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Mg alloys are widely used in the aerospace and automotive industries, as well as in electronic products due to their low density
and high specific strength. However, the poor corrosion resistance of Mg alloys limits their applications. Rare earth elements
have been shown to improve the corrosion resistance of alloys. In this study, Mg-1Bi-0.5x (x = Nd, Ce, La) alloys were prepared
by alloying with Bi, Nd, Ce, and La. The microstructure and corrosion behavior of Mg-1Bi-0.5x (x = Nd, Ce, La) alloys were in-
vestigated using X-ray diffraction (XRD), optical microscopy (OM), scanning electron microscopy (SEM), hydrogen evolution
tests, weight loss experiments, and electrochemical measurements. The results indicate that the Mg-1Bi-0.5Nd alloy exhibits
higher corrosion potentials and lower corrosion current densities, indicating superior corrosion resistance. This improvement is
attributed to the formation of a more stable and uniform film of corrosion products, which prevents further corrosion and en-
hances corrosion resistance.
Keywords: rare earth elements, corrosion resistance, electrochemistry, corrosion product film

Zlitine na osnovi magnezija (Mg) se veliko uporabljajo v letalski in avtomobilski industriji, kot tudi v elektronskih izdelkih, ker
imajo majhno gostoto in veliko specifi~no trdnost. Vendar pa njihova relativno slaba odpornost proti koroziji omejuje njihovo
{ir{o uporabnost. V nekaterih raziskavah avtorji ugotavljajo, da dodatek redkozemeljskih elementov izbolj{uje njihovo
odpornost proti koroziji. V tem ~lanku avtorji opisujejo {tudijo priprave in karakterizacijo zlitin tipa Mg-1Bi-0,5x (x=Nd, Ce,
La) legiranih z Nd, Ce, in La. Mikrostrukturo in korozijsko odpornost izdelanih zlitin so analizirali s pomo~jo rentgenske
difrakcije (XRD), opti~ne (OM) in vrsti~ne elektronske mikroskopije (SEM), s testom razvoja vodika, z eksprimenti izgube na
masi in elektro-kemijskimi meritvami. Rezultati {tudije so pokazali, da ima zlitina Mg-1Bi-0,5Nd najbolj{o odpornost proti
koroziji, ker ima najvi{ji korozijski potencial in najni`jo korozijsko tokovno gostoto. Ta izbolj{ava je posledica tvorbe bolj
stabilne in enovite tanke plasti korozijskega produkta na povr{ini zlitine, ki prepre~uje nadaljnjo korozijo zlitine.
Klju~ne besede:redkozemeljski elementi, odpornost proti koroziji, elektrokemija, tanka plast (film) nastalega korozijskega
produkta

1 INTRODUCTION

In today’s rapidly developing world, environmental
pollution and energy crises have become urgent prob-
lems to solve. Mg alloys have become important materi-
als in the aerospace and automobile industries, as well as
in electronic products, due to their low density, high spe-
cific strength, and excellent thermal conductivity, pro-
moting green development and harmonious coexistence
between humans and nature. However, the poor corro-
sion resistance of Mg alloys significantly limits their
promotion and application in corrosive environments.1,2

In recent years, researchers have improved the corrosion
resistance of Mg alloys through surface coating and fric-
tion stir processing.3–5 However, these processes are rela-
tively complex and not favorable for a large-scale com-
mercial production. Alloying is currently considered an

economical and effective method to improve the corro-
sion resistance of alloys.

Numerous studies have demonstrated that rare earth
elements (RE) are effective alloying additions for im-
proving the corrosion resistance of alloys.6 Rare earth el-
ements can precipitate rare earth phases in alloys, en-
hance the alloy structure, and improve the corrosion
resistance of Mg alloys by reducing the number of sec-
ond phases and refining the grains. Ding et al. investi-
gated the effect of Nd addition on Mg-6Zn-1Mn alloys
and found that the Mg-6Zn-1Mn-0.6Nd alloy exhibited
the best corrosion resistance and discharge properties.7

This improvement was attributed to Nd’s effect on the
grain refinement of the alloy. Li et al. examined the ef-
fect of Ce on the corrosion resistance of Mg17Al12 com-
pounds.8 Their results showed that when the Ce content
reached 0.5 w/%, the corrosion resistance of the com-
pounds was significantly improved due to the formation
of dense corrosion product films. Azzeddine et al. inves-
tigated the effect of rare earth elements on the corrosion
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resistance of Mg binary alloys and found that a large
number of Mg12La phases existed along the grain bound-
aries of the Mg-1.43La alloy, acting as an anodic phase
and leading to severe pitting corrosion.9 The addition of
an appropriate amount of Bi can optimize the
microstructure of the alloy, thus improving the corrosion
resistance of Mg alloys. Wang et al. studied the effect of
Bi addition on the microstructure of the AZ80 Mg alloy
and found a significant grain refining effect when the
amount of Bi was less than 1 %.10

Currently, there are few studies on the corrosion per-
formance of Mg alloys with the combined addition of Bi
and rare earth elements. To further investigate the corro-
sion mechanism in Mg alloys with rare earth elements, a
new Mg-1Bi-0.5x (x = Nd, Ce, La) alloy was prepared in
this study, and its corrosion resistance was systematically
evaluated. The second phase distribution and corrosion
morphology of different alloys were analyzed to explore
the corrosion mechanism. The results of this study pro-
vide theoretical support for further application of
rare-earth Mg alloys and provide new insights into the
development of new corrosion-resistant Mg alloy materi-
als.

2 MATERIALS AND METHODS

2.1 Preparation of alloys

The Mg-1Bi-0.5x (x = Nd, Ce, La) alloys were pre-
pared using industrially pure Mg (99.9 w/%), pure Bi
(99.9 w/%), and intermediate alloys Mg-25%Nd,
Mg-30%Ce, and Mg-25%La. Before melting, the sur-
faces of the crucible and mold required for casting were
cleaned to remove surface oxides and then preheated. An
Mg ingot was added to the preheated crucible, and the
temperature was raised to 760 °C to melt it completely.
After maintaining the temperature at 750 °C, the slag
was skimmed, and pure Bi as well as the intermediate al-
loys Mg-25%Nd, Mg-30%Ce, and Mg-25%La were
added. A No.5 melting agent was sprinkled on the sur-
face of the melt and stirred for 2–3 min until fully
melted. After the temperature was lowered to 720 °C and
held for 20 min, the melt was cast into � 60 × 240 mm
mild steel molds protected by a mixture of CO2 and SF6

(100:1). To eliminate compositional segregation of the
as-cast alloys, the resulting ingots were placed in a

box-type resistor furnace at 400 °C for 12 h and then
quenched in water for homogenization.

The composition of the as-cast alloy was analyzed
using inductively coupled plasma spectrometry (ICP),
and the results are presented in Table 1.

Table 1: Chemical compositions of the alloys

Alloys Chemical compositions (w/%)
Mg Bi Nd Ce La

Mg-1Bi-0.5Nd Bal. 0.83 0.45 – –
Mg-1Bi-0.5Ce Bal. 0.84 – 0.56 –
Mg-1Bi-0.5La Bal. 0.70 – – 0.48

2.2 Microstructure

Samples were taken from the homogenized ingots,
and specimens with dimensions of (10 × 10 × 10) mm
were obtained using a wire cutter. The sampling area is
shown in Figure 1. The samples were sanded with 800#,
1000#, 2000#, 3000#, and 5000# SiC sandpaper and then
analyzed with an X-ray diffraction (XRD) analyzer to
determine the phase composition of the alloy.
Metallographic specimens were also polished with SiC
sandpaper up to 5000# and then polished with a polish-
ing paste of 0.5 μm coarseness until the surface was mir-
ror-like and free of visible scratches. The specimens
were then rinsed with anhydrous ethanol and dried with
cold air. Corrosion was carried out using a 4 % HNO3

etching solution (a mixture consisting of 4 mL of HNO3

and 96 mL of C2H6O) for 5–10 seconds, and the surfaces
of the specimens were rinsed with anhydrous ethanol and
dried after corrosion was completed. The microstructure
of the alloy was observed using a metallographic micro-
scope. The average grain size was calculated through the
intercept method, aided by Image-Pro Plus software.
SEM specimens were prepared using the same prepara-
tion method. The morphology, size, and distribution of
the second phase in the alloy were observed using a field
emission scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer (EDS).

2.3 Immersion experiments

The obtained specimens were sanded with 800#,
1000#, 2000#, 3000#, and 5000# SiC sandpaper near the
center to create a smooth and flat test surface, while the
remaining areas were encapsulated with epoxy resin to
avoid interference. Before the weight loss test, the speci-
mens were cleaned and dried to ensure no residual mate-
rial remained on the surface. At a constant temperature
of 25 °C, the treated specimens were placed in a 3.5 w/%
NaCl solution for the experiments, during which the cor-
rosion behavior of the materials was evaluated by moni-
toring the volume of hydrogen evolution and the change
in the mass of the specimens. The hydrogen evolution
corrosion rate, PH, of the specimens was calculated using
Equation (1), which reflects the relationship between the
volume of hydrogen evolved from the specimens and the
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Figure 1: Specimen sampling location



corrosion rate. Equation (2) was used to calculate the
weight loss corrosion rate, PW, of the specimens.

P
V M

A tH = ⋅ ⋅ ⋅
⋅ ⋅

8 76 10 4. �

�
(1)
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g

A tW = ⋅ ⋅
⋅ ⋅

8 76 10 4. �

�
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Here, PH is the corrosion rate of the hydrogen precip-
itation test, mm·year–1; �V is the total amount of hydro-
gen precipitated during the hydrogen precipitation test, mL;
M is the relationship between the rate of hydrogen pro-
duction and the rate of alloy mass loss, with a value of
0.001083, g·mL–1; A is the exposed surface area of the al-
loy, cm2; t is the immersion time, h; � is the density of
the alloy, g·cm–3; and �g is the mass loss of the alloy be-
fore and after immersion, g.

2.4 Electrochemical measurements

Electrochemical tests were conducted at room tem-
perature using a standard three-electrode electrochemical
workstation (CHI660E). The specimen of each test sur-
face was first sequentially sanded with SiC sandpaper
ranging from 400# to 5000# to ensure a smooth and flat
surface. The back side of the test surface was connected
by wires, and the remaining areas except the working
surface were encapsulated with epoxy resin. The pre-
pared working electrode was then immersed in a 3.5 w/%
NaCl solution for 3600 s to achieve a stable open-circuit
potential. The corrosion current density (icorr) was ob-
tained from the kinetic potential polarization curve mea-
surements. The relationship between the corrosion cur-
rent density and the corrosion rate was calculated using
Equation (3).11 Additionally, the electrochemical imped-
ance spectroscopy data obtained from the tests were fit-
ted and analyzed using Zsimpwin software. To ensure
data reliability, three valid samples were tested for each
alloy.

P ii = ⋅2285. corr (3)

3 EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Microstructure analysis

Figure 2 shows the XRD patterns of homogeneous
Mg-1Bi-0.5x (x = Nd, Ce, La) alloys. The results indi-
cate that the diffraction peaks of the homogeneous
Mg-1Bi-0.5Nd alloy consisted of �-Mg and NdBi
phases, while those of the Mg-1Bi-0.5Ce alloy com-
prised �-Mg and BiCe phases. Similarly, the diffraction
peaks of the Mg-1Bi-0.5La alloy included �-Mg and
BiLa phases. The formation of these phases was influ-
enced by the electronegativity differences between the
elements, which affected the ease of compound forma-
tion.12 The electronegativities of Mg, Bi, Nd, Ce, and La
were 1.31, 1.9, 1.14, 1.12, and 1.10, respectively. There-
fore, significant electronegativity differences between
the rare earth elements and Bi facilitated the formation
of Bi-RE phases.

Figure 3 shows the metallographic structures of the
three homogeneous state alloys. All three homogeneous
alloys consisted of coarse dendrites, with the second
phase precipitating at the grain boundaries. The addition
of the Nd element reduced the amount of the second
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Figure 3: Metallographic structures: a) Mg-1Bi-0.5Nd, b) Mg-1Bi-0.5Ce, c) Mg-1Bi-0.5La

Figure 2: XRD patterns of homogeneous Mg-1Bi-0.5x (x = Nd, Ce,
La) alloys



phase in the alloy. A polarized light structure was used to
measure the grain size of the alloys, as shown in Fig-
ure 4. All three alloys exhibited coarse grains, with
Mg-1Bi-0.5Nd having a relatively smaller grain size.
Figure 5 shows SEM images of the three alloys, where
the second phase area fractions were quantified using
Image-Pro Plus software. It was found that
Mg-1Bi-0.5Nd had the smallest second phase area frac-

tion of 1.3 %, while the second phase fractions of
Mg-1Bi-0.5Ce and Mg-1Bi-0.5La were 3.3 % and 4.6 %,
respectively. The second phases in Mg-1Bi-0.5Ce and
Mg-1Bi-0.5La were reticulated, whereas the second
phase in the Mg-1Bi-0.5Nd alloy was diffusely distrib-
uted in the form of strips. The three alloys displayed
lumpy phases and strips of varying sizes. The second
phases were analyzed with EDS, and the results are pre-
sented in Table 2. The striped phase at point A and the
polygonal massive phase at point B contained large
amounts of Nd and Bi elements, with an atomic ratio
close to 1:1. This phase was identified as the NdBi
phase, consistent with the XRD results. EDS analysis of
points C, D, E, and F detected the enrichment of Bi and
rare earth elements, with atomic ratios also close to 1:1,
which, combined with the XRD data, allowed the deter-
mination of the BiCe phase and BiLa phase.

3.2 Corrosion performance

Figure 6 illustrates the average hydrogen precipita-
tion volume and the average hydrogen precipitation
weight loss corrosion rate for the three homogeneous al-
loys after immersion for 24 h. The Mg-1Bi-0.5Nd alloy
exhibited the lowest corrosion rate compared to the other
two alloys. Figure 6a demonstrated that the hydrogen
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Figure 4: Grain size of the three alloys

Figure 5: SEM images of the three alloys: a), d) Mg-1Bi-0.5Nd, b), e) Mg-1Bi-0.5Ce, c), f) Mg-1Bi-0.5La

Table 2: EDS analysis results

Point
Chemical composition (�/%)

Phase types
Mg Bi Nd Ce La

A 74.14 13.02 12.84 – – NdBi
B 23.29 39.84 36.86 – – NdBi
C 95.38 2.48 – 2.15 – BiCe
D 22.97 39.75 – 37.27 – BiCe
E 94.08 3.01 – – 2.91 BiLa
F 23.63 38.86 – – 37.51 BiLa



precipitation reaction in the alloy occurred in two stages.
Initially, during the first 2 h, the amount of hydrogen
precipitated was low, and the corrosion rate was corre-
spondingly lower. As shown in Figure 7, the macro-
scopic morphology after the removal of corrosion prod-
ucts revealed that the surfaces of the three alloys,
immediately after immersion in the solution, were rela-
tively smooth. At this stage, the corrosion process was
relatively slow, with only localized pitting corrosion be-
ginning to occur, resulting in a low corrosion rate. The
slope for the Mg-1Bi-0.5La alloy in Figure 6a increased
sharply after 8 h, indicating a significant rise in the cor-
rosion rate at that point.

Figure 7i shows that deep corrosion pits formed lo-
cally, accompanied by the generation of black oxides,
suggesting that the protective effect of the corrosion
product film became limited and could not effectively
protect the Mg matrix. Throughout the entire corrosion
process, the slopes of the hydrogen precipitation curves
for Mg-1Bi-0.5Nd and Mg-1Bi-0.5Ce alloys remained
relatively stable, which was attributed to the dynamic
equilibrium between the formation and shedding of the
corrosion product film. After 24 h of corrosion, the cor-
rosion pits on the surface of the Mg-1Bi-0.5Nd alloy
were shallow, whereas more corrosion pits and black ox-
ides appeared on the surface of the Mg-1Bi-0.5La alloy.
The average hydrogen precipitation corrosion rate of the
alloys was calculated using Equation (1), as shown in
Figure 6b. The Mg-1Bi-0.5Nd alloy had the lowest hy-
drogen precipitation corrosion rate at 73.02 mm·year–1.
The average weight loss rate of the three alloys, calcu-
lated using Equation (2), was consistent with the hydro-
gen precipitation corrosion rate, with the Mg-1Bi-0.5Nd
alloy exhibiting the lowest weight loss corrosion rate of
73.74 mm·year–1.

Since Mg is an intrinsically passive element, pitting
corrosion occurred in Mg alloys when exposed to Cl– in
the 3.5 w/% NaCl solution. It was demonstrated that the

second phase of the alloy and the Mg matrix formed a
microcell, leading to micro-galvanic corrosion due to the
potential difference between the second phase and the
Mg matrix.13 The Mg matrix, which typically had a
lower potential, acted as the anode, while the second
phase with a higher potential served as the cathode, ac-
celerating the corrosion of the Mg matrix. Consequently,
the corrosion of Mg alloys was related to the distribution
of the second phase within the alloys. The
Mg-1Bi-0.5Nd alloy, having a smaller second phase area
fraction, experienced a reduced rate of micro-galvanic
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Figure 7: Macroscopic corrosion morphology of three alloys: a), d),
g), j) Mg-1Bi-0.5Nd, b), e), h), k) Mg-1Bi-0.5Ce, c), f), i), l)
Mg-1Bi-0.5La

Figure 6: a) 24 h hydrogen precipitation volume, b) average hydrogen precipitation corrosion rate and average weight loss corrosion rate



corrosion, leading to improved corrosion resistance com-
pared to Mg-1Bi-0.5Ce and Mg-1Bi-0.5La alloys.

The characteristics of corrosion product films, such
as their level of porosity, influenced the corrosion resis-
tance of the alloys in various ways. The formation of the
corrosion product film was related not only to the corro-
sion solution but also to the microstructure and other
characteristics of the alloy. The effect of microstructure
on the formation of the corrosion product film was com-
plex. For Mg alloys, the grain boundaries exhibited a
high chemical activity and energy. Therefore, a high
grain boundary density in fine-crystalline materials could
increase surface activity and rapidly form a passivation
protective film.14 The high grain boundary density in
fine-crystalline Mg alloys compensated for the mismatch
between the oxides and the metal, promoting the forma-
tion of a denser and more uniform corrosion product film

on the surface, thereby improving corrosion resistance.
In this study, the coarse dendritic structure led to a corro-
sion product film that could not adequately match the al-
loy in a timely manner, resulting in a product film with a
limited protective effect. It was shown that grain refine-
ment promoted the generation of a semi-protective an-
odic layer and improved the micro-galvanic corrosion
behavior of Mg alloys.15 The Mg(OH)2 film formed dur-
ing corrosion at grain boundaries, where chemical activ-
ity was higher, and the relatively fine grain size of the
Mg-1Bi-0.5Nd alloy facilitated the formation of a more
effective corrosion product film, giving it the best corro-
sion resistance among the three alloys.

Figure 8 shows SEM images of the corrosion prod-
uct films produced by the alloys in the 3.5 w/% NaCl so-
lution after 24 h of immersion. The corrosion product
film on the Mg-1Bi-0.5Nd alloy was distributed in spher-
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Figure 9: SEM/EDS images of corrosion products on the surfaces of three alloys: a) Mg-1Bi-0.5Nd, b) Mg-1Bi-0.5Ce, c) Mg-1Bi-0.5La

Figure 8: SEM pictures of the three alloys after 24h immersion without removing the surface corrosion products: a) Mg-1Bi-0.5Nd;
b) Mg-1Bi-0.5Ce; (c) Mg-1Bi-0.5La



ical shapes over the surface of the Mg matrix, covering
the alloy and providing a relatively dense film that par-
tially prevented the alloy from reacting with the solution,
thus slowing down its corrosion. The corrosion product
film of the Mg-1Bi-0.5Ce alloy consisted of layers of
flakes covering the surface, with numerous pores be-
tween the flakes. This relatively loose surface film had a
limited protective effect and was insufficient to prevent
the alloy corrosion. The corrosion product film of the
Mg-1Bi-0.5La alloy exhibited a diffuse distribution of
spherical shapes and did not adequately cover the alloy
surface. Figure 8c shows corrosion cracks and the bare
metal surface of the alloy. The surface scanning results
of the corrosion product film, shown in Figure 9, indi-
cated that the product film was primarily composed of
Mg and O elements, with a small amount of Bi and rare
earth elements enriched. This suggested that the product
film was mainly Mg(OH)2, which was consistent with
the previous studies reporting that the corrosion products
of Mg alloys are predominantly Mg(OH)2.16

Figure 10 illustrates the SEM analysis of the alloy
surfaces after removing the corrosion products. The cor-
rosion pits on the surface of the Mg-1Bi-0.5La alloy
were deeper and they varied in depth, with severe lami-
nar corrosion occurring locally. This loose laminar mor-
phology increased the contact area between the alloy sur-
face and the solution, which further promoted the
hydrogen precipitation reaction. In contrast, the corro-

sion pits on the surface of the Mg-1Bi-0.5Ce alloy were
more uniform and shallower, but the smooth and flat
metal surface was no longer visible. The non-lamellar
surface morphology relatively reduced the contact area
between the alloy and the solution, thereby slowing
down the hydrogen precipitation reaction. The surface of
the Mg-1Bi-0.5Nd alloy remained smooth and flat with a
significantly reduced corrosion area. Better surface qual-
ity implied a lower mass transfer of the alloy in the cor-
rosive solution, indicating that superior surface quality
corresponded to better corrosion resistance.17 The corro-
sion resistance of the alloys, assessed on the basis of cor-
rosion morphology, was ranked as Mg-1Bi-0.5Nd >
Mg-1Bi-0.5Ce > Mg-1Bi-0.5La, which aligned with the
results of the hydrogen evolution experiment.

Based on the above results, corrosion mechanism dia-
grams for the three alloys are shown in Figure 11. In the
early stage of corrosion, the alloys exhibited localized
corrosion. The second phase formed micro-galvanic cells
with the Mg matrix, and the resultant Mg2+ reacted with
OH– in the solution to form Mg(OH)2, which effectively
protected the �-Mg matrix during this initial stage. How-
ever, over time, Cl– ions further eroded the protective
Mg(OH)2 film. Additionally, the coarse grain size of the
Mg-1Bi-0.5La alloy caused a mismatch between the cor-
rosion product film and the metal, which led to the deep-
ening of the corrosion.
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Figure 11: Corrosion mechanism diagram for the three alloys

Figure 10: SEM images of three alloys after the removal of surface corrosion products after 24 h immersion: a) Mg-1Bi-0.5Nd,
b) Mg-1Bi-0.5Ce, c) Mg-1Bi-0.5La



3.3 Electrochemical performance

Figure 12 shows dynamic potential polarization
curves of the three alloys in the 3.5 w/% NaCl solution.
The cathodic branch of the polarization curves corre-
sponded to the hydrogen precipitation reaction, while the
anodic branch corresponded to the dissolution reaction
of the �-Mg matrix. The cathodic region of the polariza-
tion curves displayed a stable linear region, indicating
that the alloys maintained a consistent corrosion rate
throughout the corrosion process. The self-corrosion po-
tentials (Ecorr) and self-corrosion current densities (icorr)
of the alloys, determined by fitting the polarization
curves, are presented in Table 3. The open-circuit poten-
tial was defined as the steady-state self-corrosion poten-
tial of the alloy in the absence of an applied current. The
corrosion potential is a thermodynamic parameter, and a
more negative steady-state self-corrosion potential gen-
erally indicated a greater tendency of an alloy to corrode,
but it could not be used to determine the corrosion resis-
tance.18 The key factor for assessing the corrosion resis-
tance of an alloy was the corrosion current density; a
lower corrosion current density indicated a lower corro-
sion rate. According to Equation (3), the Mg-1Bi-0.5Nd
alloy had the smallest corrosion current density of 27.03
μA·cm–2, indicating the best corrosion resistance, which
was consistent with the results of the hydrogen evolution
experiment.

Figure 13 presents the Nyquist plots, Bode phase an-
gle plots, impedance mode plots, and equivalent circuit
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Figure 13: EIS plots of the three alloys: a) Nyquist plots, b) Bode phase angle plots, c) impedance modes plots, d) equivalent circuit diagram

Figure 12: Polarization curves

Table 3: Corrosion parameters from polarization curves of the as-ex-
truded alloys in 3.5 w/% NaCl solution

Alloy Ecorr (V) icorr (μA·cm–2) Pi (mm·year–1)
Mg-1Bi-0.5Nd –1.46 27.03 0.62
Mg-1Bi-0.5Ce –1.45 37.03 0.85
Mg-1Bi-0.5La –1.48 50.80 1.16



diagram of the alloys, illustrating the electrochemical
impedance behavior of the three different alloys at a sta-
ble open-circuit potential in the 3.5 w/% NaCl solution.
From the Nyquist curves in Figure 13a, it was observed
that all three alloys exhibited high-frequency capacitance
arcs, medium-frequency capacitance arcs, and low-fre-
quency susceptibility arcs, suggesting that the corrosion
mechanism of the three alloys remained unchanged. The
Bode plots confirmed the results of the Nyquist plots,
while the size and diameter of the capacitance arcs var-
ied significantly among the alloys, indicating different
corrosion rates. Generally, the capacitance arc in the
high-frequency region was related to the charge transfer
in the double electric layer between the alloy surface and
the electrolyte surface.19 The Mg-1Bi-0.5Nd alloy had
the largest high-frequency capacitance arc, which pro-
vided significant resistance to the charge transfer during
the corrosion process, thus protecting the �-Mg matrix to
some extent.

Srinivasan et al. reported that the presence of a
low-frequency inductance profile indicated an electrolyte
diffusion between the material interface and the product
film, leading to localized corrosion, as also depicted in
Figure 7.20 The Bode phase angle plot in Figure 13b
shows a distinct wave peak in the high-frequency region,
with the Mg-1Bi-0.5Nd alloy having the largest peak and
peak width. The impedance mode plot in Figure 13c
shows that the Mg-1Bi-0.5Nd alloy exhibited the highest
impedance modulus value (|Z|), consistent with the re-
sults of the Nyquist plot, indicating that the
Mg-1Bi-0.5Nd alloy had the lowest corrosion rate.

It was reported that the reaction of Mg alloys typi-
cally involves the electrochemical reaction of Mg with
H2O to produce Mg(OH)2 and H2.21 Based on the Nyquist
diagram and the overall corrosion reaction of the alloy in
the 3.5 w/% NaCl solution, the equivalent electric circuit
(EEC) is shown in Figure 13d, where the charge transfer
resistance (Rct), the electrolyte resistance (Rs), and the
Mg matrix/film interface double layer capacitance
(CPEdl) were identified as the main parameters. Symbols
Rf and CPEf represent the film resistance and film capac-
itance, respectively. To account for the inductive behav-
ior, inductance (L) and resistance (RL) were introduced
into the model of the alloy. The impedance data were fit-
ted, and the results are listed in Table 4. The Rs values
were nearly identical and relatively small due to the good
conductivity of the NaCl solution. The Rct value was
used to determine the corrosion resistance of the alloys.
In general, a larger Rct value indicates better corrosion re-

sistance, and the Rct value of the Mg-1Bi-0.5Nd alloy
was significantly higher than that of the other two alloys,
indicating high corrosion resistance. This was related to
the protection of the Mg matrix by the corrosion product
film, and the addition of 0.5 % Nd produced a denser ox-
ide film compared to the other two elements, which hin-
dered electron transfer.

4 CONCLUSIONS

(1) The second phase types of the three alloys were
altered: the Mg-1Bi-0.5Nd alloy formed the NdBi phase,
the Mg-1Bi-0.5Ce alloy formed the BiCe phase, and the
Mg-1Bi-0.5La alloy formed the BiLa phase. All three al-
loys consisted of coarse dendrites, and the
Mg-1Bi-0.5Nd alloy had a relatively small grain size.

(2) The corrosion resistance of the alloys was charac-
terized with hydrogen precipitation weight loss experi-
ments, and the Mg-1Bi-0.5Nd alloy exhibited the lowest
hydrogen precipitation corrosion rate of 73.02
mm·year–1. This was attributed to the formation of a
denser corrosion product film during corrosion, which
protected the alloy and reduced the erosion due to the so-
lution. The lower area fraction of the second phase also
decreased the micro-galvanic corrosion to some extent.

(3) Fitting the polarization curves revealed that the
Mg-1Bi-0.5Nd alloy had the smallest corrosion current
density, icorr, indicating that its corrosion resistance was
the best among the three alloys. The results of the EIS
experiments indicated that the additions of different ele-
ments did not alter the corrosion mechanism of the three
alloys; however, the Mg-1Bi-0.5Nd alloy exhibited the
highest corrosion resistance.
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