 0.01 Hz-100 kHz with an
amplitude of 0.01 V. Both PDP and EIS tests were conducted after 1 h, 1 day, 2 days and
3 days of immersion. All the corrosion tests were repeated at least three times to check
for reproducibility.

Immersion tests were performed at room temperature for 30 h. The specimens with
an exposed area of 6 cm? were ground to 5 um and immersed in the solution. Hydrogen
gas was collected in a burette, and the corrosion rate was evaluated according to [48].
The hydrogen evolution rate in NaOH solution was measured by the gravimetric method,
described by Fajardo and Frankel [49]. After the immersion test, the samples were cleaned
in chromic acid for two minutes in order to remove the corrosion products, and the corroded
surfaces were studied by the Nikon SMZ745T stereoscope, Nikon, Tokyo, Japan

Surface potential maps were recorded using an Asylum Research MFP-3D-BIO scan-
ning Kelvin probe force microscope (SKPFM) Oxford Instruments Asylum Research, High
Wycombe, UK, with a silicon tip coated with Ti/Ir (5/20), working in tapping mode. The
scan height in the lift mode was 25 nm, and the scan rate was 0.25 Hz. Prior to the testing,
the specimen’s surface was polished up to 1 um, cleaned in acetone and ethanol and dried
in air. The test was performed at room temperature and relative humidity of ~30%.

The corrosion products layer was examined by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250) Thermo Fisher Scientific, Waltham, MA, USA, with Al K, radiation
source at room temperature. The sputtering rate was 0.2 nm/s. Prior to the XPS analysis,
the specimens were ground to 5 um SiC and immersed in the electrolytes for 300 s in the
open circuit potential.

3. Results and Discussion
3.1. Microstructure

Figure 1a,b shows the optical micrographs of as-extruded AM60 with and without
Ca addition. The microstructure mainly consists of x-Mg grains, with average grain size
6.1 & 0.4 pymand 6.4 = 0.3 um for AM60 and AMX601 alloys, respectively. Alloying with Ca
usually refines the microstructure [40,42—44]; however, Baek et al. [44] and Mingo et al. [50]
reported no change in the grain size of extruded AZ61 after alloying with Ca. Large
polygonal-shaped precipitates of the Al-Mn phase were observed in both alloys, Figure 1c,d.
A remarkable change in the microstructure of AM60 alloy as a result of Ca addition, is
massive precipitation of Ca-containing second phase particles, as shown in Figure 1d.
These particles are small and are arranged with the extrusion direction.
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Figure 1. Typical microstructure of as-extruded: (a,c) AM60; (b,d) AMX601 alloys.
XRD patterns of the as-extruded alloys in Figure 2 confirm the presence of the AlgMns5

phase. The additional peaks in the pattern of AMX601 alloy can be ascribed either to
(Mg-Al),;Ca or to MgyCa phases since both phases possess a similar crystal structure [51].
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Figure 2. XRD (X-ray diffractometer) patterns of as-extruded: (a) AM60; (b) AMX601 alloys.

Thus, detailed phase identification was carried out through TEM measurements,
Figure 3. TEM diffraction pattern (inset in Figure 3) confirmed the presence of hexagonal
(Mg, Al);Ca phase (S.G. P63/mmc, a = 6.5 A, c=95 A). The average composition of this
phase, as measured by TEM/EDS is 7.7 at.% Mg, 59 at.% Al and 33.3 at.% Ca. In addition,
in our previous study [11] small particles of 3-Mgi7Al;, were found in wrought AM50
alloy; hence it is reasonable to assume that it is also presented in wrought AM60 alloy
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which was prepared by the same method and process parameters as AM50 alloy in [11].
However, no 3-phase was observed in the AMX601 alloy in various areas of the specimen.
This phenomenon was observed by several researchers, who suggested that Ca additions
suppress the precipitation of 3-phase [43,52], especially when Ca-containing phases are
formed [53].

022

002« 020

(MgIAl)an

Figure 3. TEM (transmission electron microscope) bright-field micrograph of the second phase
intermetallics observed in AMX601 alloy, with the corresponding electron diffraction pattern shown
in the inset.

3.2. Scanning Kelvin Probe Force Microscope Measurements

In order to distinguish the effect of the second phase particles on the corrosion behavior
of AM60 and AMX601 alloys, an SKPFM test was performed. Figure 4 shows the Volta
potential maps of the two types of particles: (1) Al-Mn, and (2) (Mg-Al),Ca. Both phases
have greater Volta potential than the x-Mg matrix, suggesting a cathodic behavior [54].
It was shown previously that Al-Mn and Ca-containing phases (e.g., Mg,Ca, Al,Ca, and
(Mg-Al),Ca) are electrochemically more noble than the «-Mg matrix [11,30,44—46,54,55].
Consequently, a micro-galvanic cell is created between the surrounding matrix and the
second phase particles, which serve as local cathodes. This results in preferential dissolving
of the a-Mg matrix around those particles and increasing of the overall corrosion rate.

The Volta potential difference measured between the x-Mg matrix and Al-Mn particle
is about ~300 mV, Figure 4b. This value is close to the previously reported Volta potential
difference between Al-Mn intermetallic and «-Mg matrix in wrought AM50 alloy [11]. Since
there is no difference in Al and Mn concentrations in the alloys (Table 1), it is reasonable
to assume that the amount of the Al-Mn particles is the same; thus, they will have the
same influence on the alloy’s corrosion behavior. Additional (Mg-Al),Ca particles with a
Volta potential difference of ~140 mV (Figure 4d) are expected to deteriorate the corrosion
resistance of AMX601 alloy. This value is close to the one reported by Baek et al. [44] in
AZC611 alloy. It should be noted that the Volta potential difference between the «-Mg
matrix and (Mg-Al),Ca phase is lower in comparison to the 3-phase, which is reported to
be around ~200 mV [30,56,57]. In other words, due to the addition of Ca the precipitated
B-phase changes to a Ca-containing phase, which might decrease the micro-galvanic effects.
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Figure 4. (a,c) Volta potential maps and (b,d) Volta potential line scans for the two second-phase
particles: (a,b) Al-Mn; (c,d) (Mg, Al),Ca.

3.3. Immersion Tests

Figure 5a presents the volume of hydrogen evolved during the immersion in 3.5 wt%
NaCl solution, saturated with Mg (OH),. The cathodic reaction, and the corresponding
corrosion rate, shown in Figure 5b, were enhanced with Ca addition. Localized corrosion
was observed on the alloy’s surface during the immersion, Figure 6. Although hydrogen
bubbles were observed on both alloys after 15 min, it is clearly seen that the corrosion
initiation and propagation are faster in the AMX601 alloy. The macrograph of the corroded
surface after removal of the corrosion products in Figure 7a presents clear pitting corrosion
for AM60 alloy after 4 h of immersion. On the contrary, the corrosion of AMX601 alloy
propagated as filiform corrosion, Figure 7b. The same tendency was observed after 24 h
of immersion: AMG60 alloy still has only pitting corrosion damage, Figure 7c, whereas
AMX601 alloy exhibit mixed pitting and filiform corrosion, Figure 7d. Nonetheless, the
corrosion damage seems to cover more surface at AMX601 alloy, yet the pits of AM60 alloy
are deeper.

7% 1 o-AM60 =157 -AM60

E ¢ -O-AMX601 = -O-AMX601

-

7 E 10

P

= 4 =

b = 5

=9 ke

g g

2 0 < 5 0

> 1>1

0 10 20 30 0 10 20 30

time [h] time [h]
(a) (b)

Figure 5. (a) Hydrogen evolution rate curve; (b) corrosion rate curves for AM60 and AMX601 alloys
immersed in 3.5 wt% NaCl solution saturated with Mg (OH), at room temperature.
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15 min 30 min l1h 4h 24 h 30h

(b)

Figure 6. Optical micrographs showing the surface of (a) AM60; (b) AMX601 alloys during the immersion in 3.5 wt% NaCl
solution saturated with Mg (OH); at room temperature.

Figure 7. Macrographs of the corroded surface after 4 and 24 h immersion in 3.5 wt% NaCl solution saturated with Mg
(OH); at room temperature, and removal of corrosion products: (a,c) AM60; (b,d) AMX601 alloys.

In order to check the effect of Ca on the corrosion behavior of AM60 in the absence of
CI™ ions, an immersion test was carried out in NaOH solution with the same pH, as the
NaCl solution (~10.5). Since the hydrogen evolution rate was very low and unable to be
measured by the volumetric method, a gravimetric method [49] was used instead. This
method is more sensitive than volumetric since it can take into account all the hydrogen
bubbles produced by the corrosion reaction, even those that remain on the alloy’s surface.

According to the results shown in Figure 8a, the hydrogen evolution rate of both alloys
in the absence of Cl~ ions is two orders of magnitude lower than in the NaCl solution
(Figure 5). The corresponding corrosion rate of AM60 alloy is higher in comparison to
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AMX601 alloy, Figure 8b. Hydrogen bubbles appeared after 15 min of immersion, yet no
visible corrosion damage was observed on the surface of both AM60 and AMX601 alloys
after 30 h (Figure 9). A protective oxide layer appeared on the alloy’s surface, manifested
by the loss of the metallic luster. According to the results of the immersion test, Figure 8,
it seems that the oxide layer of AMX601 is more stable and protective in comparison to
AMBG60 in the absence of Cl~ ions.

_0.04 _ 02
q L -0 AM60 i -FAM60
'é 0.03 = -0-AMX601 E 0.15 = -0-AMX601
= 0.02 2 0.1
= g
s =
s 0.01 £ 0.05
£ &
§ 0 £ 0
0 2 4 6 8 10 12 ©
time [h]
(a) (b)

Figure 8. (a) Hydrogen evolution rate curve; (b) corrosion rate curves for AM60 and AMX601 alloys
immersed in NaOH solution (pH = 10.5) at room temperature.

15 min 30 min lh 6h 30h

(b)

Figure 9. Optical micrographs showing the surface of (a) AM60; (b) AMX601 alloys during the immersion in NaOH solution
(pH ~ 10.5) at room temperature.

3.4. Electrochemical Tests

For further study of the alloy’s corrosion behavior, potentiodynamic polarization
(PDP) tests were conducted. Figure 10a presents the PDP curves of AM60 and AMX601
in 3.5 wt% NaCl solution, saturated with Mg (OH); after different immersion periods.
The corrosion current density (icorr) Wwas measured by Tafel extrapolation of the cathodic
branch, as described by Tkacz et al. [58], and the results are shown in Figure 10c and Table 2.
Clearly, alloying with Ca increases the icorr of wrought AM60 alloy and deteriorates the
corrosion resistance in NaCl solution. Longer immersion periods result in a higher value
of icorr for both alloys. These observations are consistent with the results of immersion test,
Figure 5.
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Figure 10. Potentiodynamic polarization curves of AM60 and AMX601 alloys after different immersion periods in:
(a) 3.5 wt% NaCl solution saturated with Mg (OH),; (b) NaOH solution (pH ~ 10.5); (c) the calculated corrosion current
density of AM60 and AMX601 alloys as a function of time in different solutions.

Performing the polarization tests in NaOH solution, Figure 10b, resulted in passive
behavior for both alloys at anodic potentials, indicating a growth of the protective oxide
layer. A metastable pit growth region [59] was observed for AM60 alloy at relatively
high potentials, expressed by spikes of the current density with increasing potential. The
initiation of pitting is characterized by increasing the current density, however, if their
growth is metastable and they can repassivate, the current density decreases. The icorr
values calculated for AM60 alloy are slightly higher than those of AMX601 alloy. Moreover,
increasing immersion time decreased the icr of both alloys. The inhabitation of the
corrosion reaction is probably due to the formation of a passive layer on the alloy’s surface.
The addition of Ca resulted in a more protective behavior of the layer in NaOH solution, as
was observed in the immersion test, Figure 7.
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Table 2. (a). The electrochemical parameters obtained from PDP (potentiodynamic polarization) curves of AM60 alloy. (b).
The electrochemical parameters obtained from PDP curves of AMX601 alloy. Eocp: open circuit potential. Ecorr corrosion

potential. icorr: corrosion current density.

(a)

NaCl NaOH
AM60
1h 1 Day 2 Days 3 Days 1h 1 Days 2 Days 3 Days
Eocp [V] —1.599 —1.542 -1.59 —1.584 —1.556 —1.295 —1.285 —1.293
Ecorr [V] —1.506 —1.424 —1.44 —1.48 —1.512 —1.275 —1.271 -1.27
Ecorr-Eocp [mV] 93 118 150 104 44 20 14 23
icorr [LA/cm?] 45.7 81.3 102.3 234.4 1.7 0.1 0.4 0.3
(b)
NaCl NaOH
AMX601
1h 1 Day 2 Days 3 Days 1h 1 Day 2 Days 3 Days
Eocp [V] —1.578 —1.568 —1.569 —1.564 —1.511 —1.146 —1.118 —1.182
Ecorr [V] —1.484 —~1.393 —1.409 —1475 —1.453 —1.146 ~1.114 —~1.174
Ecorr-Eocp [mV] 94 175 160 89 58 0 4 8
icorr [LA/cm?] 61.7 87.1 166 245.5 1.1 0.1 0.2 0.2

In order to ensure the suggestion above, EIS measurements were performed. Figure 11
presents the Nyquist and Bode plots of AM60 and AMX601 alloys in 3.5 wt% NaCl so-
lution, saturated with Mg (OH),. During three days of immersion, both alloys exhibit
two capacitance loops, as can be seen in Figure 10a. The loop at high frequencies is asso-
ciated with the double layer that exists in the interface between the alloy’s surface and
the solution, whereas the loop at low frequencies is attributed to the corrosion products
layer [60]. In addition, an inductive loop is observed at low frequencies, implying only a
partially protective oxide layer [61]. Increasing immersion time decreased the corrosion
resistance of the alloys, manifested by decreased impedance. At short immersion times,
it seems that the addition of Ca deteriorated the corrosion resistance of wrought AM60
alloy; the impedance values of AMX601 alloy are lower and the phase aperture is narrower,
Figure 10b. However, after three days of immersion, the impedance values of both alloys
are very close and so are the phase apertures, indicating the same corrosion resistance. It
seems that the deterioration of corrosion resistance with increasing immersion time is more
pronounced for the AM60 alloy.

The EIS data were fitted by Ivium Software. Version 4.999, Ivium Technologies,
Eindhoven, The Netherlands, to an equivalent circuit [11], shown in Figure 10c, and the
results are shown in Table 3. In this circuit R stands for the solution resistance, Rt and Cet
represents the resistance and capacitance of the double layer, respectively, Rg), represents
the resistance of the partially protective film, and C. is the capacitance of the outer oxide
layer. Apart from the first hour of immersion, the values of Ry, are higher for the AMX601
alloy, whereas the values of Rt of both alloys are very close. These results imply that the
initial oxide layer formed on the alloys’ surfaces is better for the AM60 alloy, yet it is less
stable for longer immersion periods. The deteriorated corrosion resistance of the AM60
alloy can be also ascribed to a pitting mode of corrosion, as was shown in Figure 7a,c,
whereas the AMX601 alloy exhibit mixed pitting and filiform corrosion, Figure 7b,d. In our
previous study [12] we showed that the corrosion resistance of alloys with mixed filiform
and pitting corrosion is better in comparison to alloys that exhibit only pitting corrosion.
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Figure 11. EIS results of AM60 and AMX601 alloys after different immersion periods in 3.5 wt%
NaCl solution saturated with Mg (OH),: (a) Nyquist plots; (b) Bode plots; (c) an equivalent circuit.

Different results were obtained after immersion in NaOH solution, Figure 12. Two
capacitance loops are observed after one hour of immersion. However, at longer immersion
periods the Nyquist plots present only one capacitance loop with a significantly larger
diameter, Figure 12a. In this case, the diameter of the capacitance loop is related to the
corrosion resistance; and it is clearly seen that the diameter of the AMX601 alloy’s loop is
bigger than that of AM60 alloy. Furthermore, no inductance loop is seen, even after 1 h
of immersion, indicating strong protective film [61]. The Bode plots, Figure 12b, correlate
with the Nyquist plots, indicating a better corrosion resistance for the AMX601 alloy.
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Table 3. The fitting parameters of EIS (electrochemical impedance spectroscopy) for AM60 and
AMX601 alloys, immersed in 3.5% NaCl solution saturated with Mg (OH),. Rs: solution resistance.
Re: resistance of the oxide layer. Ry, : resistance of the partially protective film. Re: resistance of
the double layer. Cg. capacitance of the double layer. C.. capacitance of the outer oxide layer. L:
inductance of the partial protective film.

1h 1 Day 2 Days 3 Days
AM60 AMX601 AM60 AMX601 AM60 AMX601 AM60 AMX601

Rs [ ecm?] 17.5 19.8 22 22.3 23.1 21.3 24.1 22.7
R. [Q ecm?] 42.1 33.3 38.7 323 25.1 241 18.6 21.2
Rejim [Q cm?] 10.7 9.1 10.2 10.6 53 8.4 43 7.1
Ret [Q em?] 9 8.1 53 53 4.5 4.5 3.7 41
Cet [uF/cm?] 940 1345 908 1082 1418 1404 1596 1618
Cc [uF/cm?] 13.5 224 20 18.1 26 23 244 23.9

L [H cm2] 9.4 7.1 5.6 6.8 1.9 42 2.3 42

Moreover, the impedance (and the corrosion resistance) of both alloys increased with
increasing immersion time, supporting the results of immersion tests and PDP tests in
NaOH solution, Figures 8 and 10b.

Since the corrosion behavior of the alloys is different for short and long immersion
periods, the data were fitted to different equivalent circuits. According to the results above,
after 1 h of immersion a duplex structure oxide layer was formed on the alloy’s surface
and an equivalent circuit with two time constants was used for data fitting, Figure 12c.
With increasing immersion time, the oxide layer becomes dense and compact, and the data
were fitted to a simple Randles equivalent circuit, Figure 12d. The fitting results are listed
in Table 4. A sharp increase in R values is seen after 1 day of immersion for both alloys,
indicating improved corrosion resistance. In addition, the R values of the AMX601 alloy
are two times larger in comparison to the values of the AM60 alloy. This observation comes
in line with the results of the immersion (Figure 8) and PDP tests (Figure 10b) in NaOH
solution. It seems that alloying with Ca results in a stronger protective layer in the absence
of C1~ ions. Moreover, increasing immersion time from 1 h to 24 h improves the stability of
the oxide film, and the corrosion reaction is inhibited.

3.5. Oxidation Characterisation

For a better understanding of the oxidation characteristics, the polished alloys were
immersed in the corrosive environments for 300 s, and the corrosion product layer was
studied by means of XPS. Figure 13 presents the XPS peaks’ analysis of the oxide films at
the surface and after 120 s of sputtering, which corresponds to a depth of 24 nm. Two types
of oxide were identified: MgO and Al;O3. The oxide layer of both alloys possesses a
duplex structure: the outer layer consists mainly of MgO, Figure 13e, and beneath it,
the corrosion products are a mix of MgO and Al,Os, Figure 13f. The quantity of MgO
decreased whereas the quantity of Al,O3 increased from the outer layer to the interior layer
close to the alloy’s surface. No Ca was detected in the oxide layer of the AMX601 alloy,
in contrast to previously published in the literature [39,47,62]. Nonetheless, the AMX601
alloy exhibited a higher tendency for Al,O3 formation in comparison to the AM60 alloy.
Moreover, no Al;O3; was observed in the XPS spectra of AM60 after immersion in NaOH
solution, Figure 13¢,d. Thus, it can be suggested that the addition of Ca might promote the
formation of the aluminum oxide layer.
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Figure 12. EIS results of AM60 and AMX601 alloys after different immersion periods in NaOH
solution (pH ~ 10.5): (a) Nyquist plots; (b) Bode plots; (c,d) equivalent circuits.
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Table 4. The fitting parameters of EIS for AM60 and AMX601 alloys, immersed in NaOH solution
(pH ~ 10.5).

1h 1 Day 2 Days 3 Days
AM60 AMX601 AM60 AMX601 AM60 AMX601 AM60 AMXe601
Rs [Q cm?] 0.5 0.4 1.7 1.7 2.3 1.8 2.8 1.9
Ret [ em?] 2 14 77.1 134 734 164.9 72.7 125.2
Cet [uF/cm?] 8.5 7.6 7.2 6.2 7.5 6.1 8.9 6.8
Reim [Q cm?] 10.3 10.6 / / / / / /
Céilm [LF/cm?] 0.04 0.041 / / / / / /
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Figure 13. XPS analysis of corrosion products of AM60 and AMX601 alloys after different immer-
sion periods in 3.5 wt% NaCl solution saturated with Mg (OH), and NaOH solution (pH ~ 10.5):
(a) Mg 2p 0Os etching; (b) Mg 2p 120s etching; (c) Al 2p Os etching; (d) Al 2p 120s etching; (e) O 1s Os
etching; (f) O 1s 120s etching.

In order to achieve a deeper understanding of the effect of surface oxidation of the
AMG60 and AMX601 alloys, this study applies the gravimetric method as described in [49]
with few differences. In these measurements, the studied samples were contacted to the
bottom of a balance, that was connected to a computer where the time evaluation of the
weight was recorded automatically during 24 h. The weight and the surface area of the
studied samples (in both solutions) were similar (~4.5 g and 20 cm?, respectively). The
weight difference/surface area (AW/A) of the studied alloys during 24 h of immersion in
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3.5% NaCl solution saturated with Mg (OH), and NaOH solution presented in Figure 14a,b
respectively. The behavior of the studied alloys was different in different environments.
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Figure 14. Gravimetric measurement (AW /A) for AM60 and AMX601 alloys immersed in: (a) 3.5 wt% NaCl solution
saturated with Mg (OH),; (b) NaOH solution during 24 h.

In the case of immersion in the 3.5% NaCl solution saturated with Mg (OH),, Figure 14a,
the AW/ A of the samples decreased in the first hour (65 min and 51 min for the AM60 and
AMX601, respectively). Afterward, the AW /A increased for both alloys, and after a few
hours reached a constant value. The average AW /A value of AMX601 was less than zero,
whereas the average AW/ A of AM60 reached positive values after 5 h and 14 min and then
stabilized. This can be explained by two different competing mechanisms: (i) dissolution
of the x-Mg matrix, and (ii) growth of the oxide layer. In the first hour, the dissolution was
dominant, thus the samples” AW /A decreased. Afterward, the growth of the oxide layer
was more overcame the dissolution, and the AW /A increased. The oxide layer of AM60
was thicker and more stable in comparison to that of AMX601, manifested by positive
values in the measured AW/A.

In the case of immersion in the NaOH solution, Figure 14b, the average AW /A values
of the samples were almost zero during 8 h of immersion. Afterward the AW/ A values
increased, implying growth of the oxide layer. It should be noted that the rate of AW/A
increase was higher for the AMX601 alloy. After ~17 h of immersion, the average AW /A
values reached a fixed value. The ratio between the AW /A value of the AMX601 to AM60
was ~3.5 after 24 h of immersion. Thus, it can be assumed that alloying with Ca improved
the stability and thickness of the oxide layer of AM60 in the absence of C1~ ions.

The results obtained from this experiment are consistent with the results of the hydro-
gen evaluation rate and electrochemical measurement shown above.

4. Discussion

Alloyed Ca has two major impacts on the corrosion behavior of AM60: (i) precipitation
of ternary (Mg-Al),Ca phase, Figures 1-3, and (ii) changing the corrosion mode from pitting
to filiform corrosion, Figures 6 and 7. SKPFM measurements confirmed the cathodic be-
havior of (Mg-Al),Ca phase relative to the x-Mg matrix. This phase creates micro-galvanic
cells with the surrounding matrix and facilitates the initiation of localized corrosion, as
was discussed in Section 3.2. On the other hand, filiform corrosion usually occurs in Mg
alloys when there is a protective oxide layer, which inhibits the corrosion rate [62,63]. XPS
measurements revealed the presence of Al oxide, which results from the solutionized Al in
the «-Mg matrix, Figure 13. This phenomenon and its contribution to corrosion resistance
are well-known in Mg-Al alloys [28,29]. Moreover, several researchers [38—40] reported
that Ca additions might improve the stability of the corrosion products layer, especially in
long immersion periods [39].

As was mentioned in Section 3.5 the corrosion behavior of the alloys depends on
two competing mechanisms: matrix dissolution and growth of protective oxide layer.
The corrosion reaction initiated as preferential dissolution of the a-Mg matrix around the
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second phase particles with higher Volta potential. Alloying with Ca resulted in a higher
number of second-phase particles, as was shown in Section 3.1, and the micro-galvanic
effects are expected to increase. The effect of the 3-phase on the corrosion resistance of
the AM60 alloy is negligible, due to the small amount of the particles, as was shown in
our previous study [11]. Therefore, the corrosion initiation of AMX601 is expected to be
hastened. On the other hand, it was found that Ca additions improve the stability of the
corrosion products layer, as was shown in Section 3.4-Section 3.5, thus improving the alloy’s
corrosion resistance. The overall corrosion resistance depends on the dominant mechanism.

In the case of NaCl solution, it seems that the matrix dissolution due to the micro-
galvanic effects is the dominant mechanism. The stability of the AMX601 alloy’s oxide layer
in the presence of Cl~ ions was found to be insufficient, and the corrosion rate of AMX601
was high in comparison to that of AM60. Hence it can be summarized, the addition of
Ca to AM60 deteriorated its corrosion resistance in the presence of C1~ ions. However, in
the case of NaOH solution, it is clearly seen that Ca contributes to the stability and the
thickness of the protective layer and inhibits the corrosion rate. Thus, it can be assumed
that alloying with Ca improves the corrosion resistance of wrought AM60 in the absence of
Cl™ ions.

5. Conclusions

e  Thisresearch investigates the effect of alloyed Ca on the corrosion behavior of wrought
AME60 alloys in alkaline solutions with and without C1~ ions. It was found that Ca
additions deteriorate the corrosion resistance of AM60 in NaCl solution, whereas in
NaOH solution without CI~ ions the corrosion behavior improved. The addition
of 1 wt% Ca to AM60 results in massive precipitation of (Mg-Al),Ca second phase
particles with cathodic behavior relative to the «-Mg matrix.

e  Ca additions stabilize the corrosion products layer of the wrought AM60 alloy. How-
ever, its stability is inferior in the presence of Cl~ ions in short-term immersion.

e  In the NaCl solution, Ca additions deteriorate the corrosion resistance of wrought
AMBG60, due to the increased micro-galvanic effects.

e  Inthe NaOH solution, Ca additions effectively stabilize the oxide layer of the wrought
AMSG60 alloy and contribute to the alloy’s corrosion resistance.

e  The stabilization of the oxide layer by Ca additions is more pronounced after 2-3 days
of immersion both in the NaCl and NaOH solutions.
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