Materials Research. 2025; 28: ¢20250165
DOT: https://doi.org/10.1590/1980-5373-MR-2025-0165

The Microstructure, Tensile Properties and Corrosion Resistance of Mg—Al-Sn—Zn Alloys
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The microstructures, tensile properties and corrosion resistance of Mg—7.5A1-2Sn—1Zn (ATZ721)
base alloys modified by minor cerium (Ce) additions (0.5, 1.0 and 2.0 wt. %) were investigated. Ce
addition leads to the formation of Al,Ce phase, reduces volume fraction of Mg Al , phase and refines
the microstructures. Tensile tests demonstrated that Ce significantly improved the mechanical properties
at room temperature (RT) and 175°C. The alloy with 1.0 wt.% Ce showed superior performance with
an ultimate tensile strength (UTS) of 237 MPa, yield strength (Y'S) of 98 MPa and elongation to failure
(E,) of 16.7% at RT, representing 22%, 17% and 52% improvements over the base alloy, respectively.
Corrosion resistance was notably enhanced, with the 1.0 wt.% Ce alloy exhibiting a corrosion rate of
1.8 mm/yr in a 3.5 wt.% NaCl solution, significantly lower than the base alloy’s 8.4 mm/yr.
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1. Introduction

The urgent challenge of global warming underscores
the necessity for innovative strategies aimed at enhancing
energy efficiency in transportation'*. Key strategies include
reducing vehicle weight and adopting sustainable materials
that offer significant cost savings. Magnesium (Mg) alloys,
recognized as the lightest structural metals, stand out for their
low density and higher recyclability compared to Al alloys or
steel>. Mg-Al series Mg alloys comprise a significant portion
of commercial Mg alloys®. However, their application is
limited by the insufficient strength at elevated temperatures
and poor corrosion resistance'’. Thus, improving these
characteristics is crucial for broader use.

Recently, Mg-Al-Sn-Zn (ATZ) base alloys have emerged
as promising candidates, benefiting from the advantageous
properties of both Sn and Zn in Mg applications®®. Sn
contributes to solid solution strengthening and the formation
of Mg, Sn precipitates, while even small amounts of Zn refine
these precipitates, improving ductility’. Research on ATZ-
base alloys predominantly focuses on low-Al contents, with
studies on high-Al contents above 6 wt. % being relatively
scarce!®!. Liu et al." reported that introducing 3 wt.% Zn
enhanced the strength of Mg-9Al1-6Sn (wt.%) alloys owing
to the refined Mg, Sn and Mg Al , phases, while excessive
Zn deteriorates corrosion resistance. Ma et al.'? revealed that
1 wt. % Zn addition enhances the strength and ductility of
Mg-8Al-2Sn (wt.%) alloys at room temperature owing to
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the refined microstructures. However, the improvement at
175°C is limited by the low-melting coarse Mg Al , phases
along the grain boundaries.

Modifying alloy microstructure can significantly enhance
mechanical properties and corrosion resistance™. Alloying
has been proved to be an effective method to modify the
microstructures in Mg alloys'>'8. Cerium (Ce) element emerges
as a preferable choice for Mg-Al alloys, which is lighter and
more affordable than some RE elements (Nd, Y and Gd)"". Ce
integration leads to the formation of Al-Ce phases (Al ,Ce,,
Al Ce and Al Ce), which refine the microstructure, replacing
less desirable Mg Al , phase, thus enhancing mechanical
properties'®!®. Optimal concentrations of Ce not only refine
the microstructure of alloys like AZ91 and AM60 but also
introduce thermally stable Al-Ce phases, replacing the
lower-melting Mg Al , phase during solidification, thereby
enhancing mechanical properties'”'®. Kim et al."” identified
thata 1 wt.% Ce addition could significantly refine the grain
size of a-Mg in as-cast Mg-4Al-2Sn-1Ca (wt.%) alloy,
substantially improving its tensile properties. Another study
shows that 0.4 wt.% Ce in AZ31 refines a-Mg, improving the
mechanical performance through heterogeneous nucleation
of a-Mg on Al,Ce phase during solidification®. Despite these
findings, studies on Ce effects on Mg-Al-Sn-Zn alloys with
high-Al concentration remain scare.

Corrosion resistance is a crucial consideration for Mg
alloys due to the low electrochemical potential of pure Mg?!-
26, Research on Ce-containing Mg-Al alloys, such as AM60,
AZ91 and AT42, reveals that optimal Ce levels significantly
improve corrosion resistance in NaCl solutions'®?¢, The
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improvement is attributed to Ce distribution within the
passive film and refined microstructures with reduced
Mg, Al , phase fraction, minimizing micro-galvanic corrosion
between secondary phases and a-Mg*?!. However, excessive
Ce has the opposite effect, highlighting the importance of
optimal Ce concentration, which varies across alloys and
manufacturing methods??. Therefore, the influence of Ce
on the mechanical and corrosion properties of Mg-Al-Sn-
Zn alloys requires further exploration. This study aims to
address the gaps in understanding how minor Ce additions
influence the Mg-Al-Sn-Zn alloys, focusing on potential
benefits or drawbacks regarding the mechanical properties
and corrosion resistance in order to expand the applications
of Mg alloys.

2. Experimental Methods and Procedure

2.1. Materials preparation

Mg-7.5A1-2Sn-1Zn-0.2Mn (wt. %, the same unit is used
hereafter) alloys with free and xCe (x: 0.5, 1.0 and 2.0 wt.
%) alloys, designed as 1#, 2#, 3# and 4#, respectively,
were prepared from pure Mg (99.9%), Al (99.9%), Sn
(99.9%), Zn (99.9%) and master alloys of Mg-22%Ce and
Mg-3%Mn. The fabrication employed a low-carbon steel
crucible under the protection of CO, and SF at the flow
rate ~ 100: 1 in an electric-resistance furnace. The melt
was poured into the preheated (~ 200 °C) grey iron mold
and obtained ingots. The actual chemical components of
ingots were verified by a Sequential X-ray Fluorescence
Spectrometer (Shimadzu XRF-1800) and the results were
listed in Table 1. To evaluate the grain size of a-Mg, select
samples were subjected to a heat treatment. This involved
an initial solid solution treatment at 415 °C for 20 h,
followed by a gradual temperature increase to 480 °C ata
rate of 2 °C/min. The samples were held at this temperature
for 2 h within a resistance furnace under a high-purity
argon atmosphere before being quenched in water. For
metallographic observation, the as-cast specimens were
etched by the mixed solution of 2 ml HNO, and 48 ml
C,H,OH for 10~15s, while the solid solution samples were
etched by the mixed solution consisting of 2.1 g picric acid,
5 mL acetic acid and 5 mL distilled water in 40 mL ethanol.

2.2. Tensile tests

Tensile testing was conducted using at least three
specimens on a universal mechanical tester (Instron 5869,
USA) at room temperature (RT) and 175 °C, with a strain
rate of 1.0x107s™!. The samples were holding for 10 min
at 175 °C prior to testing at 175 °C. The dogbone tensile
specimens have a nominal width of 4 mm, a gauge length
of 10 mm, and a thickness of 2 mm.
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2.3. Immersion and electrochemical
measurements

The 10 mm x 10 mm x 10 mm specimens were cut from
ingots and ground to a 2000 grit finish for each surface follow
by ultrasonic cleaning in distilled water, ethanol, acetone in
turn, then dried in air. The changed weight of samples before
and after immersion tests was measured by an electronic
balance (HXD-1000, PE, USA) with sensitivity of 0.0001 mg.
Next, the sample was placed in a pyrex glass beaker and a
calibrated hydrogen collection tube set up over the surface
of the corroding sample where is filled with 3.5 wt. % NaCl
solution at 25°C"". The corrosion rate was determined base
on the hydrogen evolution method, as outlined by Song and
Atrens?, with hydrogen volume recorded at specific time
intervals ranging from the onset up to 96 h. After immersion,
some samples were cleaned in the boiling mixed solution of
CrO, (200 g/L) and AgNO, (10 g/L) to remove the corrosion
product for measuring the weight again for subsequent
corrosion rate calculations and microstructural examination.

The preparation of samples for electrochemical polarization
tests involves selecting one working surface of 1 cm? and
sealing the other surfaces, including a Cu line at the opposite
side of the working face, in epoxy resin. This process ensures
that the working surface can conduct electricity while the
other surfaces are electrically isolated. The work surface was
then ground to a 3000-grit finish surface follow by ultrasonic
cleaning in distilled water, ethanol, acetone and dry in air
in turn. Electrochemical evaluations were conducted using
a three-electrode cell in an electrochemical workstation
(PARSTAT3000A-DX, Princeton, Ametek, Slovakia) with a
saturated calomel electrode (SCE) as the reference, a large-
area platinum electrode as the counter, and the sample as the
working electrode. All tests were performed in a 3.5 wt. %
NaClsolution at a stable temperature of 25 °C. The open-circuit
potential (OCP) was monitored for 60 min to stabilize before
measurements. The OCP of the samples was in 3.5 wt. % NaCl
solution in the range of -1.58 to -1.56V. The electrochemical
impedance spectroscopy (EIS) measurements were conducted
under the stable OCP after an initial delay of 60 min immersion,
over the frequency range of 10° to 10> Hz, and the EIS data
were fitted by Zview 3.3 software to propose the equivalent
electrical circuits to analyze the experiment data. Polarization
curves were traced from -2.0 V to -1.1 V at a scan rate of
0.5 mV/s. The corrosion potential (£ vs. SCE, V) and
the corrosion current density (i, A/cm®) were calculated
according to the polarization curves. Each measurement was
repeated at least twice to ensure reproducibility of the results.

2.4. Materials characterization

The metallographic microstructures of solid-solution
treated samples were thoroughly examined using an optical
microscope (OM, Zeiss, Axio Imager.A2m, Germany). The

Table 1. The actual chemical composition of the experimental alloys (wt.%).

Alloy Al Sn Mn Ce Mg
1# 7.623 2.883 1.081 0.171 0 Bal.
2# 7.515 2.879 1.056 0.165 0.381 Bal.
3# 7.584 2914 1.028 0.168 0.789 Bal.
4# 7.524 2.935 1.077 0.166 1.762 Bal.
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microstructures, tensile fractures and corrosion morphologies,
as well as the distribution of alloying elements and phases,
were conducted using a scanning electron microscope
(SEM, Zeiss, VOA-18, Germany) equipped with an energy
dispersive spectrometer (EDS, INCA-X-Max, England).
Phase identification in both as-cast and non-cleaned
immersed specimens was achieved through X-ray diffraction
(XRD, DX-2700B, HaoYuan, China), utilizing filtered Cu
K, radiation at settings of 40 kV and 40 mA. Macroscopic
changes after 96 h of immersion, followed by cleaning, were
observed under a stereo microscope to assess any significant
morphological changes. The average grain size in the solid
solution treated samples was accurately measured using
NanoMeasurer 3.0 software. Furthermore, to provide an
in-depth characterization of secondary phases and their
elemental distribution, transmission electron microscopy
(TEM, JEM-2100F, Japan) with EDS offering high-resolution
insights into the microstructural features.
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Figure 1. XRD patterns of as-cast alloys. (a) 1#; (b) 2#; (c) 3#
and (d) 4#.
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3. Results and Discussion

3.1. Phase and microstructure of as-cast alloys

Figure 1 illustrates the XRD patterns of as-cast alloys.
As evidenced in Figure 1(a), 1# alloy is composed of a-Mg,
Mg Al , (B) and Mg,Sn (y) phases. The addition of Ce caused
the formation of new phase of Al Ce (Figures 1b-d), which
is similar to AM60 and AZ61 alloys with Ce addition®°.
Moreover, with the increasing of Ce, the intensity of the Al,Ce
phase increases, but results in a corresponding decrease in the
intensity of the Mg, Al , phase. Additionally, the addition of
Ce appears to have minimal impact on Mg,Sn phase, which
remains relatively consistent across varying levels of Ce
addition. Note that, there is no Al,Ce or Al, Ce, phases as
reported in die-cast AE44 alloys, possibly related to the varying
concentration of Ce in alloys and the fabrication processes'.

Figure 2 provides the optical images of solid solution
treated samples and corresponding grain size distribution
of a-Mg. It can be seen that with the increasing of Ce, the
average grain size of a-Mg initially decreases then slightly
increases, indicating this grain refinement effect weakens
when Ce addition exceeds an optimal level. Notably, 3#
alloy with 1.0 wt.% Ce addition exhibits the finest average
grain size in a-Mg of ~140 pum.

Figure 3 presents the typical SEM graphs of as-cast
samples. The microstructure of 1# alloy is predominantly
composed of eutectic a-Mg (a), primary a-Mg (a'), eutectic
B-Mg Al (B), secondary precipitation B-Mg Al , (") and
eutectic Mg Sn (y) as shown in Figure 3(a). The bony-like
B phase is surrounded with eutectic a-Mg, suggesting that
the reaction of a-Mg + Al — B-Mg Al , is divorced eutectic
reaction®. Additionally, a fine, flaky distribution of ' phase
near the 3 phase is observed, along with sporadic divorced y
phases indicated by arrows in Figure 4a. Upon the addition
of 0.5 wt.% Ce into the alloy, a few new, rod-like Al,Ce
phases emerge along the grain boundaries and within the
grains. As the Ce concentration surpasses 0.5 wt.%, a marked
reduction in the B phase fraction occurs, accompanied by a
morphological changing from bone-like and semi-continuous
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Figure 2. Optical graphs of solid solution treated samples for (a) 1#, (b) 2#, (c¢) 3# and (d) 4#, and the corresponding grain size distribution

for (e) 1#, (f) 2#, (g) 3# and (h) 4#, respectively.
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to particulate (Figures 3a, 3e and 4a). Simultaneously, the
fraction of Al,Ce phase increases (Figures 3e-h), and its
morphology changes from short needle-like to coarse-rod- or
large block-like along the grain boundaries and within the
grains (Figures 3 and 4). This suggests that small amounts
of Ce additions refine the Mg Al , phase and promote the
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formation of the Al ,Ce phase, consistent with findings in
Ce-containing Mg-Al alloys'”.

Moreover, the addition of Ce leads to a gradual reduction
in the size of the Mg,Sn (y) phase (Figures 3a, d, h and
Figure 4), likely due to the refined p phase. The results from
the EDS points scan (Figure 41) suggest that the intermetallic
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Figure 3. SEM microstructures of as-cast alloys: (a), (e) 1#; (b), (f) 2#; (¢), (g) 3# and (d), (h) 4#. Note that (b), (d), (f) and (h) are the
high magnification of local regions as pointed by dotted rectangles in (a), (c), (¢) and (g) respectively.
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Figure 4. Surface morphology (a) of 3# alloy and EDS results of mapping (b-g) and points (h, i) on (a). (h) and (i) are point scanning of

Point A and B in (a) with the inserted images.
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compound at point “B” in Figure 4a is possibly Al, Ce,Mn,,
base on the atomic ratio'. Figure 5 presents TEM results
of the 3# alloy. STEM analysis further reveals a complex
microstructure that the Mg,Sn and Al ,Ce phases exhibit
interdependent growth showing. The rod-like Al,Ce phase
is approximately 4.5 pm in length, whereas Mg,Sn phase
extends to about 0.6 um. These fine secondary phases are
helpful to enhance the mechanical properties of the alloys.

3.2. Tensile properties and fracture morphology

Figure 6 depicts the typical engineering stress-strain
curves of samples at room temperature (RT, Figure 6a) and
175 °C (Figure 6b) and presents a comparison of the tensile
properties of Mg alloys in this work with relevant Mg
alloys at RT (Figure 6¢)*'~ and 175°C (d)3!-3¢-384042 The
average tensile properties are summarized in Table 2.

(a) Morphology

-
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A small addition of Ce evidently enhances the ultimate
tensile strength (UTS), yield strength (YS) and elongation
to failure (E,) of the base alloy. As the Ce additions
increase, both UTS and Y'S increase, while E, decreases.
A comparison between 3# and 4# alloys reveals that 4#
exhibits marginally higher strength but significantly
lower ductility (Table 2). Consequently, 3# alloy exhibits
outstanding tensile properties, with average UTS, YS
and E, of approximately 237 MPa, 98 MPa and 16.7% at
RT, representing improvements of about 22%, 17%, and
52%, respectively, compared to the base alloy. Similarly,
at 175 °C, 3# alloy maintains superior tensile properties,
with average UTS, YS and E, of approximately 146 MPa,
85 MPa and 27.7%, respectively. These values correspond
to improvements of 11%, 15% and 45%, respectively,
over the base alloy. In addition, the tensile properties

Figure 5. TEM microstructure (a) and the distribution of elements by STEM (b-g) on 3# alloy.
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of studied alloys were compared with those of other Mg
alloys fabricated by the same casting method®'*2. At RT
(Figure 6¢), the AZ series Mg alloys®, Mg-Nd alloys* and
ZA124-Sr-Ca alloy*? exhibit relatively high Y'S. However,
their elongation is less than 5%, which implies poor
plasticity. Similarly, at 175 °C, Mg-Al-Zn-RE-Sb alloy*!
displays a high YS, yet its elongation is only around 15%,
indicating limited plasticity. Overall, when balancing the

Materials Research

YS and ductility, Mg-7.5A1-2Sn-1Zn-0.2Mn-1.0Ce alloy
(i.e., 3# alloy), demonstrates excellent comprehensive
performance in terms of strength and ductility.

Figure 7 illustrates the typical tensile fractures of as-
cast samples tested at RT and 175°C. At RT, the presence
of discontinuous cracks and small cleavage steps on the
fractures suggests that the fracture modes are a combination
of cleavage and quasi-cleavage fracture modes®. In contrast,

Table 2. The average values of tensile properties for as-cast alloys at RT and 175°C.

RT 175°C
Alloy
UTS(MPa) YS(MPa) E (%) UTS(MPa) YS(MPa) E (%)
1# 196, 84+, 10.9%0.22 13172, 74+, 19.0°0.14.4
2 215', 91'2, 13.2103.08 139+ 79+, 23,7305
3¢ 2371 98+5 16.7030.4 146, 852, 27.70.405
44 239+, 103+ 14.70.4.,2 148+ 861 22.3%7,1
RT 175°C
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Figure 7. SEM fractures of tensile samples tested at RT and 175°C. The insert in (h) is a high- magnification view of local region in (h)

as pointed by blue arrow.
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at 175°C, the appearance of deformed dimples, small
cracks, tearing ridges and cleavage facets on the surfaces
(Figures 7b, d, fand g) indicates that quasi-cleavage fracture
predominates the fracture mode. The addition of Ce does
not significantly alter the fracture characteristics at a given
temperature. However, excessive addition of Ce leads to the
coarsening of the Al Ce phase (Figure 3d and the insert in
Figure 7h), which tends to initiate cracks, thereby decreasing
the tensile strength and elongation of the alloy. Thus, it is
inferred that the abundant Al,Ce phase adversely affects the
plastic deformation of 4# alloy with 2 wt.% Ce addition.

3.3. Corrosion behavior

3.3.1. Immersion test

Figure 8 displays the hydrogen evolution volume of
as-cast alloys immersed in 3.5 wt. % NaCl solution at 25°C
for 96 h. The volume of hydrogen evolved from 1# alloy
exhibits a rapid increases compared to the Ce-containing
alloys, indicating that Ce addition effectively inhibits the
hydrogen evolution reaction and reduces the corrosion rates
of'the base alloy. The average corrosion rate was calculated
using the Equation (1),

C, =2.1Am/ At (1)
where C_ is the corrosion rate in mm/yr, Am is the mass loss

in mg, 4 is the surface area in cm?, ¢ is the total immersion
time in day*. The calculated average corrosion rates are
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Figure 8. Evolution of H, release on as-cast samples during
immersing for 96h.
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Table 3. The results of the polarization curves of as-cast samples.

provided in Table 3, showing that the Ce-containing alloys
have lower corrosion rates than the base alloy, indicating
that Ce addition enhances the corrosion resistance of the
base alloy. Notably, the alloy with 1.0 wt.% Ce exhibits the
highest corrosion resistance, with a corrosion rate of 1.6 mm/
yr, significantly lower than 14.4 mm/yr observed in the base
alloy. Consequently, the corrosion resistance base on the
immersion tests is following the order 3# > 2# > 4# > 1# alloy.

3.3.2. Electrochemical measurements

Figure 9 shows the polarization curves of samples in a
3.5 wt.% NaCl solution at 25°C and the corrosion current
densities (i ) and corrosion potentials (£, ) are calculated as
shown in Table 3. The addition of Ce causes the polarization
curves to shift towards i _and less negative £, _compared to
the base alloy, aligning with AM60-Ce alloys'®. Furthermore,
the cathodic branches of the Ce-containing alloys are
positioned lower, indicating that hydrogen evolution is
inhibited. The anodic curves for base alloy appear to reach
the limiting current almost immediately, whereas those
for the Ce-containing alloys change more gradually near
the stable potential, especially for 2# and 3# alloys, which
exhibit a stable step. This indicates a delay in the anodic
reaction. The calculated i for the Ce-containing alloys
decreased by up to an order of magnitude in contrast with
the base alloy (Table 3), demonstrating that the addition
of Ce effectively hinders the corrosion of the base alloy.
Furthermore, the corrosion current density (i, ) obtained
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Figure 9. Polarization curves of as-cast samples tested in 3.5 wt.%
NaCl solution.

Alloy E  (Vvs. SCE) S (mV/dec) i, (10"xA/cm?) C, (mm/yr)
1# -1.50+0.11 187.1+10.1 1.853+0.06 8.4+0.3
2# -1.38+0.07 184.7+8.4 0.735+0.03 3.5+0.1
3# -1.34+0.04 183.5+6.2 0.642+0.02 1.8+0.06
4# -1.38+0.08 185.0+6.7 1.282+0.03 3.7+0.2
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from the polarization curves can be utilized to estimate the
transient corrosion rate of the samples using Equation (2)*:

B = 22.85ico, (2)
where P, is corrosion rate in mm/yr, and i__is the corrosion
current density in mA cm?. By substituting the i values
into Equation 2, the corrosion rates of 1#, 2#, 3# and 4# alloy
are determined to be 4.234 mm/yr, 1.679 mm/yr, 1.466 mm/
yr, and 2.929 mm/yr, respectively. This result suggests that
the corrosion-resistance trend of these alloys is consistent
with the results of hydrogen evolution (Figure 8) and mass
loss (Table 3) obtained from the immersion tests. Among
these alloys, 3# alloy exhibits a relatively lower corrosion
rate, implying superior corrosion resistance. A comparison
reveals that the average corrosion rate calculated by the
mass loss method is higher than that obtained from the
electrochemical test. This discrepancy can be attributed to
factors such as the immersion time of the alloys. During the
immersion test, the relatively long immersion time leads to
the corrosion of a-Mg, which may cause partial detachment
of the second - phase particles. The detachment of these
particles increases the surface area available for corrosion,
thereby resulting in a slight increase in the average corrosion
rate calculated by the mass loss method.

To gain a comprehensive understanding of the corrosion
resistance of the studied alloys, the corrosion rates of other
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as-cast Mg alloys immersed in a 3.5 wt.% NaCl solution,
calculated via the mass loss method, were investigated. For
instance, the corrosion rates of Mg-3A1-0.03Y alloy*, Mg-
25A1%, AZ91%7, Mg-5Li-1A1*, CP Mg®, and AM50* alloys
are 5.6 mm/yr, 4.2 mm/yr, 23 mm/yr, 10 mm/yr, 2.7 mm/
yr and 5 mm/yr, respectively. Evidently, the corrosion
rates of the studied alloys are relatively low, indicating
excellent corrosion resistance. It should be pointed out that
the differences in corrosion rates are associated with factors
such as immersion time, microstructure and the quality of
experimental samples, particularly the content of impurities
(e.g., Fe, Cu).

Figure 10 shows the EIS spectra for samples in a
3.5 wt.% NaCl solution at 25°C. The Nyquist spectra of the
samples (Figure 10a) are composed of a capacitive loop,
which is characterized by the constant phase element of
the film (CPE)) and the charge-transfer resistance (R_) and
an inductive loop, represented by the inductance (L) and
the inductive resistance (R, )*"*>. Herein, CPE, corresponds
to the capacitance of the surface film, while R  represents
the charge - transfer resistance at the electric double-layer
interface. Meanwhile, L and R, denote the inductance and
the inductive resistance, respectively. Compared to the base
alloy, the capacitive-loop diameter of the Ce-containing
alloys is larger, indicating better protective performance
of the oxide film formed on the surfaces. Specifically, the
alloy with 1.0 wt.% Ce exhibits the largest capacitive loop
diameter, accompanied by a greater half-width (Figure 10b)
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Figure 10. EIS spectra of as-cast samples. (a) Nyquist plots; (b) Bode plots of phase angle with frequency; (c) Bode plots of |Z| with
frequency; (d) equivalent circuit for curve-fitting of the EIS results in (a).
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and a higher modulus value (Figure 10c), which signifies
enhanced corrosion resistance. The EIS spectra of the studied
alloys were fitted using the equivalent circuit depicted in
Figure 10d, and the detailed fitting data are provided in
Table 4. Polarization resistance (R ) is employed as a key
parameter to evaluate the CR of the alloys>. Notably, the
significantly higher R, value for the alloy with 1.0 wt.% Ce
indicates a lower corrosion rate.

3.3.3. The morphology of corrosion product film

Figure 11 shows XRD patterns of the corrosion product
film formed on as-cast alloys after immersion in 3.5 wt.%
NacCl solution at 25 °C for 96 h. The base alloy consists
primarily of Mg(OH),, a-Mg and Mg Al , phases, with
Mg(OH), exhibiting a stronger intensity compared to the
other phases (Figure 11a), indicating its prominence as the
predominant surface product’'. Conversely, in the Ce-added
alloys, the intensity of Mg(OH), is weaker relative to a-Mg
and notable weaker Al,Ce are observed (Figures 11b-d).

Moreover, corrosion-product surfaces of 1#, 3# and
4# alloys were examined by SEM/BSM with EDS results
shown in Figure 12. The surface of 1# alloy is rough with
extensive cracks and deep corrosion pits (Figures 12a and d),
indicating a uniform predominant corrosion mechanism. The
high oxygen content detected on the surface (Figure 12h),
coupled with XRD results from Figure 13, suggests that
the surface is primarily covered by Mg(OH),, contrary to
the expected ALO, film in AZ91 alloy*. In contrast, the
introduction of 1 wt.% Ce significantly reduces both the
extent of the corroded area and the depth of corrosion pits
(Figures 12b and e), indicating a shift towards localized
corrosion as the principal degradation mechanism for the
3# alloy.

Additionally, the appearance of few rod-like Al,Ce
phases on the surface, pointed by red arrows, suggests that
these phases act catholically. Increasing the Ce content to
2.0 wt.% in the 4# alloy results in the increased corrosion
regions and deeper pits (Figures 12¢ and f) compared to
3# alloy, although they remain superior to the base alloy.
The observation of filiform corrosion in the Ce-containing
alloys indicates that localized corrosion continues to be the
dominant mechanism. XRD and EDS analyses reveal that the
surfaces are largely covered by Mg(OH), and Al,Ce phases
(indicated by red arrows). These observations affirm that Ce
addition notably alters corrosion behaviors of the base alloy.

Finally, the cleaned surfaces (free of corrosion products)
were observed by SLM and SEM, with the identical corrosion
characteristics as shown in Figure 13. The surface of 1#
alloy prominently featured numerous deep corrosion pits

Table 4. The EIS fitting data of as-cast samples.

and semi-continuous phases of Mg Al ,. In contrast, alloys
with Ce additions exhibited reduced corrosion areas, shallow
corrosion pits, and residual Al,Ce phases. These observed
secondary phases, which have a relatively high electric
potential compared to the a-Mg, acted predominantly as
anodic sites during the corrosion process. Consequently,
3# alloy demonstrated improved CR characterized by less
corroded regions and shallower corrosion pits, as depicted
from a high magnified view in Figure 131 among the studied
alloys. The interpretation of varying surface morphologies
post-immersion can be attributed to the different electrical
potentials of the secondary phases and a-Mg matrix, which
will be discussed later.

4. Discussion

4.1. Evolution of microstructures and phase
compositions

The addition of Ce significantly modify the as-
cast microstructures of the ATZ-base alloy, primarily
affecting the evolution of phases and the grain size of
a-Mg. According to the alloy composition (Table.1), the
substantial electronegativity difference between Al and Ce
typically results in the formation of the Al,Ce phase prior
to the a-Mg during solidification processes'®. Ce, acting
as a surface-active element, dramatically decreases the
interfacial tension within the alloy during solidification,

e o-Mg
0 Mg(OH),
Mg,Sn

~
=
&
z
n
o
2
=
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20 30 40 50 60 70 80
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Figure 11. XRD patterns of surfaces (without cleaning) of samples
after immersion for 96h.

R CPE, R L R R
Alloys 2 S 2 t o D2
/Q-cmy Y /pQ-em? st n /Q-cm /H-cm /Q-cmy /Q-cm
1# 6.54 12.28 0.947 84.3 125 222.2 61.11
2# 6.51 13.94 0.938 195.4 254 412.6 132.60
3# 6.87 11.49 0.953 424.5 845 789.7 276.09
4# 7.26 10.72 0.964 1133 125.4 231.8 76.10
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Figure 12. The morphology of surfaces (without cleaning) for 1# (a, d), 2# (b, ¢) and 3# (c, f) alloys after immersion for 96h. Note that a,
b and c are SEM compared to the corresponding BSD of d, e and f respectively. (g—p) are the mapping of 4#, while (n—z) are the mapping

and EDS results of 1# alloy.

thereby enhancing the nucleation rate of the a-Mg phase. This
enhancement refines the grain size of a-Mg from 233 um
in the base alloy to 140 pm in the 1.0 wt.% Ce-added 3#
alloy®3*. As a-Mg dendrites grow, the enrichment of Ce at
the solidification front due to solute redistribution results
in stronger constitutional super cooling. This condition
promotes more branched a-Mg structures, which interconnect
and divide the remaining melt into numerous isolated small
liquid pockets. This isolation restricts the growth of eutectic
Mg Al , and Mg,Sn phases, aiding in their refinement®.
Moreover, with Ce addition, the morphology of Mg Al ,
change from semi-continuous to more fragmented, net-
like structures and discrete particles, likely contributing
to improved tensile properties. The addition of Ce also

refines the eutectic Mg, Sn phase, as seen in Figure3. This
refinement might be attributed to the high solid solubility
of Snin Mg, influenced by the presence of the Al Ce phase.
The Al,Ce phase itself undergoes morphological changes
from short rod-like to extended plate-like structures and
large dendrites, intensifying with increased Ce levels.
These changes are related to Al segregation at local grain
boundaries and increased Ce content.

4.2. The effect of Ce addition on the tensile
properties

The tensile properties, including UTS, YS and E,,
initially improve but subsequently slightly decline with
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Figure 13. SLM and SEM graphs surfaces of samples immersed in 3.5 wt. % NaCl solution for 96h.

increasing Ce content, attributed to various strengthening
mechanisms, such as solid solution strengthening, grain
refinement strengthening and secondary phases strengthening.
For the solid solution strengthening, alloying elements such
as Zn, Al and Sn, which have significant solid solubility in
Mg (6.32 wt.% for Zn, 12.62 wt.% for Al and 14.56 wt.%
for Sn), enhance solid solution strengthening by hindering
dislocation movement”$. In case of grain refinement
strengthening, the addition of Ce notably refines the a-Mg
grain size from 233 um in base alloy to 140 um in 3# alloy
(Figure 2). Then, the grain refinement strengthening (Ggr)
can be evaluated using Hall-Petch equation: 6, = kd'?,
in which £ is the Hall-Petch coefficient, approximated at
280 MPa-pm'?, and d represents the average grain size of
a-Mg. After careful calculation, the o, values of base alloy
and 3# alloy are 18 MPa and 24 MPa indicating that YS
of 3# alloy was improved approximately 33% compared to
the base alloy. Moreover, the introduction of Ce leads to the
refinement and more uniform distribution of the Mg Al , and
Mg, Sn phases, which enhance tensile strength by reducing
stress concentration'?. This is consistent with the principle
that finely dispersed precipitates strengthen the material
by hindering dislocation motion. However, as Ce content
increases, the coarse phases act as stress concentration
points, promoting crack initiation and propagation, which
adversely affect ductility and tensile strength?>.

4.3. The effect of Ce addition on the corrosion
behaviors

Both immersion and electrochemical testing demonstrated
that minor Ce addition significantly improved corrosion
resistance of base alloy in 3.5 wt.% NaCl solution. Notably,
the 3# alloy, containing 1 wt.% Ce, exhibited the lowest
corrosion rate. It has been identified that pitting predominantly
controls the initial corrosion stages of Mg alloys in NaCl
solutions. Initially, a porous MgO layer forms on the alloy
surfaces, which gradually reacts with the NaCl solution by
the following Equations (3) and (4)*,

MgO+ HyO — Mg(OH), (3)

Mg+ 2H,0 — Mg(OH)2 +H, 4)

where Equation 4 encompass the anodic reaction of
Mg—Mg** +2e and cathodic reaction of 2H O+2e—20H +H,.
The formed Mg(OH), layer is then dissolved through the
reaction as described in Equation (5)* due to the aggressiveness
of CI, offering limited protection on the Mg matrix.

Mg(OH ), +2CI” — MgCly +20H~ (%)
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The microstructure of Mg alloy significantly influences its
corrosion behavior. As discussed in section 4.1, the addition of
Ce visibly refined the grain size of a-Mg, caused the formation
of Al Ce phase, reduced the volume fraction of Mg Al , and
increased the solid solution of Sn in a-Mg. Generally speaking,
grain boundaries that encompass crystal defects, including
dislocations and vacancies, can act as active sites, which are
conducive to the nucleation and growth of passive films*. When
Mg alloys are exposed to a corrosive environment, the atoms
located at the grain boundaries have a higher probability of
reacting with the medium in the environment, thereby forming a
dense passive film. For example, at the initial stage of corrosion,
components of the passive film, such as Mg oxides or hydroxides,
are preferentially formed at the grain boundaries and can isolate
the Mg alloy matrix from the external corrosive medium, thus
enhancing the corrosion resistance of the Mg alloy*. Grain
boundaries can impede the propagation of cracks, associated
with the slow diffusion rates of the corrosive medium at the
grain boundaries because the different chemical composition and
atomic structure at the grain boundaries, which differ from those
inside the grains, result in such slow diffusion, thereby slowing
down the overall corrosion rate of the Mg alloy***. According
to the principles of materials science, refining grains implies that
there will be more grain boundaries in the alloy. For the alloys
under study, the grain size of a-Mg changes from 230 pm in
the base alloy to 140 pm in the 3# alloy, and the refined o-Mg
has a positive influence on the enhancement of the corrosion
resistance (CR). The secondary phases (Mg Al ,, Al Ce and
Mg,Sn) in as-cast alloys exhibit nobler potentials than Mg’.
Alarger electric potential difference between these secondary
phases (as cathodes) and 0-Mg (as the anode) results in more
Mg being consumed during immersion in NaCl solution, leading
to higher corrosion rates. Liu et al.'"” observed that both Al,Ce
and Mg Al ,, considered as cathodes, have more positive Volta
potentials than a-Mg in AZ91-xCe alloys immersed in NaCl
solution. This indicates the formation of Al,Ce reduces the
micro-galvanic corrosion between Mg Al , and o-Mg, thereby
enhancing the CR in Ce-added alloys. Furthermore, the quality
of the corrosion product film likewise gives a strong influence
on the CR of alloys as reported in Ce-added AZ91D and AM60
alloys'7!8. In contrast with base alloy, the corrosion product film
in Ce-added alloys is relatively compact (Figure 13), providing
better protection and reducing the corrosion rate. Thus, the
superior CR is primarily owing to the refined microstructure
and a low volume fraction of discontinuous Mg Al , phase in
these alloys with an appropriate addition of Ce®.

Note that, the CR of 4# alloy becomes weak compared
to that of 3# alloy. The reason is related to the coarse Al,Ce
phase distributed along the grain boundary and interior of the
grains (Figure 3). During corrosion in NaCl solution, these
coarse phases acted as cathode phases against Mg matrix as
the anode phases, which possibly formed the “big cathode,
small anode” in local regions for 4#, resulted in the somewhat
increased corrosion rate, similar to the detrimental impact of
high Y content (2 wt. %) in AZ91 alloy*’.

5. Conclusions

The microstructures, phase compositions, tensile properties,
and corrosion behaviors of as-cast Mg—7.5A1-2Sn—1Zn (wt.
%) alloys with and without Ce additions (0.5, 1.0 and 2.0 wt.

Materials Research

%) have been studied. The key findings are summarized
as follows:

Minor additions of Ce in Mg—7.5A1-2Sn—1Zn (wt. %)
alloys significantly refined the microstructure, reducing the
average grain size of a-Mg from 233 pm in the base alloy
to 140 pm in the 1.0 wt.% Ce-added alloy. This refinement
was accompanied by the promotion of the Al,Ce phase and
a reduction in the volume fraction of the Mg Al , phase
as the Ce addition increased. Tensile properties of the base
alloy were markedly improved at both room temperature
and 175 °C with minor Ce addition. The 1.0 wt. % Ce
alloy exhibited superior tensile properties, achievinga UTS
of ~237 MPa, YS of ~98 MPa and elongation to failure
(E) of ~16.7% at room temperature. These improvements
represent increases of ~22%, ~17% and ~52%, respectively,
compared to the base alloy. The enhancements are attributed
to solid solution strengthening, grain refinement strengthening
and the influence of secondary phases. Corrosion resistance
of the alloys was significantly enhanced with Ce addition.
The corrosion rate decreased from 8.4 mm/yr in the base
alloy to 1.8 mm/yr in the 1.0 wt. % Ce alloy, as determined
by immersion tests. This improvement is attributed to the
modified microstructure resulting from Ce addition, which
was confirmed by polarization curves and surface morphology
analysis of the immersed samples.
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The comprehensive dataset that underpins the findings
of this study can be obtained by submitting a request to the
corresponding author, [Ting Wang].

However, this dataset is not publicly released. The rationale
behind this is that the data presented in this article are an
integral part of an ongoing research initiative. Revealing the
data prematurely at this juncture has the potential to impede
the publication of subsequent research outcomes.
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