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Abstract: The growing interest in improving Mg-based alloys’ corrosion properties stimulates the
development of Mg-Y-Zn alloys with long-period stacking-ordered (LPSO) structures. In this work, to
describe the corrosion performance of Mg-LPSO alloys, a set of experiments, including microstructure
observations and corrosion testing in media containing various concentrations of chloride ions, were
carried out. It was shown that the main corrosion mechanism occurring on the alloys was not
only related to the volume of LPSO structures in the Mg matrix but was also dependent on their
distribution. In the chloride-containing solutions, pitting was the predominant corrosion mechanism,
and with the increasing chloride concentration, microgalvanic corrosion was accelerated.
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1. Introduction

Due to strong aging hardening abilities, low density, creep resistances, and biocompati-
bility, Mg alloys have a great application potential as lightweight structural and biomedical
materials. The growing interest in further improvement of material strengthening has
stimulated the development of Mg-Y-Zn alloys with long-period stacking-ordered (LPSO)
structures [1,2]. The LPSO phases form in Mg alloys which contain two main types of
alloying elements: (i) a transition metal with a smaller atomic radius than Mg, such as Zn;
and (ii) RE elements with a larger atomic radius, such as Y and Gd [3,4]. Their stacking
sequence depends on the alloying elements’ (Zn and Y) concentrations in the Mg matrix [5].
Many types of Mg-LPSO structures have been investigated, called 6H, 10H, 12R, 14H,
18R, 24R, 29H, 51R, 60H, 72R, 102R, and 192R [6]. Besides chemical composition, the
formation of LPSO structures strongly depends on fabrication methods (casting, rapidly
solidified powder metallurgy, electric resistance melting) and/or post processing of the
alloys, including heat treatment and severe plastic deformation methods [7-10]. Generally,
the formation of LPSO structures in Mg alloys leads to the enhanced mechanical properties
of the Mg alloys [11-15]. As a result of the developed microstructure, grain refinement is
a strengthening mechanism, as the number of grain boundaries increases due to a higher
fraction of LPSO phases [16]. Another way of impeding the dislocations’ movement is the
ongoing deformation of LPSO phases, where dislocations are accumulated and blocked by
the kinked LPSO phases [17]. Additionally, bending and kinking of LPSO phases leads to
the further refinement of LPSO phases, which also influences a great extent of mechanical
properties [18,19]. Horvath et al. [16]. made a comparative study on the extruded WZ21
(Mg-1.8-0.7Zn, wt.%), WZ42 (Mg-3.5Y-1.6Zn, wt.%), WZ72 (Mg-6.9Y-2.5Zn, wt.%), and
WZ104 (Mg-10Y-3.7Zn, wt.%), and reveals that the increasing content of Zn and Y improves
mechanical properties of the alloys. Moreover, the high-temperature deformation of WZ42
was studied by Fekete et al. [20], and it was shown that two factors control the yielding of
LPSO structures: activations of extension twin system in elongated grains and basal slip in
the dynamically recrystallized grains (up to 300° C).
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There is vast knowledge about the microstructure and mechanical properties of Mg
alloys containing LPSO structures; moreover, their corrosion resistance still needs to be
thoroughly investigated. Pérez et al. [21] discovered that the orientation of LPSO-phase
alignments strongly influences the corrosion resistance of the extruded Mg97Y2Zn1 alloy.
Li et al. [22] concluded after investigations of WZ12 (Mg-0.9Zn-1.6Y wt.%), WZ25 (Mg-
2.17Zn-5.2Y wt.%), and WZ38 (Mg-3.1Zn-7.6 wt.%) that in 0.1 M neutral NaCl solution,
galvanic corrosion prevails in the corrosion performance of Mg-Zn-Y alloys. Due to
increasing concentration of alloying elements, mechanical properties increase; however,
a higher number of LPSO phases resulted in a lowering of corrosion resistance of WZ25
and WZ38 compared to WZ12. On the contrary, it was shown that the formation of
LPSO structures in as-extruded GZ51K (Mg-5Gd-1Zn-0.6Zr) alloy improves its corrosion
resistance when compared to T4-treated alloy [8]. The effect of LPSO on the corrosion
resistance of Mg-6Gd-2Y-1Znn-0.3Zr has been studied in detail [23]. It has been shown that,
apart from LPSO structures, aged-precipitations significantly affect corrosion mechanisms
of the alloys, leading to the micro galvanic corrosion between fine recrystallized grains
and aged precipitations. It is worth mentioning that the method of production and its
parameters also influence the corrosion resistance of Mg-LPSO alloys. As reported by Wang
et al. [24], the number of passes during equal channel angular pressing (ECAP) has a major
effect on the corrosion resistance of Mg-1Y-0.5Zn; however, there is no straightforward
dependence showing that with the increasing number of ECAP passes, the corrosion
resistance increases.

Since Mg-Zn-Y alloys became a goal of interest, due to many possibilities of microstruc-
ture control and their high mechanical properties, a vast scope of research is necessary to
have detailed knowledge about their corrosion susceptibility. It would be highly beneficial
to indicate the optimal content of alloying elements Y and Zn, which directly transforms
into a volume fraction of LPSO phases to reach the best corrosion properties. Hence, in this
study, the extruded WZ42 (Mg-3.5Y-1.6Zn, wt.%) and WZ104 (Mg-10Y-3.7Zn, wt.%) alloys
in terms of their corrosion performance in various chloride-containing corrosive solutions
are investigated.

2. Materials and Methods

Two Mg-Y-Zn alloys (WZ42 and WZ104 with the chemical composition given in
Table 1) were conventionally extruded with the extrusion ratio of 4:1 and the extrusion rate
of 0.5 mm-s~! at 350 °C into rods with a final diameter of 10 mm.

Table 1. Chemical composition of WZ42 and WZ104 alloys, wt.% [16]).

Elements (wt.%) Mg Y Zn
WZ42 94.9 3.5 1.6
WZ104 86.3 10.0 37

For microstructural characterization, optical (Zeiss AxioVision) and scanning electron
microscopy (SEM, Hitachi SU8000) equipped with an energy dispersive spectrometer
(EDS) were used. Samples were moulded in an acrylic resin and subsequently polished
mechanically using an automatic grinding and polishing machine with #1200, #2500, and
#4000 SiC grinding papers. Final polishing was carried out using water-free self-lubricating
monocrystalline diamond suspensions (with gradation of 3 um and 1 um) along with
anhydrous lubricant containing glycerine and ethanol (volume ratio of 1:2). Samples were
etched with picric acid solution (5 mL of acetic acid, 40 mL of ethanol, 2.1 g of picric acid,
5 mL of distilled water) for 5 s and optionally with a solution of 10% nitric acid solution
for 5 s. The microstructure observations were performed on the surfaces parallel and
perpendicular to the extrusion direction. For SEM observations, polishing in a low energy
Ar+ beam using an ion milling system IM4000 Hitachi was utilized. Based on SEM images,
quantitative microstructure analysis (volume fraction of observed phases) was carried
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out [25,26]. Particularly, SEM images were converted into binary images, which enables to
distinguish LPSO phases from the Mg matrix, and to calculate their fraction in the alloy.

Two types of corrosion tests (electrochemical and immersion tests) in various solu-
tions: 0.01 M NaCl, 0.1 M NaCl, 1 M NaCl and PBS (quiescent, naturally aerated) were
performed. To prepare chloride-containing solutions, distilled water, and analytical grade
NaCl (Chempur) were used. The PBS was prepared using tablets purchased from Sigma
Aldrich Ltd. (1 1 of PBS was prepared using 5 tablets). The electrochemical tests consisted
of the open circuit potential measurements (Eocp) for 1 h, electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization measurements. To conduct electro-
chemical measurements, a working station consisting of Gamry Potentiostat Reference 600+
and the standard three electrode setup (reference electrode Ag | AgCl, counter electrode Pt
and a sample as a working electrode) were used. After 1 h of open circuit immersion, EIS
were recorded in a range of 0.01 Hz to 10,000 Hz (10 points/decade). The results were fitted
using Gamry Echem Analyst™ software. The same software was used to calculate parame-
ters from potentiodynamic polarization. The potentiodynamic curves were registered 0.5 V
below the Egcp to 1.5 V vs. Egcp at a scan rate of 5 mV /s. The post-corrosion morphology
of the samples was observed after 1 h immersion under open-circuit conditions using
scanning electron microscopy (SEM, Hitachi SU8000). The images were obtained on the
surfaces perpendicular to the extrusion direction, with and without corrosion products. To
approach this, polished (#4000 SiC papers) samples were immersed in different solutions
(0.01 M NaCl, 0.1 M NaCl, 1 M NaCl, PBS at 37 °C) for 1 h. Afterwards, corrosion products
on one sample from each alloy were removed via chemical treatment with CrOj3 for 40 s as
specified in ASTM G1 Standard Practice for Preparing, Cleaning, and Evaluation Corrosion
Test Specimens [27]

3. Results
3.1. Microstructure Characterization

The microstructures of WZ42 and WZ104 in both perpendicular and parallel to extru-
sion directions are heterogeneous, with grains differing in size and randomly distributed
fractions of LPSO phases (Figure 1). The complex and ununiform microstructure was
formed during extrusion (Figure 1a,b). Distinguishable LPSO structures are observed
in Figure 1. Differences observed in their morphology allowed us to distinguish two
types of irregularly distributed LPSO structures: the dark grey LPSO phases (red-marked
in Figure 1) exhibit a lamellar structure consisting of thin platelets, elongated along the
extrusion direction. The second type are the light grey LPSO phases indicated by the
yellow arrows in Figure 1a,b and shown at higher magnification in Figure 1c,d; they have a
block-like structure, and they are not elongated along the extrusion direction (recognized
previously as 18R polytype [20,28]. LPSO phases are distributed irregularly in both alloys,
and they tend to locate as “knots on the rope” (Figure 2a,b). The sharp-edged precipitations
also follow this trend by grouping along a line, especially observed in a cross-section
image in a direction perpendicular to the extrusion direction (Figure 2c,d). As indicated
in Figure 2e, the precipitations observed in both alloys are mainly composed of Mg and Y,
LPSO phases containing Mg, Y, and Zn. It is also worth mentioning that the microstructures
of both alloys are composed of «(Mg) with bimodally distributed grain sizes formed due
to different kinetics of recrystallization (dynamic recrystallization, DRX, and non- DRX),
which is described well in [16,29]. The DRX and non-DRX areas are clearly shown in
Figure 2d. The volume fraction of the LPSO phase in the microstructure of WZ42 and
WZ104 is quantitively presented in Figure 3. A higher volume of LPSO phase was formed
in the WZ104 alloy, reaching 31%, while the fraction of the LPSO phase in case of WZ42
alloy was found to be about 8%.
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Figure 1. Optical microstructures of the investigated alloys: (a) WZ42—surface parallel to the
extrusion direction, (b) WZ104—surface parallel to the extrusion direction, (¢) WZ42—surface per-
pendicular to the extrusion direction, (d) WZ104—surface perpendicular to the extrusion direction.
LPSO phases with a lamellar structure consisting of thin platelets are marked by the red arrows LPSO
phases with block-like structures are marked by the yellow arrows.
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Figure 2. SEM microstructures of WZ42 and WZ104 alloys: (a) WZ42—surface perpendicular to the
extrusion direction, (b) WZ104—surface perpendicular to the extrusion direction, (¢) WZ42—surface
parallel to the extrusion direction, (d) WZ104—surface parallel to the extrusion direction, (e) EDX

analyses of the precipitations marked as P1 and P2, and EDX of LPSO structures formed in WZ42
and WZ104.
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Figure 3. Representative binary images showing LPSO fraction in the investigated alloys: (a) WZ42,
(b) WZ104; surfaces perpendicular to the extrusion direction.
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3.2. Corrosion Testing

The corrosion potential evaluation recorded under open circuit conditions in naturally
aerated NaCl solution with various concentrations of chlorides (0.01 M, 0.1 M, 1 M) is shown
in Figure 4. The highest values of Eocp are noticed for the materials in the least concentrated
solution. Together with the C1~ increase, the Eocp decreased, indicating a weaker resistance
of investigated materials to the corrosive environment [30-32]. Among all materials, the
most stable Eocp is recorded for pure Mg. In 0.01 M NaCl, the initial increase in Eocp
for WZ42 is observed (from -1.53 to —1.42 V /Ref) during the first 25 min of immersion.
Afterward, the Egcp slightly decreased, having a similar value of —1.45 V/Ref during
the reminder of the experiment. The increasing trend of Eocp during 1 h of immersion
is characteristic for the WZ104 alloy; at the beginning of immersion, Eocp was found to
be —1.47 V/Ref, and at the end of immersion, it was —1.35 V/Ref. In 0.1 M NaCl, the
potential evaluation for the WZ42 alloy underwent the same trend with a slow increase
from —1.58 V/Ref to —1.44 V/Ref during 35 min of immersion. After that, values decreased,
oscillating around —1.55 V/Ref for the remainder of the experiment. In 0.01 M NaCl, the
WZ104 exhibited stable values of Eocp (—1.54 V/Ref) during the entire immersion time. In
1 M NaCl, the WZ42 and WZ104 alloys exhibited a similar trend with an initial increase
in Eocp followed by its decline to —1.62 V/Ref (after 5 min for the WZ104 alloy, after
15 min for the WZ42 alloy). Stable enough values of Eocp are characteristic for both alloys
oscillating around —1.58 V/Ref for the WZ42 alloy and —1.72 V /Ref for the WZ104 alloy.
In PBS, there were also stable enough values of Eocp, with —1.58 V/Ref for the WZ42 alloy,
and —1.72 V/Ref for the WZ104 alloy.

"1 2 T T T T T T T T
-1.31——wz42 1
T -1.41
(14
Q1.5

o167

‘1 .8 y T X T x T ¥ T ¥ T
0

Time (min)

Figure 4. Eqocp evaluation recorded for the investigated materials during 1 h of immersion in 0.01 M
NaCl, 0.1 M NaCl, 1 M NaCl, and PBS.

The potentiodynamic polarization curves registered for the investigated materials
in all analyzed solutions (0.01 M NaCl, 0.1 M NaCl, 1 M NaCl and PBS) are depicted
in Figure 5. The most active among the investigated materials was pure Mg; therefore,
that sample was investigated only in the least concentrated solution (Figure 5a). Uniform
dissolution of pure Mg in 0.01 M NaCl is also confirmed by the uniformly increasing current
density together with shifting potentials towards more positive values. Anodic branches of
potentiodynamic curves recorded for the WZ42 and WZ104 alloys have different trends, and
inflection points typical for breakdown potential (E,) are observed [33,34]. The increasing
chloride concentration causes a more uniform dissolution of WZ104; however, on the anodic
branch of WZ42, Ey, can still be distinguished Figure 5b. In 1 M NaCl, Figure 5¢, the WZ104
alloy started to corrode rapidly, while clear Ej, is present for WZ42. As shown in Table 2, the
increasing corrosion current density icorr in the sequence of WZ42 < WZ104 is repeatable in
all analyzed mediums suggesting that WZ42 is more resistive than WZ104. When analyzing
chloride concentration, it must be noted that in the case of WZ42, ¢+ follows the sequence:
0.01 M <0.1 M << 1M < PBS (0.6 M). This indicates that not only chloride concentration
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affects corrosion mechanisms and kinetics in the case of the WZ42 alloy, but also other
species present in PBS. A different situation is observed for WZ104 where the highest icorr
values are calculated for that sample in 1 M NaCl, giving the information that the corrosion
is mainly affected by chloride concentration and with the increasing chloride concentration,
the resistivity of the alloy decreased. An apparent plateau observed on the anodic branch
of the polarization curve of WZ42 in PBS indicates that a more stable passive layer forms
on the surface of WZ42 than on the surface of WZ104.

0 0
(a) 10_1 0.01 M NaCl (b) 10 151 M NaCi
1074 104
107
NE 10-3!
2 10%
=10*]
H 0% |
1074 i —— WZz104 1071 Wz42
108 4+— ; . . 10° WZ104
-16 -12 08 04 00 16 12 -08 -04 00
E (V v Ref) E (V vs Ref)
0 0
(¢) 19 rimaci (d) 1 1pgs
107 + 1074
1021\ 1024
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Figure 5. Potentiodynamic curves obtained for the investigated materials after 1 h of immersion in
(a) 0.01 M NaCl, (b) 0.1 M NaCl, (¢) 1 M NaCl and (d) PBS.

Table 2. Electrochemical parameters calculated from fitting of the potentiodynamic polarization
curves (Ecorr—corrosion potential, icorr—corrosion current density, E,—breakdown potential).

(\lrilcﬁrerf) (uafemz)  Eo (V/ReD (V/Dlz:ade) (\lrilcf{rerf) (uafemz)  Eo (V/ReD (V/D[ZZade)
0.01 M NaCl 0.1 M NaCl
Mg —1.37 64 n/a 0.10 n/a n/a n/a n/a
WZz42 —1.38 14 —0.76 0.31 —1.48 95 —1.16 0.22
WZ104 ~1.25 2 ~1.00 047 —142 124 n/a 0.25
1 M NaCl PBS
WZ42 —147 155 —1.35 0.18 —147 276 —1.18 0.34
WZ104 —1.44 738 n/a 0.27 —1.43 389 —1.10 0.38

EIS spectra collected during the immersion tests for the investigated materials are
shown in Figure 6, and the equivalent electronic circuits used for data fitting are presented
in Figure 7. The detected trends in the spectra were different depending on the type
of environment. The Nyquist plots recorded for the WZ42 and WZ104 in the 0.01 M,
0.1 M and 1 M NaCl are composed of one capacitive loop recorded at high and middle
frequency, and a tail at low frequencies. The capacitive loops are not perfect semicircles—a
so called dispersing effect in the case of which the double layer does not behave as an ideal
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capacitor [35]. The capacitive loops are attributed to the charge transfer of the corrosion
process. To describe the capacitive loop Rt and CPEq; are used, where R presents charge
transfer resistance and CPE) is the electrical double layer capacitance, and Rs is a solution
resistance. The inductive loop comes from the adsorbed/desorbed species on the surface
of the electrode, such as Mg(OH)* and Mg(OH), suggesting that this loop can be related
to the pit formation [36]. In the case of PBS, additional parameters such as Rr and CPEp are
related to the resistance and capacitance of passive film formed on the alloys.
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Figure 6. EIS results recorded for the investigated alloys after 1 h of immersion in 0.01 M NaCl, 0.1 M
NaCl, 1 M NaCl, and PBS; (a-d) Nyquist plots, and (e-h) Bode plots.
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WZ42, WZ104 in 0.01 M NaCl
WZ42, WZ104 in 0.1 M NaCl

Mg in 0.01 M NaCl

WZ42, WZ104 in 1 M NaCl WZ42, WZ104 in PBS

CPE
y

Figure 7. Equivalent electronic circuits used for data fitting of the investigated alloys after 1 h of
immersion in various solutions: (a) WZ42, WZ104 in 0.01 M NaCl and WZ42, WZ104 in 0.1 M NaCl,
(b) WZ42, WZ104 in 1 M NaCl, (c) Mg in 0.01 M NaCl and WZ42, WZ104 in PBS.

The parameters obtained from impedance analysis are summarized in Table 3. The
diameter of the capacitive loops is generally related to the corrosion rate; the broader the
radius of the capacitive loop, the lower the corrosion rate of the respective alloy. It is evident
from the Nyquist plots presented in Figure 6a—c that a broader radius of the capacitive loop
is associated with a lower chloride concentration of NaCl solution, which is also confirmed
by the total impedance modulus decreasing due to increasing chloride concentration in
the solution (Figure 6e—g). From the analysis of the results obtained in PBS, it is clearly
seen that the corrosion mechanism changed, resulting in film formation on the surface of
the alloys. In this case, corrosion products were more stable leading to the formation of a
corrosion layer which most likely prevented the spreading attack of aggressive ions into
the Mg substrate. The Equivalent electronic circuits used for data fitting of the investigated
alloys are depicted in Figure 7.

Table 3. Characteristic electrochemical parameters delivered from EIS data fitting with the use of
equivalent electronic circuits presented in Figure 7 after 1 h of immersion under aerated conditions.

R, R¢ CPE; Ret CPEq Ry L
(Q-cm?) (Q-cm?)  pSs?/cm? m (Q-cm?)  pSs?/cm? n2 (Q-cm?) (H-cm?)
0.01 M NacCl
Mg 309 202 11 0.91 254 29 0.99 216 987
WZ42 243 n/a n/a n/a 1099 14 0.92 547 3180
WZ104 293 n/a n/a n/a 954 24 0.88 272 1118
0.1 M NaCl
WZz42 37 n/a n/a n/a 233 17 0.92 441 1204
WZ104 37 n/a n/a n/a 138 37 0.89 198 757
1M NaCl
Wz42 n/a n/a n/a 468 22 0.91 2075 45
WZ104 n/a n/a n/a 208 84 0.80 375 963
PBS
WZz42 20 365 35 0.88 749 1214 0.74 834 12,250
WZ104 21 472 38 0.88 666 1568 0.87 846 25,000

To perform a detailed characterization of the corrosion mechanisms and damage that
occurred on the surface, the SEM observations of the corroded surface after immersion,
and after corrosion products removal, were done. Results of the observations are shown in
Figures 8-11. Corrosion products observed on the surface of WZ42 and WZ104 vary due to
different corrosive mediums. In 0.01 M NaCl and 0.1 M NaCl, multiply pits were formed on
the WZ42 and WZ104 and their surfaces were covered with needle-like corrosion products
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of Mg(OH); (shown in Figure 8a,b and Figure 10a,b in the insets). In 1 M NaCl, the surfaces
of both alloys were covered with extensive corrosion products, however, in both cases,
dendrites suggest formation of NaCl crystals on the surfaces (Figures 8c and 10c). Different
surface morphology is observed in Figures 8d and 10d, representing the surfaces of the
alloys immersed in PBS is covered with uniform corrosion deposits where the particle-like
shapes are observed. Signal coming from P during EDX measurements allows us to infer
the incorporation of this element in the layer of corrosion products formed on the substrate.

(RN
50.0um

Figure 8. Characterization of corroded surfaces of WZ42 after 1 h of immersion in naturally aerated
(a) 0.01 M Na(l, (b) 0.1 M NaCl, (¢) 1 M NaCl, and (d) PBS.

Figure 9. Characterization of the corroded surfaces of WZ42 after corrosion products removal after
1 h of immersion in (a) 0.01 M NaCl, (b) 0.1 M NaCl, (¢) 1 M NaCl, and (d) PBS.
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Figure 10. Characterization of the corroded surfaces of WZ104 after 1 h of immersion in naturally
aerated (a) 0.01 M NaCl, (b) 0.1 M NaCl, (c) 1 M NaCl, and (d) PBS under aerated conditions.

Figure 11. Characterization of the corroded surfaces of WZ104 after corrosion products removal after
1 h of immersion in naturally aerated (a) 0.01 M NaCl, (b) 0.1 M NaCl, (c) 1 M NaCl, and (d) PBS
under aerated conditions.

After removing the corrosion products, the main corrosion mechanisms must be
differentiated concerning various solutions. It is essential to underline that both alloys
undergo pitting corrosion in 0.01 M and 0.1 M NaCl (Figure 9a,b and Figure 11a,b). When
the chloride concentration increases, pits are still visible; however, corrosion damage is
formed as a result of microgalvanic interactions between LPSO structures and Mg matrix
(Figures 9c and 11c). Herein, the most abundant factor influencing corrosion resistance
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is the volume fraction of the LPSO phase. An interesting situation is observed on the
surface of the alloys immersed in PBS, where the corrosion mechanism completely changed:
corrosion proceeds between LPSO structures and Mg matrix to some extent, and then
attacks grain boundaries, resulting in the formation of the intergranular corrosion (IGC);
see Figures 9d and 11d.

4. Discussion

In this work, the corrosion resistance of WZ42 and WZ104 alloys was characterized
in various corrosive solutions (0.01 M NaCl, 0.1 M NaCl, 1 M NaCl, and PBS). The mi-
crostructure of both alloys is complex and is composed of bimodally distributed grain sizes
of Mg matrix, fractions of the LPSO phase and Y-rich precipitations. Sets of experiments
of Mg alloys containing the LPSO phase have been investigated in order to elucidate the
relationship between corrosion resistance and the microstructure of the alloys. Previous
reports focused mainly on the microgalvanic role of LPSO and how their presence ac-
celerates corrosion reactions depending on the chemical composition of the alloys [6,37].
Conversely, if the LPSO fraction is high enough, they can improve the corrosion resistance
of the alloys by forming corrosion barriers [6]. The results show that corrosion mechanisms
occurring in the Mg alloys containing LPSO structures are not only related to the fraction
of the LPSO phase, but they are also strongly dependent on the other factors, such as their
distribution in the alloy or the analyzed environment. Pitting is the dominating mechanism
of the corrosion proceeding in low chloride concentrated solutions, while with the chloride
concentration increase, microgalvanic corrosion is accelerated, and it is strongly dependent
on the fraction of the LPSO phase and their morphological structure. The most intense
corrosion is observed for WZ104 in 1 M NaCl where the fraction of LPSO structures was
found to be 31%. A lower fraction of the LPSO phase still led to the microgalvanic coupling;
however, it does not induce such strong corrosion damage. Different corrosion mechanisms
are present in PBS where the passive film formation occurred, and it was the reason for the
uniform corrosion distribution on the metal surface. The presented knowledge is different
from the conventional wisdom, as we did not observe microgalvanic dissolution of the
LPSO phase in WZ42, but it was present in WZ104. This suggests that not only a microgal-
vanic effect between the LPSO phase and Mg matrix but also their number and distribution
are responsible for corrosion kinetics. A higher area ratio of LPSO phases to Mg matrix
leads to more intense microgalvanic corrosion due to the spatial distribution of the potential
and current induced from half-reactions. Higher cathodic area must be compensated by
anodic sites to drive system to equilibrium state, and this is the main reason for higher
corrosion damage in the alloy containing a higher fraction of the LPSO phase. It is essential
to underline that in PBS, grain boundaries were attacked simultaneously with the microgal-
vanic effect of LPSO phases. These processes are related to the recrystallization kinetics
and must be investigated further. Nevertheless, it is important to mention that the presence
of HPO4?~ anions in PBS may result in the precipitation of phosphate-type compounds
(e.g., Mg3(POy), or Ca3z(POs),), changing the protective properties of the corrosion layers
formed on the surface of the alloys.

A higher resistance against corrosion that the alloys have in the PBS can be attributed
to the phosphate precipitation, which hinders the action of chloride; thus, Mg matrix
dissolution is slower. In summary, the most perspective corrosion behaviour has WZ42 in
the PBS environment. This result is attributed to the formation of a deposit of corrosion
products, which offers more protection from the diffusion of aggressive ions to the electrode
surface, as well as a lower number of microgalvanic couplings between LPSO phases and
Mg alloys than those formed in the WZ104 alloy.

5. Conclusions

From the results of the investigation, the following conclusions can be drawn:
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e  The corrosion mechanisms occurring in the case Mg-LPSO alloys are dependent on the
volume fraction of LPSO phase, its distribution, and corrosion conditions (corrosive
medium);

o  Depending on the corrosion medium, various corrosion mechanisms dominate. In
0.01 M NaCl and 0.1 M NaCl pitting is the dominant mechanism, while in 1M NaCl,
pitting and microgalvanic corrosion between LPSO phase-Mg matrix occur. In PBS,
microgalvanic and intragranular corrosion formed; however, their attack was partially
slowed down by the formation of corrosion products containing P;

e  Although PBS is a more complex medium for unveiling mechanistic information
regarding the degradation of Mg-LPSO alloys, it gives additional protection and thus
more realistic results when the purpose of the work is the development of materials
for biomedical applications.
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