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Abstract: Magnesium alloys have good biocompatibility because they have mechanical properties
similar to those of human bones, are biodegradable, and release non-toxic corrosion products and
ions in the human body. In this study, a new type of Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous
magnesium alloy was prepared by copper roller melt-spinning, and the corresponding mechanical
properties and corrosion resistance were studied. The results showed that when x = 4 and 6, the
Mg-Zn-Ce amorphous alloys had decent amorphous forming abilities. The addition of Ce could
effectively improve the ductility of the magnesium-based amorphous alloys with an elastic modulus
of each sample ranging between 30 and 58 GPa, which was similar to that of human bones; thus, these
materials could effectively prevent the stress shielding effect caused by excessive elastic modulus
after implantation. Additionally, the addition of an adequate amount of Ce significantly improved the
corrosion resistance of the alloy. The experimental results showed that the best corrosion resistance
of the magnesium-based amorphous alloys was achieved when x = 6.

Keywords: magnesium-based amorphous alloys; low elastic modulus; shear band; corrosion resistance

1. Introduction

Biodegradable implant materials offer significant potential for repairing bone de-
fects [1], as the implant materials do not need to be removed, thus preventing damage
inflicted by follow-up surgeries [2–5]. Among all of the reported bone implant materi-
als, magnesium alloys have attracted widespread attention from researchers due to their
biodegradability and improved mechanical properties compared to polymer materials [6–9].
However, the biomedical applications of magnesium alloys are limited due to certain short-
comings in their properties [10]. For example, their elastic modulus is higher than that of
human bone, they have a faster corrosion rate than the growth rate of human bone, and
cysts can form at the implantation site due to hydrogen evolution during the corrosion
process, which can adversely affect wound healing [11,12]. Therefore, research has focused
on developing a new type of magnesium alloy with a low modulus, high strength, and con-
trollable corrosion rate [13]. Amorphous alloys can more adequately meet the requirements
and application standards for biomedical materials, as their special atomic structures allow
different elements to dissolve with each other at larger concentrations without restricting
the equilibrium phase diagram. This changes the physical and chemical properties of
the alloys by adjusting the alloying elements and their fractions [14]. Compared with the
crystal Mg alloys, amorphous Mg alloys [15] usually have excellent degradation resistance,
and they also exhibit great potential in clinical applications [16]. Mg alloys could eliminate
the stress shielding effect due to their low elastic modulus and a density similar to that
of nature bone [17]. Therefore, it is imperative to study magnesium-based amorphous

Metals 2022, 12, 1637. https://doi.org/10.3390/met12101637 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12101637
https://doi.org/10.3390/met12101637
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12101637
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12101637?type=check_update&version=1


Metals 2022, 12, 1637 2 of 16

alloys with excellent ductility and outstanding biocompatibility [18]. Currently no suffi-
cient studies on magnesium-based amorphous alloys with excellent ductility have been
conducted; although some studies have reported on the plastic deformation mechanisms of
amorphous alloys [19], the development of degradable biomedical materials for the human
body is extremely necessary [20].

Adding rare-earth elements to the alloy can effectively improve the mechanical prop-
erties and corrosion resistance of magnesium alloys [21]. Mg-based alloys containing
rare-earth (RE) and transition-metal (TM) elements as solute components have attracted
great interest in the field of bulk metallic glass [22,23].Rare-earth element Ce and alkaline-
earth element Ca have similar physical and chemical properties, as they have similar atomic
sizes and melting points, and their tensile strengths are similar to their yield strengths.
In magnesium-zinc-calcium alloys, the microalloying of Ce can also enhance the corro-
sion resistance of the magnesium alloy [24].Therefore, in this study, Ce was used as a
substitute for Ca elements in Mg-Zn-Ca magnesium-based amorphous alloys to study the
effects of Ce content changes on the mechanical and corrosion properties of Mg-Zn-Ce
amorphous alloys.

The research results showed that the addition of Ce elements improved the mechanical
properties of the material, strengthened its corrosion resistance, and reduced the corrosion
of the alloy matrix, bolstering the application prospects of the material.

2. Experiments
2.1. Material Preparation and Characterization

Pure metal Mg, Zn, and Ce (purity > 99.9%) were weighed according to the follow-
ing atomic ratios: Mg68Zn30Ce2, Mg66Zn30Ce4, Mg64Zn30Ce6, and Mg62Zn30Ce8, using
a high-precision balance. Then, the metals were placed in a boron nitride crucible and
melted in a high-purity argon atmosphere using an induction melting furnace and sub-
sequently cast in a copper mold. Afterward, amorphous ribbons were obtained with a
thickness of 15–20 µm by using a vacuum single-roller melt-spinning device in argon. The
atomic structures of the amorphous alloy ribbons were characterized by X-ray diffrac-
tion (XRD, Bruker D8 advanced diffractometer equipped with Cu- Kα radiation, Bruker
Corporation, Ettlingen, Gemany). The glass transition and crystallization behavior of the
obtained amorphous aoys were studied by differential scanning calorimetry (DSC, TA
Q2000, NETZSCH-Gerätebau GmbH, Selb, Gemany) at a heating rate of 40 K/min. The
characteristic shear bands near the fracture of the magnesium-based amorphous alloy
ribbons.were studied by scanning electron microscope (SEM, Quanta 450, Thermo Fisher
Scientific, Waltham, MA, USA)

2.2. Mechanical Property Testing

The load-displacement curve, elastic modulus, and microhardness of the four types
of magnesium-based amorphous alloy samples were obtained using a nanoindenter. By
adjusting the load, the indenter was pressed 200 nm into the sample surface at a constant
rate, and the load was maintained for 10 s.

2.3. Electrochemical Property Testing

A Gamry Interface 1000 (USA) electrochemical workstation (Gamry Instruments,
Warminster, PA, USA)was used for electrochemical testing. In the three-electrode system, a
platinum plate was used as the counter electrode, a saturated calomel electrode was used as
the reference electrode, and the Mg-Zn-Ce amorphous alloy sample served as the working
electrode. The electrolyte consisted of simulated body fluid (SBF) (18.00 g/L of NaCl,
0.20 g/L of KCl, 0.20 g/L of CaCl2, 1.00 g/L of NaHCO3, 1.00 g/L of glucose, 0.10 g/L of
MgCl2·6H2O, and 0.05 g/L of NaH2PO4, pH 7.4). Each sample was initially tested for open
circuit potential (OCP) for 1200 s at a scan rate of 1 mV/s. Then, electrochemical impedance
spectroscopy (EIS) was carried out at a scanning frequency of 100–0.1 MHz, and finally,
potentiodynamic polarization testing was performed at a scan rate of 1 mV/s.
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2.4. X-ray Photoelectron Spectroscopy (XPS) Characterization

X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI, Thermo Fisher
Scientific, Waltham, MA, USA) was used to characterize the composition and chemical state
of the passivation film. XPS measurements were obtained with a PHI 5700/660 physical
electron spectrometer in an ultra-high vacuum (10−10 torr), using a monochromatic Al-Kα

X-ray source with 1486.6 eV of energy. The XPS samples used for testing were stored in a
vacuum (10−9 torr) for 12 h. First, the spectrum of each sample was collected with a pass
energy of 187.85 eV. Then, MultiPak software (9.9.2, ULVAC-PHI, Chigasaki, Japan) was
used to analyze the spectra of all of the samples based on the C1s peaks of the amorphous
carbon, which accumulated on the sample surfaces, and the C1s peak was used as a
reference for charge correction. All of the spectra collected during XPS analysis were
measured with a pass energy of 11.75 eV and a resolution of 0.1 eV.

3. Results and Discussion
3.1. Microstructure and Thermal Properties

The atomic structures of the magnesium-based amorphous alloy with Ce content were
measured by XRD, as shown in Figure 1a, and the diffraction peaks ranged from 32◦ to 44◦.
As the atomic ratio of Ce increased, peak intensity initially declined and then increased,
indicating that neither reduced nor excessive addition of rare-earth elements was beneficial
to the formation of amorphous structures in the system. The results showed that the
prepared Mg70−xZn30Cex (x = 2, 4, 6, and 8) samples were all amorphous structures. The
exothermic crystallization peaks of the samples were visible in the DSC curves, indicating
that the ribbons prepared at a low Ce alloying level were amorphous, which was consistent
with the XRD analysis results. As shown in Figure 1b, the sample crystallization process
proceeded in multiple steps during the heating process; however, as the atomic ratio of Ce
increased, the crystallization process of the sample changed from multiple steps to one step.

Figure 1. (a) XRD image of the magnesium-based amorphous alloy ribbon with Ce content, (b) DSC
curves of the ribbons with different Ce element content.

The supercooled liquid region ∆Tx (∆Tx = Tx − Tg) was calculated by analyzing the
glass transition temperature (Tg) and crystallization temperature (Tx) of the four ribbon
samples (Mg68Zn30Ce2, Mg66Zn30Ce4, Mg64Zn30Ce6, and Mg62Zn30Ce8), as shown in
Table 1. As Ce content increased, the values of Tg and Tx increased, and ∆Tx initially
increased and then decreased. Under normal circumstances, the higher the value of ∆Tx,
the better the glass forming ability (GFA) of amorphous alloys, and either reduced or
excessive Ce content can lower the amorphous forming ability of an amorphous alloy
system. The results in this work showed that Mg66Zn30Ce4 had the best amorphous
forming ability.
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Table 1. Thermodynamic parameters of the Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloys.

Alloy Composition Tg (◦C) Tx (◦C) ∆Tx (◦C)

Mg68Zn30Ce2 129.2 143 13.8
Mg66Zn30Ce4 144.2 160.7 16.5
Mg64Zn30Ce6 151 165 14
Mg62Zn30Ce8 162.6 175.5 12.9

3.2. Mechanical Properties

In this study, nanoindentation was used to measure the mechanical properties. The
displacement-load curves of the four Mg70−xZn30Cex (x = 2, 4, 6, and 8) samples are shown
in Figure 2a, where the shear band transition zone, which was activated when it was sub-
jected to an external force, caused elastic atomic displacement around it, resulting in overall
macroscopic strain. Each shear band was surrounded by either a micron-scale effective
deformation zone or a shear-band affected zone. After the formation of the shear band, the
elastic stress field redistributed and formed a progressive stress field, triggering more shear
bands upon yielding [25]. The continuous propagation of the shear band and the superposi-
tion of the stress fields in the shear-band affected zone were manifested as sawtooth-shape
steps in the stress-displacement curves of the four samples upon loading [26]. Figure 2b,c
shows the elastic modulus and microhardness obtained by nanoindentation. With the
addition of Ce elements, the elastic modulus of the sample gradually decreased, approx-
imately to the elastic modulus of human bone, effectively averting the resulting stress
shielding effect if the material was used as a bone implant. In addition, the microhardness
of the sample initially decreased and then increased. A macroscopic optical image of the
sample under bending is shown in Figure 2d. The Mg68Zn30Ce2 ribbon sample, which had
a mirror-like surface (thickness of about 20 µm), could be bent to 180◦ without breaking,
exhibiting very good plasticity.

Figure 2. (a) Nanoindentation curves of the four samples, (b) elastic modulus of the four samples,
(c) microhardness of the four samples, (d) optical image of the bent Ce2 ribbon.

3.3. Microscopic Mechanism of Ductility

In this study, experimentation showed that the prepared Mg68Zn30Ce2 and Mg66Zn30Ce4
sample alloys exhibited good plasticity. Therefore, their fracture morphology was analyzed to
study the microscopic mechanism of ductility.
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Shear bands in amorphous alloys are believed to play a role similar to dislocations in
crystalline alloys, as they are both the result of plastic deformation, and a large number of
shear bands are found in ductile amorphous alloys after plastic deformation [27]. In the
side-view images near the fracture surface of the Mg68Zn30Ce2 and Mg66Zn30Ce4 ribbons
in Figure 3, multiple shear bands were clearly observed near the fracture. The fracture
surfaces of the amorphous samples were a combination of smooth and vein pattern regions.
The vein pattern is typical for amorphous alloy structures with good plasticity [28].

Figure 3. SEM images showing the characteristic shear bands near the fracture of the magnesium-
based amorphous alloy ribbons: (a–c) Mg68Zn30Ce2, (d–f) Mg66Zn30Ce4.

The fracture surfaces of Mg64Zn30Ce6 and Mg62Zn30Ce8 are shown in Figure 4. Shear
bands were sporadically present near the fracture surface of Mg64Zn30Ce6. The shear bands
near the fracture of Mg62Zn30Ce8 were distributed more sporadically and appeared to be
crystallized based on the fracture morphology, which was likely the key reason for limiting
the mechanical properties of the alloy.

Figure 4. SEM images showing fracture of the magnesium-based amorphous alloy ribbons:
(a) Mg64Zn30Ce6 and (b) Mg62Zn30Ce8.

SEM images showing the ribbon fracture morphology are presented in Figure 5.
The dented morphology of the amorphous alloy sample was similar to that of other
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previously reported amorphous alloys [29,30]. Dent size can be positively correlated with
plasticity; therefore, the toughness of the Mg68Zn30Ce2 sample was superior to that of the
Mg66Zn30Ce4 sample, which was consistent with the actual results.

Figure 5. SEM images showing fracture of the magnesium-based amorphous alloy ribbons:
(a,b) Mg68Zn30Ce2, (c,d) Mg66Zn30Ce4.

SEM images showing the bending fracture of the ribbons are presented in Figure 6,
where the creases of the ribbon bending could be clearly seen. Dense shear bands ap-
peared on both sides of the crease in the amorphous alloy ribbons. The distribution of
shear bands in the Mg68Zn30Ce2 amorphous ribbon was denser than in the Mg66Zn30Ce4
amorphous ribbon; therefore, the Mg68Zn30Ce2 sample had superior toughness compared
to the Mg66Zn30Ce4 sample. The propagation of the shear band at the fracture site in the
Mg66Zn30Ce4 amorphous ribbon was more prominent, and growth morphology of the
shear bands resembling a vein pattern was observed, possibly due to the energy released
during the fracture process [31]. Further magnification revealed densely distributed corru-
gated patterns and dents of different sizes in the shear bands. In addition, the sizes of the
dents increased proportionally to the distance from the crease (close to the surface).

A schematic diagram for fracture in the amorphous ribbons is shown in Figure 7,
according to the experimentally obtained microscopic fracture morphologies in the amor-
phous ribbons. As shown in Figure 7b, the crack originated at point Q and extended along
the shear band in the QA, QB, or QC directions, depending on the specific microstructure of
the sample at point Q and the direction in which the energy was most quickly released. The
crack continued to extend until the amorphous ribbon was eventually broken. As shown
by Figure 7d, crack extension during the fracture process of the sample was uncertain. The
crack size was larger in the ductile shear band; therefore, the dent size was also larger.
As the transition from the ductile shear band to the brittle shear band accelerated, the
cracks became smaller but denser. The sizes of the dents also started to decrease with rapid
breaking of the ribbon, ending the propagation of the shear band.
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Figure 6. SEM images showing bending fracture of the magnesium-based amorphous alloy ribbon
samples: (a–c) Mg68Zn30Ce2, (d–f) Mg66Zn30Ce4.

Figure 7. Fracture schematic diagram of the Mg70−xZn30Cex (x = 2, 4, 6 and 8 at.%) amorphous ribbon
samples: (a) 3D schematic diagram of the ribbon stretching, (b) microscopic schematic diagram,
(c) 3D schematic diagram of ribbon bending, (d,e) microscopic schematic diagrams of bending.

3.4. Electrochemical Properties
3.4.1. Open Circuit Potential and Polarization Curve Analysis

Because Ce (−2.34 V) and Zn (−0.76 V) have higher standard hydrogen electrode
potentials than Mg (−2.37 V), the addition of these two elements would raise the corrosion
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potential value. Figure 8a shows the OCP and polarization curves of the samples tested in
SBF solution. When the Ce content was x = 2, 4 and 6, the OCP values of the samples were
similar. The highest OCP value occurred at x = 6 and the lowest at x = 8, indicating that
excessive Ce reduced the sample OCP value.

Figure 8. (a) OCP curves of Mg70-xZn30Cex (x = 2, 4, 6 and 8), and (b) polarization curves of
Mg70−xZn30Cex (x = 2, 4, 6 and 8). Surface morphologies of the Mg70−xZn30Cex (x = 2, 4, 6, and 8)
amorphous alloy samples after immersion in SBF for three days: (c) Mg68Zn30Ce2, (d) Mg66Zn30Ce4,
(e) Mg64Zn30Ce6, and (f) Mg62Zn30Ce8.

In the polarization curve, the cathode side was controlled by the hydrogen evolution
reaction, while the other side contained the anode dissolution reaction (i.e., the dissolution
of Mg) and anodic hydrogen evolution (i.e., the negative difference effect) [32,33]. The
cathodic reaction of the sample showed a passivation tendency with a lower potential than
the breakdown potential, indicating the presence of an oxide film on the surface [34]. As
shown in Figure 8b, the corrosion current density of Mg64Zn30Ce6 was the lowest, while
that of Mg62Zn30Ce8 was the highest. When the Ce content was x = 4 and 6, the curve
had an obvious Z shape, indicating that the corrosion products that formed on the sample
surface protected the sample surface and slowed down the dissolution rate. Therefore,
formation of the passivation layer effectively delayed the corrosion process. The results also
showed that the Mg64Zn30Ce6 magnesium-based amorphous alloy had the best corrosion
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resistance, while the Mg62Zn30Ce8 alloy had the lowest corrosion resistance. Furthermore,
with the addition of Ce, the corrosion resistance deteriorated.

3.4.2. Electrochemical Impedance Analysis

The EIS test results and impedance equivalent circuit diagram of the Mg70−xZn30Cex
sample (x = 2, 4, 6, and 8) are shown in Figure 4. Figure 9a shows the Nyquist diagram
with two capacitive loops at high and intermediate frequencies. The diameter of the
high-frequency capacitive reactance loop of Mg64Zn30Ce6 was the largest, followed by
Mg66Zn30Ce4, while the capacitive reactance loops of Mg68Zn30Ce2 and Mg62Zn30Ce8 were
smaller in diameter, indicating that both reduced and excessive addition of Ce lowered the
charge-transfer resistance of the amorphous alloy [35]. Additionally, the shapes of the high
and intermediate frequency capacitive reactance loops of the Mg68Zn30Ce2 sample were
clearly distinguishable, possibly due to the relatively smooth surface of Mg68Zn30Ce2, re-
sulting in a different diffusion process during corrosion compared to the other samples [36].
The Bode diagrams of the samples are shown in Figure 9b,c. In the Bode diagram for |Z|
and frequency, the resistance value of Mg64Zn30Ce6 was the highest, whereas the resistance
values of Mg68Zn30Ce2 and Mg62Zn30Ce8 were lower, indicating that adequate addition of
Ce could help to alleviate damage to the passivation layer on the sample surface.

Figure 9. (a) Nyquist curves of the Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloys, (b,c) Bode
curves of the Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloys, (d) equivalent circuit diagrams of
the Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloys.

ZSimDemo software (3.2, AMETEK, Inc., Berwyn, PA, USA) was used to fit the
equivalent circuit diagram shown in Figure 9a, combined with more information obtained
from the EIS test results. The fitting results are listed in Tables 2 and 3, where Rs is the
solution resistance, and CPEf and CPEdl (constant phase element) represent the capacitance
of the corrosion product film and the double-layer capacitance at the interface between the
metal substrate and the electrolyte solution, respectively. Additionally, the value of n was
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related to the surface roughness and the unevenness caused by the corrosion process. The
constant phase element (CPE), which solves the deviation of dielectric properties, can be
substituted for capacitors for better fitting analysis [37]. The CPE specifies that a resistor
will have an n value that is equal to 0, while for a capacitor, n will be equal to 1.

Table 2. The first part fitting results for each component in the equivalent circuit diagram.

Sample Rct (Ω·cm2)
Yf

(Ω−1·cm−2·s−1) nf Rp (Ω·cm2) Zw (Ω·cm2)

Mg68Zn30Ce2 2630 1.90 × 10−6 0.72 1.03 × 104 5.90 × 10−5

Mg66Zn30Ce4 3297 4.25 × 10−6 0.57 4.44 × 104 -
Mg64Zn30Ce6 5093 1.37 × 10−6 0.59 3.95 × 104 -
Mg62Zn30Ce8 2841 3.50 × 10−6 0.56 1.73 × 104 -

Table 3. The second part fitting results for each component in the equivalent circuit diagram.

Sample Rs (Ω·cm2) Cm (F·cm−2) Rf (Ω·cm2)
Ydl

(Ω−1·cm−2·s−1) ndl

Mg68Zn30Ce2 155.30 - - 3.14 × 10−7 0.60
Mg66Zn30Ce4 36.65 8.83 × 10−9 110.31 2.13 × 10−7 0.78
Mg64Zn30Ce6 123.90 8.12 × 10−21 0.02 3.91 × 10−7 0.80
Mg62Zn30Ce8 4.23 6.52 × 10−10 84.61 6.77 × 10−7 0.76

The EIS curve of the Mg-Zn-Ce amorphous alloy was fitted by the equivalent circuit
diagram in Figure 9d. For Mg68Zn30Ce2, Zw specified that the diffusion processes were
simultaneously present during electrochemical polarization and concentration polariza-
tion. Generally speaking, the higher the Rct value, the better the corrosion resistance of
the metal [38]. After comparing the Rct values, the Rct value of Mg64Zn30Ce6 was the
highest at 5093 Ω·cm2, followed by Mg66Zn30Ce4, while the Rct values of Mg68Zn30Ce2
and Mg62Zn30Ce8 were smaller. The fitting results were consistent with the EIS curve
results, indicating that adequate Ce content in the Mg-Zn-Ce amorphous alloy system
could improve its corrosion resistance.

3.5. Analysis of the XPS Results

An SEM was used to observe sample surface morphology after immersion in simu-
lated body fluid for three days, as shown in Figure 8. The surface of the Mg70−xZn30Cex
(x = 2, 4, 6, and 8) amorphous alloy was covered with dense inorganic salts, which formed
a passivation film that inhibited contact between the sample and the corrosion medium;
thus, deferring the corrosion process.

To study the composition of the passivation film and the corrosion products on the
alloy surface, the Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloy ribbon samples that
were immersed in SBF for three days were subjected to XPS testing, as shown in Figure 10.

The peaks for each element in the amorphous alloy sample, specifically O1s, Ca2p,
Mg1s, and Zn2p, are shown in the XPS spectrum in Figure 11. The 347 eV Ca2p peak
indicated the formation of calcium carbonate in the passivation film, and the peak at 352
eV indicated the presence of calcium phosphate compounds and magnesium ions in the
passivation film. The peaks of Ca2p at 350.8 eV and P2p at 133 eV indicated the presence of
calcium phosphate in the corrosion products, and the peak position shifts for the different
compositions were possibly associated with specific components, such as chlorapatite
and hydroxyapatite [39]. In addition, binding energies of Mg1s at 1304 and 1303.5 eV
represented Mg(OH)2 and MgO in the corrosion products, respectively [40]. The presence
of the aforementioned compounds was verified by O1s peaks at various positions, and the
H2O peak at 533 eV indicated the presence of water from crystallization in the corrosion
products [41]. The Zn2p peak indicated that Zn on the sample surface was mainly in the
form of pure metal [42].
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Figure 10. XPS spectra of the Mg70−xZn30Cex (x = 2, 4, 6 and 8) amorphous alloy ribbons after corrosion.

Metals 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

of calcium phosphate in the corrosion products, and the peak position shifts for the dif-
ferent compositions were possibly associated with specific components, such as chlorap-
atite and hydroxyapatite [39]. In addition, binding energies of Mg1s at 1304 and 1303.5 eV 
represented Mg(OH)2 and MgO in the corrosion products, respectively [40]. The presence 
of the aforementioned compounds was verified by O1s peaks at various positions, and 
the H2O peak at 533 eV indicated the presence of water from crystallization in the corro-
sion products [41]. The Zn2p peak indicated that Zn on the sample surface was mainly in 
the form of pure metal [42]. 

Figure 11. (a–d) Peak fitting curves for the XPS spectra of O1s, Ca2p, Mg1s, and Zn2p in the 
Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloys, respectively. 

Figure 11. Cont.



Metals 2022, 12, 1637 12 of 16

Metals 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

of calcium phosphate in the corrosion products, and the peak position shifts for the dif-
ferent compositions were possibly associated with specific components, such as chlorap-
atite and hydroxyapatite [39]. In addition, binding energies of Mg1s at 1304 and 1303.5 eV 
represented Mg(OH)2 and MgO in the corrosion products, respectively [40]. The presence 
of the aforementioned compounds was verified by O1s peaks at various positions, and 
the H2O peak at 533 eV indicated the presence of water from crystallization in the corro-
sion products [41]. The Zn2p peak indicated that Zn on the sample surface was mainly in 
the form of pure metal [42]. 

Figure 11. (a–d) Peak fitting curves for the XPS spectra of O1s, Ca2p, Mg1s, and Zn2p in the 
Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloys, respectively. 

Figure 11. (a–d) Peak fitting curves for the XPS spectra of O1s, Ca2p, Mg1s, and Zn2p in the
Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloys, respectively.

As shown in Figure 12, multiple Ce3d peaks were observed. The characteristic peaks
marked with u and v belonged to the 3d3/2 and 3d5/2 orbitals of Ce. The characteristic
peaks of Ce4+ correlated to u0, u1, u3, v0, v1, v2, and v4, while the characteristic peaks of Ce3+

correlated to u2, u4, v3, and v5 [43].Ce is relatively active; therefore, it likely preferentially
reacted with dissolved oxygen in the simulated body fluid. Thus, Ce4+ was present in
the form of CeO2, whereas Ce3+ was likely in the form of Ce2O3. The solubility product
constants of the phosphates followed the order: Ca3(PO4)2 (Ksp = 2.07 × 10−33) < Zn3(PO4)2
(Ksp = 9.1 × 10−33) < Mg3(PO4)2 (Ksp = 1.04 × 10−24) < CePO4 (Ksp = 7.43 × 10−11) [42].
Calcium phosphate always remained in the final corrosion products, regardless of whether
a Mg-based or Zn-based matrix was used, and zinc phosphate or magnesium phosphate
converted to calcium phosphate based on the change in precipitation–dissolution equilibrium.

Figure 12. (a) Ce-2, (b) Ce-4, (c) Ce-6, and (d) Ce-8 peak fitting curves for the XPS spectra of the
Mg70−xZn30Cex (x = 2, 4, 6 and 8) amorphous alloys.



Metals 2022, 12, 1637 13 of 16

3.6. Corrosion Behavior of Mg-Zn-Ce Amorphous Alloy

The corrosion products from the amorphous alloy in the simulated body fluid were
assessed by XPS spectrum analysis, which in turn identified the corrosion mechanism of
the amorphous alloy. The chemical reactions were summarized as follows:

Anodic reaction:
Mg→Mg2+ + e2−,

Ce→Ce3+ + 3e−,

Ce→Ce4+ + 4e−,

and cathodic reaction:
2H2O + 2e2−→2OH− + H2↑

Eventually, a passivation film formed on the surface of the amorphous alloy ribbons,
delaying the corrosion process of the amorphous alloys. The reactions followed:

Mg2+ + 2OH−→Mg(OH)2,

2Mg + O2→2MgO,

Ce + O2→CeO2,

2Ce + 3O2→2Ce2O3.

The surface hydrolysis reaction would continue, and the passivation film would break
down and recover. Thus, a stable passivation film provided support for the slow and
controllable degradation of the material, according to:

Ca2+ + CO3
2−→CaCO3,

H2PO4
− + OH−→HPO4

2−+H2O,

HPO4
2− + OH−→PO4

3−+H2O,

3Ca2+ + 2H2PO4
− + 4OH−→Ca3(PO4)2·4H2O,

Mg2+ + Ca2+ + HPO4
2− + OH−→xMg2+-yCa3(PO4)2·zH2O.

A schematic diagram depicting the degradation of the Mg-Zn-Ce amorphous alloy
is shown in Figure 13. The metal ions and the solution ions underwent physical and
chemical reactions on the surface of the ribbon, eventually producing Mg(OH)2, CaCO3,
Ca3(PO4)2·4H2O, and calcium phosphate compounds and magnesium ions. As a result,
the formation of a dense Ca3(PO4)2·4H2O film could effectively alleviate the hydrolysis
process of Mg(OH)2 and the metal matrix, thus slowing down the corrosion of the sample.

Figure 13. Schematic diagram showing the corrosion of the magnesium-based amorphous alloy
immersed in SBF. (a–d) Representation of the gradual corrosion progress.
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4. Conclusions

(1) XRD and DSC results verified the amorphous structures of the Mg70−xZn30Cex (x = 2,
4, 6, and 8) alloys.

(2) The elastic modulus of the Mg70−xZn30Cex (x = 2, 4, 6, and 8) amorphous alloy was
similar to that of human bone, and it could effectively avoid the resulting stress
shielding effect if the material was used as a bone implant.

(3) In the simulated body fluid, the Mg64Zn30Ce6 sample had the best corrosion resistance,
followed by Mg66Zn30Ce4.

(4) Ce in the sample would preferentially react with the dissolved oxygen in the solution,
forming Ce oxides (CeO2 and Ce2O3). Insoluble oxides reduced the corrosion rate of
the alloy, producing a dense Ca3(PO4)2·4H2O film in the subsequent reaction, which
further delayed corrosion of the alloy.

The results showed that the addition of Ce endowed the Mg-Zn-Ce amorphous alloy
with superior mechanical properties and decent corrosion resistance, thereby improving
the potential for development and applications of the alloy.
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