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In our previous work, a novel robustness mineralized layer was prepared on surface of AZ80-0.38Nd (wt%) alloy,
which mainly consisted of rod-like structure MgCO3e3 Hy0 and flake structure 4MgCO3eMg(OH)ze4 H,0. The
mineralized layer exhibited outstanding robustness structure. While its corrosion protection for magnesium alloy
has not been explored. In this paper, the corrosion behavior and protective performance of the robustness
mineralized layer were investigated via hydrogen evolution and electrochemical measurements, systematically.
The results show that the mineralized layer exhibited excellent anti-corrosion property in the NaCl solution
compared with the oxide layer, due to the outstanding impermeability. And the mineralized layer presented
better corrosion passivation and micro-galvanic corrosion inhibition effects due to the characteristics of slight
defects and good adhesion to matrix. Besides, the mineralized layer could launch CO3~ during degradation of
corrosion, which slowed down the penetration of Cl™ across the layer and inhibited the attack of Cl~ on mag-
nesium substrate. The fabrication of robustness mineralized layer on magnesium alloys surface provides a novel
effective strategy for improving the corrosion resistance of magnesium alloys.

1. Introduction

Magnesium alloy with a density of about 1.8 g/cm? is lighter than
other structural alloys. And magnesium alloy is widely used in industrial
circle, such as aerospace [1,2], computer [3], communication [4],
consumer electronic [5], automobile [6], and health care industries [7],
owing to the characteristics of light weight, excellent thermal and
electrical conductivity, and good damping capacity. While the practical
application of magnesium alloy is limited by its high chemical reactivity
and poor corrosion resistance characteristics [3-5]. It suffers serious
erosion in weak acidic aqueous solutions, even in neutral or weak
alkaline aqueous solutions, so surface treatment is necessary for service
life improvement of magnesium alloy in commercial and practical en-
gineering application. The main surface treatment techniques for
external protection of magnesium alloy include thermal spray coating
[8], chemical coating [9], layered double hydroxide (LDH) coating [10,
11], ion implantation [12], and plasma electrolytic oxidation (PEO) [13,
14]. These technologies have played a certain role in magnesium alloy
protection, but they still show irreparable disadvantages.

Recently, PEO technology has become a hot spot in surface treatment
research of magnesium alloy [13-16]. PEO films show perfect effect on
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improving surface properties of magnesium alloy especially the corro-
sion resistance. Because in this process, high-energy discharges could
melt magnesium alloy substrate, while the electrolyte could cool the
molten oxide metal to form a ceramic film on alloy surface [15]. How-
ever, the huge operating voltages result in significant energy expense
and a burden on the cost, which limited its rapid development and
large-scale application. Besides, many other factors including the elec-
trolyte concentration and composition, the electrolytic mode and cur-
rent density, the type of substrates and the temperature and time of the
coating process affect the plasma electrolytic oxidation process and
energy consumption, that make the investigation more challenging [16].

LDH coatings have effective corrosion protection on magnesium
alloy owing to the unique characteristics, such as structure memory
effect, anion capacity, anion exchangeability, and barrier resistance
[17]. As A™ (CO%’, NO3) were contained in LDH coating, corrosive an-
ions (especially CI) in the corrosion medium were exchanged by them,
which can improve the corrosion resistance of magnesium alloy sub-
strate and slow down the penetration of anions [10]. But the LDH films
are thin and cannot absolutely cover the magnesium alloy substrate with
the unavoidable porosity defects. And the stability of LDH film maybe is
humble and will be lost in the acidic solution or high temperature
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environment, which hampers the application range of LDH coating [11,
18]. Usually, other coatings are combined with LDH coating in order to
improvement the corrosion resistance, which undoubtedly increases the
complexity and cost of the process [19].

Some other surface treatment techniques for magnesium alloy are
also widely used, such us thermal spray coating, chemical conversion
coating, and ion implantation technology. However, they might show
characteristics of environment unfriendly or poor impact and weather
fastness that cannot provide corrosion protection for a long time. Thus,
new effective surface treatment technologies need to develop and pro-
mote the large-scale application of magnesium alloy. In our previous
work [20], a new surface treatment technology for magnesium alloy was
proposed, i.e., surface treatment technology based on synergistic
modification of oxidation and mineralization. And a novel robustness
mineralized layer was prepared on surface of AZ80-0.38Nd (wt%) alloy,
which mainly consisted of MgCOse3 HyO and 4MgCOseMg(OH)2e4
H0. The mineralized layer exhibited outstanding robustness. But its
corrosion protection for magnesium alloy has not been explored.

In this paper, the corrosion resistance of robustness mineralized layer
on AZ80-0.38Nd alloy was investigated via hydrogen evolution and
electrochemical measurements systematically, aiming to research the
corrosion protection of the layer. Besides, the potential anti-corrosion
mechanism was also discussed. Finally, the research provides a novel
effective strategy for enhancing the anti-corrosion of magnesium alloys.

2. Experimental methods
2.1. Materials

The as-cast AZ80-0.38Nd alloy was used in this paper. The chemical
composition of the alloy was evaluated using Inductively Coupled
Plasma (ICP) emission spectroscopy and the values are displayed in
Table 1. The testing samples used in this research were named as SO
(AZ80-0.38Nd alloy without surface treatment), S1 (AZ80-0.38Nd alloy
with oxidization treatment, i.e., sample was oxidized with air flow at
420 °C for 4 h.) and S2 (AZ80-0.38Nd alloy with mineralization treat-
ment, i.e., sample was oxidized with air flow at 420 °C for 4 h, then
mineralized with water vapor and CO; flow at 40 °C for 10 h and py-
rolyzed at temperature of 95 °C for 10 h.), which were listed in Table 2.
And further details of surface treatment process of SO, S1 and S2 were
provided in our previous work [20]. It should be noted that the
AZ80-0.38Nd alloy was homogenized at 420 °C for 4 h before surface
treatment to eliminate the impact of microstructure change on corrosion
resistance.

2.2. Hydrogen evolution and electrochemical tests

In this research, hydrogen evolution was conducted for corrosion
rate measurement. Samples (10 mm x 10 mm x 5 mm) for H, evolution
test were sliced from treated specimens and cold mounted in epoxy resin
of good adhesion, exposing an area of 10 x 10 mm? as shown in Fig. 1.
As the cold mounted process was carefully and normatively conducted,
there is no crevice between the mount and the metal sample, which
prevents the initiation of crevice corrosion and ensures the accuracy of
the experimental results. As for hydrogen collection, the sample was
hung with a nylon string in a beaker with 500 ml 3.5 wt% NaCl solution
for 246 h under an inverted glass funnel, and a 25 ml acid burette was
employed to stockpile the hydrogen gas. The schematic diagram for
hydrogen collection was illustrated in Fig. 2. And with the hydrogen
volume got to the max capacities of the burette, 3.5 wt% sodium

Table 1
Actual chemical compositions of AZ80-0.38Nd alloy.

Elements Al Zn Mn Nd Others Mg

wt% 7.98 0.55 0.33 0.38 <0.10 Balance
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Table 2
Samples for testing.
Name SO S1 S2
Process ~ Without surface Oxidization  Oxidization &

treatment Mineralization

*The details of surface treatment process shown in our previous work [20].

Bare snihstrate Oxidi layer Mineralized layer

Epoxy resin

Fig. 1. Samples for hydrogen evolution and electrochemical tests.
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Fig. 2. The schematic diagram of hydrogen evolution experiments.

chloride solution was added in the burette. Then, the collected hydrogen
was added up. The mixed solution comprised of a 200 g/L CrOs, 10 g/L
AgNOs3, and 20 g/L BaNOs was used to remove the corrosion products,
according to ISO 8407 Standard [21]. The preparation of corrosive so-
lution for immersion was reported in our previous works [22]. The
average of three samples experimental results was adapted as the final
result to ensure the reliability of testing data.

The electrochemical tests consisted of open circuit potential (OCP)
measurement, electrochemical impedance spectroscopy (EIS) measure-
ment and polarization curve measurement. The electrochemical tests
were also performed in 3.5 wt% NacCl solution at 25 °C via employing an
electrochemical workstation named ChenHua CHI660E. During the
tests, the typical three-electrode system was hired, composed of the test
sample as the working electrode (exposed surface immersed in the
3.5 wt% NaCl solution), a saturated calomel electrode (SCE, saturated
KCl) as the reference electrode and a platinum foil as the counter elec-
trode. For purpose of getting a possibly stable potential, the OCP test was
performed for 3600 s. After that EIS measurement was conducted in 10°
Hz to 10”2 Hz with 5 mV alternating current amplitude signal at the
OCP. Subsequently, the polarization curve was recorded with a scan rate
of 1 mVs ™! from — 2.1 Vsgg to — 1.1 Vgg. ZSimpWin Echem software
was used for data fitting and analyzing. Additionally, three replicated
samples were adapted. For electrochemical tests, the copper wire was
attached to the rear part of the metal prior to mounting to ensure
electrical connection.
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2.3. Microstructures and surface morphologies identification

The surface morphologies of homogenized, oxidized and mineralized
samples were observed by scanning electron microscope (SEM, FEI
Quanta 450FEG). And a transmission electron microscopy (TEM, JEM-
2100 F) is employed for second phase identify. In order to investigate
the distinction of corrosion behaviors, the corrosion morphologies
(removed corrosion products) of the samples were observed by the SEM.
In addition, the cross-sectional morphologies of samples after corrosion
were also analyzed by the SEM. And a SONY ILCE-A7M4 digital camera
was employed to observe macroscopic morphologies of corroded
samples.

3. Results and discussion
3.1. Microstructure and phase composition characterization

Fig. 3 shows the SEM microstructure with second phase EDS point
analysis of SO, and surface morphologies of S1 and S2. Only needle-like

Al;Nd phase appeared in AZ80-0.38Nd alloy matrix as shown in Fig. 3
(a,b). Usually, p-Mgj7Al;5 intermetallic particle would generate in AZ

d) =
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series alloy as Al concentrations above approximately 3 wt% [3]. The
disappear of $-Mg;7Al; 2 phase in this research was because the alloy had
been homogenized at 420 °C for 4 h and -Mg;7Al;, phase were dis-
solved into the matrix. The similarly results were also reported in our
previous work [23]. Besides, the TEM dark field images and selected

Fig. 4. TEM dark field image and selected area electron diffraction (SAED)
pattern of AloNd.

AlpNd
LD Elements wt. % at. % | |
Mg 10.15 22.87
5000 1 Al 26.08 5292 ]
Nd 63.77 2421
Total 100.00 100.00 ]

Fig. 3. SEM microstructure (a) with second phase EDS point analysis (b) of SO, and surface morphologies of S1 (c, d) and S2 (e, f).
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area electron diffraction (SAED) patterns of Al;)Nd were showed in
Fig. 4, which also proved that Al;Nd was the only second phase of
experimental alloys. One thing is certain, microstructure has an impact
on the corrosion resistant of metallic materials including magnesium
alloys [3]. Thus, the different corrosion resistance of SO, S1 and S2 is not
primarily resulted by the microstructure in this research. Fig. 3(c,d) and
(e,f) displays the surface morphologies of S1 and S2, respectively. It is
clearly that the morphology and structure of oxide and mineralized layer
show huge difference. The oxide layer fabricated on S1 surface was
rough with cracks and big oxide nodules uneven distributed, while the
mineralized layer propagated on S2 surface showed smooth and
compact characteristics. In addition, the oxide products on S1 surface
display rosette-like morphology (Fig. 3d). While surface of S2 was filled
with flake-like and rod-like structure products (Fig. 3f).

Fig. 5 displays the SEM cross-sectional morphologies of S1 and S2
surface layers, which show more detail information about the oxide and
mineralized layers. There are many oblique cracks in S1 surface layer,
which across the oxide layer as shown in Fig. 5(a). This is consistent with
the results in Fig. 3(c). Research reported that the origin of crack was
driven by the association of the growth of the thermally grown oxide and
the thermal mismatch between the substrate and the oxide layer, as the
Pilling-Bedworth ratio of MgO is 0.81 [24,25]. Generally, during
oxidation process, Mg?" ions diffused outward. In the same time, va-
cancies diffused inward, generating voids. After that the internal tensile
stress, induced by the thicker oxide layer, cracked the oxide material
already weakened by the voids. Stress could lead to cracking of the oxide
layer and cracks extension in the oxide layer could result in releasing of
residual stress [26]. While the mineralized layer exhibited bilayer
structure as shown in Fig. 5(b). The outer layer displayed even and
compact morphology, and the inner layer was with cracks but the
cracking showed healing phenomenon compared with Fig. 5(a).

In addition, in our previous work, it is reported that the oxide layer
(S1) mainly consisted of magnesium oxide and the mineralized layer
(S2) was mainly composed of MgCO3e3 H,O and 4MgCO3zeMg
(OH)2e4 H30. MgO products presented porous structure. MgCO3e3 Hy0
products showed rod-like crystal structure, while 4MgCOseMg
(OH)2e4 H30 products displayed flake-like structure [20]. Thus, it is
speculated that the differences in structure and composition between the
oxide and mineralized layers would lead to differentiation of corrosion
resistance.

3.2. Corrosion behaviors

Fig. 6 illuminated the hydrogen evolution curves of SO, S1 and S2
with the immersed time extension. Even though samples all exhibited an
increase in the volume of hydrogen with the whole time of immersion,
remarkable differentiation could be observed in the corrosion behavior,
which reflected the significant difference of corrosion resistance. Fig. 6
(a) showed that two corrosion stages containing the incubation period of
corrosion and accelerated corrosion were included of all samples as the
corrosion process advanced. The incubation period of corrosion corre-
sponds to quite low corrosion rates. And the incubation periods of SO, S1
and S2 were 8 h, 30 h and 78 h, respectively, as shown in Fig. 6(b).
Besides, after 246 h immersion, the total hydrogen evolution volumes of
S0, S1 and S2 were 19.42 ml/cm?, 54.30 ml/cm? and 6.42 ml/cm?,
respectively. In addition, as the incubation period of corrosion and the
total H, evolution volume of S1 was 30 h and 54.30 ml/cm?, the oxide

R

_Healing of cracks

Fig. 5. The cross-sectional morphologies of S1 (a) and S2 (b) surface layers.

Corrosion Science 214 (2023) 111021

layer showed corrosion protective performance in the initial period of
immersion. Subsequently, corrosion of S1 achieved higher rate owing to
the defects of oxide layer and less protective products film. The corro-
sion preferentially started and grew at the defect sites, such as the cracks
and holes as shown in Fig. 3(c,d). The result in Fig. 6(b) indicated that
the oxide layer could provide 96 h protectiveness for magnesium sub-
strate. Similar results were also reported in our other work [22]. And
based on the above results and discussion, it can be concluded that S2
showed the best corrosion resistance which means the best corrosion
protective performance of the mineralized layer.

Fig. 7 exhibits the evolution of the OCP for samples in 3.5 wt% NaCl
solution during 1h of immersion. The three samples showed quite
different behaviors, with the OCP drifting to more positive or negative
values as immersed time elevated. The OCP of SO drifted to more posi-
tive values with the extension of immersed time. This increase was
obvious within the first 1000 s of testing. Then, the OCP tended to be
stable. It is obviously that S1 displayed higher OCP values than SO for all
the time, but the OCP of S1 drifted to more negative values as immersed
time extension, which was in direct contradiction to that of SO. This
decrease was obvious within the first 1250 s of testing. Then the OCP
tended to be stable. S2 showed the most special OCP behavior compared
with SO and S1. The OCP of S2 drifted to more negative values within the
first 250 s, then to more positive values within 1250 s, after that the OCP
tended to be stable. It should be noted that S2 exhibited the highest OCP
values for all the time among the three. The more positive OCP values of
magnesium alloy could be associated with a more noble behavior, thus
with a higher corrosion resistance [27]. Accordingly, S2 demonstrated
the noblest behavior and the highest corrosion resistance.

Report revealed that a drifted OCP value depicted the beginning and
extension of corrosion, nevertheless a relatively stable OCP value indi-
cated a stable state between the deposition of corrosion products and the
advance of corrosion [28]. Thus, the OCP profiles suggest that at the
initial period of immersion in 3.5 wt% NaCl solution, a relatively stable
corrosion film formed on samples surface, which shifted the corrosion
potential (OCP) in the noble direction. On the contrary, the slightly
dissolution and immediate destruction of oxide, mineralized or corro-
sion product films in the CI" contained solution resulted in shifting of
corrosion potential (OCP) in the humble direction. The result showed in
Fig. 7 indicated that dissolution and rupture of the mineralized layer
might occur at the initial period of corrosion, while the corrosion
products could repair the dissolution and rupture of the mineralized
layer and corrosion passivation formed, meaning formation of a sub-
stantial uniform corrosion resistance film. Hence, S2 showed the best
corrosion resistance.

Fig. 8 demonstrates the potentiodynamic polarization curves of SO,
S1 and S2 with different immersed times. The results exhibited that SO,
S1 and S2 showed similar cathodic polarization behaviors. All cathodic
branches show particularly evident linear Tafel characteristic at poten-
tials more negative than the critical potential, during which the main
reaction is hydrogen evolution in aqueous solution [29]. The right
branch of the polarization curve displays the anodic polarization, during
which the primary behavior is dissolution of magnesium and abnormal
anodic hydrogen evolution called negative difference effect (NDE), so
the anodic polarization curve is too complicated to calculate corrosion
current density and anodic branches could not be used for Tafel
extrapolation [30]. The method of cathodic Tafel extrapolation was
applied to estimate the corrosion current density (icorr) of the potentio-
dynamic polarization curve. The junction of corrosion potential (Ecqpr)
with cathodic Tafel slope had been used to calculate i¢orr. The Ecorr and
icorr Tesults of SO, S1 and S2 for 1 h and 120 h immersion were listed in
Table 3. The results indicated that S2 exhibited the smallest corrosion
tendency and the lowest corrosion rate during the testing time, which
also means the excellent protective performance for magnesium sub-
strate of the mineralized layer. And the immense growth of ico of S1
after 120 h immersion indicated the poor corrosion protection of the
oxide layer. The results are consistent with the hydrogen evolution and
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Fig. 6. Hydrogen evolution curves of test samples immersed in 3.5 wt% NaCl solution: (a) 0-246 h and (b) 0-110 h.

-1.32
-1.34 7,—/—"’" 3
-1.36 S2 e
_-1.38}F g
m
3
> -1.40 >\\————J—\‘—__~___§
= S1
2 -142 d
8
£ 144t g
-1.46 g
S0
48 F O\ j
_1.50 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Fig. 7. Evolution of the OCP for SO, S1 and S2 samples in 3.5 wt% NaCl so-
lution during 1 h of immersion.

corrosion protective performance, and passivation film formed during
the corrosion process showed good stability and diffusion restrain effect
of corrosive media Cl" [5,31]. In addition, after 120 h immersion, the
corrosion current densities of SO, S1 and S2 all increased, which means
the destruction of the oxide and mineralized layers. However, the
mineralized layer still showed protective effect on magnesium substrate.
Because passivation was not observed for SO and S1 polarization curves,
which indicated that the corrosion products did not show protective
performance.

EIS tests were carried out to investigated the corrosion kinetic be-
haviors of SO, S1 and S2. Fig. 9 exhibits the EIS diagrams of samples after
1 h immersion in 3.5 wt% NaCl solution. The Nyquist diagrams of SO
and S1 consisted of two loops, i.e., one high frequency capacitance loop
and one low frequency inductance loop. The two Nyquist diagrams were
similar with the exception of the difference in the diameter of the loops.
However, the Nyquist diagram of S2 only consisted of one capacitance

Table 3
E o and i.o values of samples after immersed in 3.5 wt% NaCl solution for 1 h
and 120 h.

OCP results. What is more, breakdown potential Ej, appeared in polari- Samples  Ecorr (V vs. SCE) AEQV)  icor (A/cm’) Al (A/em?)
zation curve of S2 no mater immersion for 1 h or 120 h. For immersed 1h 120 h 1h 120 h
1 h, Eb was — 1.208 VSCE: which was 111 mV hlgher than the ECOIT- For S0 -1.465 -1.500 -0.035 1.171E-4 8.322E-4 7.151E-4
immersed 120 h, E, was — 1.299 Vgcg, which was 91 mV higher than the s1 -1.365  -1.469  -0.104  1.013E-5  9.771E-4  9.670E-4
Ecorr- The results indicated that the mineralized layer exhibited effective S2 -1.319  -1.390  -0.071  6.795E-6  3.393E-5  2.714E-5
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Fig. 8. Polarization curves of SO, S1 and S2 during immersion in 3.5 wt% NacCl solution for 1 h (a) and 120 h (b).
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Fig. 9. EIS diagrams of samples after 1 h immersion in 3.5 wt% NaCl solution: (a) Nyquist plots and (b) Bode plots of impedance modulus and phase angle

(vs. frequency).

loop at high frequency and the inductive loop disappeared. For 1 h
immersion, the capacitance loop diameter could be ranked as
S2 > S1 > SO0. The capacitance loop diameter indicates the charge
transfer process of Mg/Mg?" at the double layer formed at the surface
film. Its diameter is equal to the charge transfer resistance of the
working electrode [32]. And the induction loop is generally considered
to be related to the pitting corrosion [33]. In addition, at the low fre-
quency zone between 1072 and 1 Hz, the samples impedance Z are
clearly observed as shown in Fig. 9(b). The Z values could be ranked as
S2 > S1 > SO, meaning that samples corrosion resistance might also
follow this order. And the phase angles of the S2 with only one peak
exhibit wider than the SO and S1 at intermediate frequencies.

What is more, the Nyquist plots in Fig. 9 were fitted via ZSimpWin
software. Three equivalent electrical circuits were obtained as depicted
in Fig. 10. And the fitted EIS data presented in Fig. 10 were also acquired
as listed in Table 4. To be sure, Ry is the solution resistance. CPEq and R
present the double layer capacitance and the charge transfer resistance,
respectively. Ry shows the layer resistance paralleled with constant
phase element CPE,. L and Ry, are inductance and inductive resistance,
which demonstrate the low frequency inductive loop. CPEg and CPEy
supplant the ideal capacitors due to the system nonuniformity, such as
electrode porosity, slow adsorption reactions and surface roughness [8,
18,34]. As shown in Table 4, the layer resistances of S1 and S2 are
892.20 and 2893.00 Q-cm?, respectively. The result means that the
mineralized layer exhibits better charge transfer resistance, i.e., the
mineralized layer is denser than the oxide layer. This result can also be
proved by the CPE; of S1 and S2. In Table 4, the capacitance (CPEy) of S2
is an order of magnitude lower than that of S1, which means lower
coating defects of S2. And excellent coating structure of S2 suppressed
the dissolution of the substrate and pitting corrosion, resulting disappear
of low frequency inductance loop. Thus, it can be concluded that S2
provided the best corrosion resistance compared with SO and S1, which
means the best corrosion protective performance of the mineralized
layer.

To evaluate the corrosion protection of the mineralized layer after

ElectrolyteS /

120 h immersion in 3.5 wt% NaCl solution, EIS tests were also carried
out. The results were displayed in Fig. 11. The low frequency inductance
loop appeared in Nyquist diagrams of S2, indicating the devastation of
the mineralized layer and occurrence of pitting corrosion. Besides, the
diameters of the capacitive loops of SO, S1 and S2 all decreased with
prolonged immersion time, indicating the significantly degradation and
destruction of the oxide and mineralized layers. Once the corrosion
medium penetrated the oxide or mineralized layer through the defects
and reached the substrate, corrosion occurred leading to a sharp drop in
capacitive loop diameter [4]. While S2 still show the biggest capacitive
loop diameter compared with SO and S1, meaning the best corrosion
resistance property.

In addition, Fig. 12 showed the equivalent electrical circuit of
Nyquist plots in Fig. 11 fitted via ZSimpWin software. Table 5 presented
the Fitted EIS data presented in Fig. 12. Ry, and L appeared in the
equivalent electrical circuit of S2, corresponding to the low frequency
inductance loop. And the results show that Ry, Ry, and L all could be
ranked as S1 > S2 > SO. But Ry of S2 was two orders of magnitude
higher than that of SO and S1. And the phase angles of S2 in Fig. 10 (b)
also exhibited wider than the SO and S1 at intermediate frequencies. The
above results indicated that after 120 h immersion, S2 still exhibited the
best corrosion resistance due to the corrosion protective performance of
the mineralized layer.

3.3. Analysis of corrosion morphologies

Fig. 13 shows the corrosion macroscopic morphologies of SO, S1 and
S2 after immersion in 3.5 wt% NaCl solution for different times. Before
immersion, the surface of SO shows metallic luster. While surfaces of S1
and S2 present grayish white and gray black structure, respectively,
owing to covering of oxide or mineralized layers. After 24 h immersion,
lots of white corrosion spots, composed mainly of magnesium hydroxide
[5,22,28], grew and scattered on surfaces of SO and S1. While almost no
corrosion spots appeared on surface of S2, indicating the slightly
corrosion degree with mineralized layer protection. And after 120 h

Electrolyte I

Fig. 10. Equivalent electrical circuits used for the simulation of EIS data in Fig. 9: (a) SO, (b) S1 and (c) S2.
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Table 4
Fitted EIS data on basis of equivalent circuit presented in Fig. 10.
Samples Rs CPEq ng R CPE, ny Ry Ry, L
Q-cm? Q lem 2s" Q-cm? Q lem 2s" Q-cm? Q-cm? H-cm?
SO 7.27 4.90E-4 0.93 111.00 - - - 88.97 442.10
S1 10.67 - - - 6.28E-5 0.68 892.20 587.50 1093.00
S2 11.46 - - - 2.21E-6 0.72 2893.00 - -
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Fig. 11. Samples EIS diagrams after immersion in 3.5 wt% NaCl solution for 120 h: (a) Nyquist plots and (b) Bode plots of impedance modulus and phase angle

(vs. frequency).

Fig. 12. Equivalent electrical circuits used for the simulation of EIS data
in Fig. 11.

Table 5
Fitted EIS data on basis of equivalent circuit presented in Fig. 12.
Samples Rs CPE, Ny Ry R; L
Q-cm? Q lem 2" Q-cm? Q-cm? H-cm?
SO 12.84 5.18E-4 0.91 87.26 218.10 68.67
S1 9.55 8.41E-5 0.90 86.69 188.50 40.56
S2 13.35 4.17E-6 0.91 1532.00 4493.00 1951.00

immersion, corrosion products on SO and S1 surfaces increased and piled
into nodular, due to the less protective products film. However, corro-
sion of S2 was inapparent with scattered pitting eclipses and peel-off
areas. After 240 h immersion, a large number of snow-white corrosion
products accumulated on the surfaces of SO and S1, which were
accompanied by large and deep corrosion holes. And SO and S1 showed
uneven corrosion characteristic. Though the corrosion of S2 was
aggravated with time increasing, no corrosion hole appeared in the
surface. And spallation of the mineralized layer occurred due to the
boundary cracks and the mineralized layer bending and rupturing, or
longitudinal cracks which do not run through the layer, which results
from accumulation of corrosion products at the interface between
mineralized layer and substrate [22,35,36]. Seen from the macroscopic
morphology of corrosion, the evaluation corrosion degree of samples

was ranked as S1 > SO > S2, which was in line with the results of
hydrogen evolution and EIS tests.

Fig. 14 displays SO, S1 and S2 microscopic corrosion morphologies
without corrosion products after being immersed 240 h in 3.5 wt% NaCl
solution. It is obvious that SO and S1 showed localized corrosion char-
acteristic, and the corroded areas form big and deep pits as shown in
Fig. 14 (a,b). Exposed AloNd phase distributed in the corrosion pits.
Electrochemical potential difference between second-phase particle and
substrate is of importance associated with corrosion [36]. Besides,
corrosion pits distributed mostly along the AloNd boundaries, which
means o-Mg was dissolved during corrosion process, i.e., micro-galvanic
couples generated between Al,Nd phases and a-Mg due to the electro-
chemical potential difference, and a-Mg acted as anode. Accordingly,
Al,Nd was used as cathode that was protected. This is in line with the
reports by Dargusch [37], Song [38] and Arrabal [39]. Uniform corro-
sion characteristic was present to the S2 as shown in Fig. 14 (c). Cracks
and small corrosion sockets (about 5-15um) propagated on the
mineralized layer. Thus, during the corrosion process, the peel-off area
and cracks offer passways for corrosive ions penetration, and remark-
ably weaken the corrosion resistance performance of the robustness
mineralized layer.

Fig. 15 gives the microscopic morphologies of the corrosion cross-
sections of SO, S1 and S2 after being immersed 240 h, which empha-
sizes some detailed information about corrosion behaviors. Typical
localized corrosion could be observed of SO and S1 as shown in Fig. 15
(a,b) and (c,d), respectively. The corrosion lunched conveniently at
sample surface, owing to the formation of micro-galvanic couples be-
tween o-Mg and Al)Nd particles. Then micro-galvanic corrosion
expended to pitting. Finally, corrosion of SO and S1 extended from
surface to substrate, leaving huge pits and presenting localized corrosion
characteristic. As S2 covered with dense and intact mineralized layer,
micro-galvanic corrosion of S2 was inhibited during the corrosion pro-
cess [22]. And there is no typical localized corrosion occurred even after
240 h immersion, owing to the dense structure, perfect hydrophobicity
and good robustness of the mineralized layer. Because dense and intact
coating shows excellent physical isolation and penetration inhibition of
corrosive solution [4,13]. What is more, reports show that the A"~



C. Cheng et al. Corrosion Science 214 (2023) 111021

S2

<

(=]

=

¢

N

=

(=}

(g

—

=

S

v

(@]

Fig. 13. Macroscopic corrosion morphologies of SO, S1 and S2 after being immersed for different times in 3.5 wt% NaCl solution.

(CO%") could exchange with Cl~, which would restrain anions pene- during degradation. And Zhang et al. reported that the presence of CO3~
tration and enhance Mg alloy corrosion resistance [10,40]. The miner- in the diffusion boundary layer impaired the adsorption of Cl~ on the
alized layer (S2) contained more magnesium carbonate salts compared surface of the coating due to competitive adsorption [40]. Therefore, the
with the oxide layer (S1) as reported in our previous work [20], which diffusion boundary of the mineralized layer containing CO2~ can
means the mineralized layer can undoubtedly provide more CO3~ effectively improve the pitting resistance property of the magnesium
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Fig. 15. Microscopic morphologies of the corrosion cross-sections of SO (a,b), S1 (c,d) and S2 (e,f) after being immersed 240 h in 3.5 wt% NaCl solution.

alloy surface, as shown in Fig. 15. And based on the experimental results, 4. Conclusions

a model is used to illustrate the mechanisms of competitive adsorption,

as shown in Fig. 16. And the competitive adsorption between CO3~ and The main conclusions are summarized as:

Cl™ hindered the Cl™ adsorption on the mineralized layer surface,

increasing the layer pitting resistance property. Thus, the localized (1) The mineralized layer with robustness structure and slight defects
corrosion of S2 was restrained, and corrosion of S2 spread evenly and exhibited excellent anti-corrosion property in the NaCl solution
slowly to the substrate layer by layer. Notionally, inhibiting direct compared with the defective oxide layer. And the outstanding
electrical contact between magnesium alloy and corrosion medium can combination of the mineralized layer and magnesium substrate
slow down corrosion [19]. Thus, the formation of a nice insulating film greatly improved the corrosion resistance and impermeability of
between the substrate and corrosion medium is beneficial to weaken the mineralized layer.

corrosion damage. And the mineralized layer is an excellent corrosion (2) The mineralized layer presented better corrosion passivation and
protective layer due to its unique characteristics. micro-galvanic corrosion inhibition characteristics due to the
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Fig. 16. The model of release CO3~ and competitive adsorption between CO3~
and Cl~ of the mineralized layer during corrosion process.

characteristics of slight defects and good adhesion to matrix,
which promoted corrosion of magnesium alloy to develop slowly
and uniformly. Besides, the existence of defects in the mineral-
ized layer makes it possible to further enhance the corrosion
protective performance.

The mineralized layer contained lots of magnesium carbonate
salts could launch CO%~ during degradation of corrosion, which
slowed down the penetration of Cl™ across the mineralized layer
to the magnesium substrate and inhibited the attack of Cl~ on
magnesium substrate.

The formation of robustness mineralized layer on magnesium
alloys surface provides a novel effective strategy for increasing
the corrosion resistance of magnesium alloys.
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