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Abstract

In this study, 0.5 wt. % of Ca, and 0.25 wt. % Mn was
added to Mg-4Sn-2Al alloy, and its mechanical and cor-
rosion properties were investigated. Production was car-
ried out by gravity casting under a controlled atmosphere.
Microstructures were investigated using SEM/EDS and
XRD. In addition to the microstructure, the effects of
alloying element addition on tensile properties, hardness,
fracture surfaces, strain hardening exponent, anisotropy
coefficients, corrosion microstructures, and corrosion rates
were also investigated. According to the results obtained,
Mg–4Sn–2Al–0.5Ca, and Mg–4Sn–2Al–0.25Mn alloys
showed lower mechanical properties than Mg–4Sn–2Al
alloys. While the ultimate tensile strength was 131 MPa for
the Mg-4Sn-2Al alloy, this value decreased to 92.5 MPa
with the addition of Ca, and to 102 MPa for the Mg-4Sn-
2Al–0.25Mn alloy. Also, the strain hardening coefficient

for Mg-4Sn-2Al alloy was 0.35, while it decreased to 0.28
with the addition of Ca. With the addition of Mn, it gave a
value of 0.36, which is almost the same as Mg-4Sn-2Al
alloy. When the anisotropy coefficients are examined, the
anisotropy coefficient of Mg-4Sn-2Al alloy, which was
0.83, increased to 0.872 with the addition of Ca, and 1.293
with the addition of Mn. According to the results obtained
from potentiodynamic and immersion corrosion tests, the
Mn doped alloy showed the highest corrosion resistance in
both tests. The corrosion rate of the Mn doped alloy was
18.96 mpy according to potentiodynamic results and 65.32
mpy according to immersion test results.

Keywords: magnesium alloys, corrosion rate, casting,
microstructure, mechanical properties, anisotropy

Introduction

Magnesium (Mg), which has a closed-pack hexagonal

(hcp) crystal structure, high specific strength, and low

density is one of the lightest building materials widely used

in areas such as automotive, biomedical, and aerospace.1–6

The fact that it is the 8th most abundant element on earth,

and is a 100% recyclable metal increases the interest in

magnesium. However, some issues such as low corrosion

resistance, low ductility, and hardness limit its use. These

properties need to be improved for magnesium to compete

with other metals in the light engineering metals market.

Alloying is one of the most used methods to improve the

mechanical and corrosion properties of Mg. Choosing

aluminum (Al), and tin (Sn) as alloying elements lowers

the melting point of magnesium, and improves its ability to

be cast, while still preserving its strength.7,8

Among the magnesium alloys, those based on the magne-

sium-aluminum (Mg-Al) system have an excellent combi-

nation of good castability, good corrosion resistance,

acceptable room-temperature mechanical properties, and

cost-effectiveness.9,10 The addition of a particularly high

Al content (more than 5%) increases the solubility of alu-

minum in the structure, and contributes to the mechanical

properties due to solid solution hardening. The mechanical

properties of these materials are negatively affected due to
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the formation of Mg17Al12 precipitates at grain boundaries,

and dendritic regions at high temperatures. The melting

point of these precipitates is approximately 437 �C.9,11–13

The low melting temperature of the Mg17Al12 phase causes

deterioration of creep properties at temperatures above

125�C.9,14 For these reasons, in this study, it was thought

that it would be appropriate to add 2 wt. % Al to the alloys,

especially to facilitate casting, and prevent the formation of

the Mg17Al12 intermetallic phase.

Recently, researchers’ interest in magnesium-tin (Mg-Sn)

alloys has increased because of their potentially high per-

formance at high temperature, and room temperature, and

their low cost. Mg-Sn alloys, which have great potential in

terms of creep resistance, are of particular interest. The

Mg2Sn phase (melting temperature approximately 770�C)
is thermally stable. During the casting process, this phase is

distributed along the grain boundaries.9,15 The Mg2Sn

phase can be easily precipitated due to the high solubility

limit of Sn in Mg at 561 �C (14.85%), and its low solubility

at room temperature.16 These two factors contribute to the

improvement of strength properties at ambient conditions,

and high temperatures.9,17 In the study conducted by Park

et al. in 2009, 1%, 5%, and 9% Sn were added to the cast

Mg-5Al-1Zn alloy, and its corrosion properties were

examined in 3.5% NaCl solution.18 It was stated that

adding 5% Sn increased the corrosion resistance of the

alloy. Mg-5Al-1Zn alloy mainly consists of a-Mg, and

Mg17Al12 phases. As the amount of wt. % Sn increased, the

volume of the Mg2Sn phase also increased and a coars-

ening trend was observed. As a result, the semi-continuous

microstructure with the addition of Sn caused the corrosion

rate to decrease. However, when the Sn ratio was 9 wt%,

the volume fractions of Mg2Sn and Mg17Al12 phases

increased further. The Mg2Sn and Mg17Al12 phases in the

structure increased the number of galvanic cells formed,

causing the corrosion resistance to decrease. In another

study, it was stated that adding 0.5 wt. % Sn to AZ91 alloy

increased tensile strength and elongation, and also

improved fluidity.19 In 2015, it was stated that the strength

of the alloy increased gradually with tin additions between

2%, and 6 wt% of the Mg-8Al-2Zn alloy.20 As the amount

of Sn added increased, the size of the recrystallized grains

decreased gradually. Also, the amount of fine Mg2Sn pre-

cipitates increased, leading to better yield strength. In

addition to the application of Sn as the main alloying

element, elements such as Al, Ca, and Mn are chosen as

alloying elements for their effects on the formation of

intermetallic phases to improve mechanical properties at

room temperature, and high temperatures.21 Moreover, in

the study of Liu et al. in 2007, it was stated that the

mechanical properties were improved with the addition of

(1-10%) Sn to Magnesium.22 It has been shown that alloys

with (4-6%) Sn content give the best results. Therefore, in

this study, the Sn ratio was determined as 4% in order not

to increase the density of the alloy, and the size of Mg2Sn

intermetallics excessively.

The alkaline earth element calcium (Ca) is a preferred

alloying element due to its positive properties such as a low

melting point of 842 �C, a low density of 1.55 gr.cm-3

(similar to Mg), and low cost. While magnesium is flam-

mable, calcium has flame-retardant properties. It has also

been reported that the addition of Ca to Mg alloys has a

positive effect on grain refinement.23,24 Bao et al. reported

that adding Ca to Mg-Sn alloys induces structural changes

in the secondary phase.25 Similarly, a study conducted by

Suresh at al. emphasized that the Sn/Ca ratio is a critical

parameter in Mg-Sn-Ca alloys, determining the types of

phases formed.26 According to Nayyeri and Mahmudi,

adding Ca to Mg-Sn alloys leads to the formation of the

Mg2Sn phase at grain boundaries, along with a needle-like

CaMgSn ternary phase observed both in the matrix, and at

grain boundaries.27 Furthermore, it has been highlighted

that the size and composition of the phases in the

microstructure significantly influence the corrosion

behavior and mechanical properties of Mg alloys. Addi-

tionally, the grain refinement achieved through Ca addition

has been found to play a key role in altering the mechanical

and corrosion properties of Mg-Sn-Ca alloys. In the study

conducted by Hua et al., the effects of equal additions of

Sn, and Ca (0.3:0.1, 0.6:0.2, 1.2:0.4, wt %) on the

microstructure, mechanical properties, and corrosion

behavior of Mg-Sn-Ca-based alloys were investigated.28

With the addition of 0.4 Ca, the grain size decreased, and

accordingly, the UTS and YTS values increased. Accord-

ing to the corrosion test results, the highest corrosion

resistance was obtained in the alloy with 0.4 Ca addition.

According to the findings of Song et al., calcium content

lower than 0.7 wt% effectively reduces corrosion.29

Table 1. Chemical Composition of Alloys

Alloy No. Alloy Actual compositions (wt. %)

Sn Al Ca Mn Mg

1 Mg-4Sn-2Al 4.4 1.79 – – Bal.

2 Mg-4Sn-2Al-0.5Ca 4.3 1.42 0.53 – Bal.

3 Mg-4Sn-2Al-0.25Mn 4.4 1.48 – 0.25 Bal.
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Manganese (Mn), which can reduce the corrosion rate, and

increase the strength of Mg alloys, is a widely used

alloying element option in industry. Due to its low solu-

bility in magnesium, it can slowly diffuse into the matrix,

and precipitate into fine particles.30–32 In addition, when

preparing Mg-Al-Zn alloys, the alloying element Mn is

usually added to Mg-Al alloys to improve mechanical

properties. Adding aluminum, and zinc to magnesium

increases strength and castability, while manganese is

added to increase ductility. Aravindan et al. selected the

Mn content as 0.4 wt. % for AZ91D alloy.33 The

researchers discovered that when Mn was added to Mg

alloys at less than 0.6 wt.%, the grains became smaller,

reducing the amount of Fe impurities, and leading to a

lower corrosion rate. Also recently, it has been shown that

Al will preferentially combine with Mn to form Al-Mn

phases with high eutectic temperatures, and these phases

may play an important role in high-temperature perfor-

mance.34 Moreover, manganese has a grain-refining effect.

This feature accelerates the formation of a protective layer

on the surface of the material, and increases the number of

active atoms. Consequently, it enhances corrosion resis-

tance by preventing the cathodic hydrogen evolution

reaction.35 In addition, low levels of Mn do not have a

toxic effect and play a significant role in the activation of

multiple enzyme systems.36

In a previous study, the addition of 2 wt. % La and 0.15 wt.

% Ti to Mg-4Sn-2Al alloy was found to improve its

mechanical, and corrosion properties.37 It is curious how

the addition of Ca, and Mn alloying elements to the same

alloy will affect the results. In addition, due to their low

density, magnesium alloys are preferred to meet the need

for lightweight materials in many areas such as aerospace,

automotive, and biomedical.1–3 This study is important

because of the potential of adding low amounts of Ca, and

Mn to Mg alloys to expand their usability in applications

by improving their mechanical properties, and corrosion

resistance without compromising their lightness. The pri-

mary reason for selecting 0.5 wt. % of Ca, and 0.25 wt. %

Mn in Mg alloys is to achieve optimal effects on

microstructure, mechanical properties, and corrosion

Figure 1. Schematic illustration of the casting process.

Figure 2. Shape and size of tensile specimens.
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behavior. This concentration promotes grain refinement,

leading to a more homogeneous microstructure while pre-

venting the formation of undesirable large intermetallic

phases. Additionally, Mn contributes to reducing corrosion

by forming a protective surface film, while Ca enhances

corrosion resistance and minimizes the risk of galvanic

coupling at low levels. From a mechanical perspective, this

composition provides an ideal balance between strength

and ductility, supports solid solution strengthening, and

prevents alloy brittleness. Moreover, it offers favorable

casting fluidity, and machinability characteristics. Studies

in the literature also demonstrate that a 0.5 wt.% Ca, and

0.25 wt. % Mn concentration often yields positive out-

comes. Economically, this concentration provides effective

improvements without significantly increasing the alloy’s

cost, making it a practical, and efficient choice.

Experimental Approach

The alloys, whose chemical compositions are given in

Table 1, were prepared by gravity casting in an electric

furnace, and steel crucibles using high-purity Mg, Sn, Al,

Ca, and Mg-5Mn. The casting process was carried out with

1 kg of each alloy. The mold temperature was chosen as

100 �C, and the casting temperature was 750 �C, which is a

commonly used temperature in the literature.14,37 A gas

mixture of CO2-2% SF6 (carbon dioxide-sulfur hexafluo-

ride) with a flow rate of 1.4 L/min was used to prevent

oxidation. The molten metal was poured into steel molds

measuring 120x / 110 mm in sealed cans filled with pro-

tective gas for 1 minute. The casting scheme is given in

Figure 1. The chemical composition of the alloys shown in

Table 1 was determined by the ICP-OES technique

(Inductively coupled plasma-optical emission

spectrometry).

The samples were prepared for metallography by cutting

them using a wire erosion machine. Grinding was per-

formed using silicon carbide (SiC) abrasive paper up to

1200 grit. A 1lm alumina solution was used to polish the

samples. After polishing, the samples were cleaned with

ethanol, and then dried. A solution consisting of picric

acid, distilled water, acetic acid, and ethanol (4.5 g picric

acid, 30 ml distilled water, 15 ml acetic acid, and 75 ml

ethanol) was used for etching. Alloys were immersed in

etchant for 5 seconds. After the etching process, the sam-

ples were washed with water, cleaned with ethanol, and

dried with a hot air device. An X-ray diffractometer

(Rigaku D-Max 2200) was used to determine the phases in

the alloys, while a SEM instrument (JEOL 6060LV) with

EDS was used to determine the distribution of elements in

the samples.

The Brinell hardness measurement method was used for

hardness measurements. Measurements were made with

the Struers Duramin-500 device, and the ball diameter, and

the load were chosen as 2.5 mm and 31.25 kg, respectively.

Five readings were made, and the average of these values

was accepted as the hardness value.

Tensile tests were measured at room temperature with an

Instron 3367 universal tester at a 2 mm/min tensile speed.

Tensile tests were performed using samples of ASTM

E8M-21 (Figure 2) processed on the Wire Erosion device.

Five measurements were made for each alloy, and aver-

aged. A mechanical extensometer was used to determine

the elongation.

The strain hardening exponent (n) was determined using

data from tensile tests and Hollomon’s equation (Equa-

tion 1) (e is the actual strain, r is the actual stress, and K is

the strength coefficient, which is equal to the actual stress

when the strain is 1.0). The anisotropy coefficient (r) is an

essential factor in determining a metal’s resistance to

thinning at room temperature, and its formability. Perma-

nent changes in thickness and length were measured with

an extensometer during tensile tests, and the anisotropy

coefficient (r) was calculated using Equation 2.37

r ¼ Ken Eqn: 1

r ¼ ew
et

¼ ew
� el þ ewð Þ Eqn: 2

Corrosion tests were carried out in two ways:

electrochemical, and immersion. Electrochemical

corrosion tests were performed according to ASTM G59-

97 standard.38 Electrochemical measurements were

performed using Gamry 300 electrochemical analyzer

devices. Electrochemical, and immersion corrosion tests

were performed in a 3.5% NaCl solution with a pH value of

approximately 6. Only a surface area of 1.77 cm2 was

exposed to the solution. All potentiodynamic polarization

experiments were conducted at room temperature (25�C),
with a scanning rate of 1 mV/s within the range of -0.6 to

?0.6V. Data were evaluated using the Gamry EChem

Analyst software program. Equation 3 was used to

determine the corrosion rate.38

Rcorr ¼
Icorr:K:EW

d:A
Eqn: 3

In Equation 3, Rcorr is the corrosion rate in mpy, EW is the

equivalent weight in grams/equivalent, K is the constant

(0.1288 mpy.g.lA-1.cm-1.), Icorr is the corrosion current in

lA, d is the density in grams.cm-3, A is the sample area in

cm2.

The immersion test was carried out on samples with a

length of 35 mm, a width of 20 mm and a thickness of 4

mm, according to the G31-72(R-1999) standard.39 The

prepared samples were kept in % 3.5 NaCl solution with

pH 6 at 25 �C for 120 hours, with the solution renewed

every day. After the test, the corroded samples were
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cleaned using ethanol, weight loss was measured, and

corrosion rates (Rw) were calculated according to

Equation 4.40

Rw ¼ K:W

A:t:d
Eqn: 4

In Equation 4, K (3.45x106) is a constant in mpy, W is the

mass loss in grams, A is the surface area in cm2, t is the

immersion time in hour, and d is the density of samples in

grams.cm-3.39,40

Results and Discussion

Microstructure

Figure 1 shows the general microstructure of the alloys.

According to the analysis of the general microstructures, it

was found that the addition of 0.5 wt. % Ca to Alloy 1

caused an increase in the phases within the eutectic region.

Furthermore, the shapes of the phases transformed from

being solely spherical to a combination of spherical, and

needle-like forms. Furthermore, the sizes of the inter-

metallics increased. With the addition of Mn, it was seen

that the shapes of the intermetallics did not change, but

their sizes were reduced.

The ability of elements to form compounds is influenced by

differences in electronegativity.37 Since the electronega-

tivity difference between Mg and Sn is greater, the

resulting intermetallic phase is Mg2Sn . However, because

the Al content does not surpass 2%, no alloy has contained

the Mg17Al12 intermetallic.41,42 Figure 3 reveals that

Alloys 1 and 3 contain only a-Mg and Mg2Sn, while Alloy

2 exhibits a ternary phase consisting of a-Mg and Mg2Sn as

well as CaMgSn. The EDS analyses in Figure 3(e) show a-
Mg, Mg2Sn in Alloy 1 and CaMgSn phases in Alloy 2.

According to Kozlov et al. , the Sn-Ca ratio in Mg-Sn-Ca

alloys is of critical importance in determining phase for-

mation. When the ratio is three, only the CaMgSn inter-

metallic is present in the structure, whereas when the ratio

is between five and ten, both CaMgSn and Mg2Sn coex-

ist.43 Due to the Sn/Ca ratio in Alloy 2 being between 5,

and 10, the EDS examination revealed the presence of both

CaMgSn and Mg2Sn phases.

Experimental alloys all contain a-Mg and Mg2Sn. In Mg–

Sn alloys, the Mg2Sn phase, which has a melting temper-

ature of 770.5�C, is quite stable at higher temperatures than

the Mg17Al12 phase, which has a melting temperature of

417�C. Therefore, the Mg2Sn phase improves the

mechanical properties. In this study, the Al ratio was

determined as 2% to prevent the formation of Mg17Al12

Figure 3. General microstructure SEM images of alloys (a) Alloy 1, (b) Alloy 2, and (c) Alloy 3.
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thus, this phase was not observed. In addition to a-Mg, and

Mg2Sn, a triple CaMgSn phase was detected in the XRD

spectrum (Figure 4) with the addition of Ca. With the

addition of Mn, no new intermetallic compounds were

formed as seen in the XRD spectrum. However, in the EDS

results obtained from the a-Mg region for Alloy 3, Mn was

detected at 0.707 wt% (Figure 3(e)). XRD results were

obtained in accordance with the microstructure.

Grain refinement has been accepted as an alternative

approach to overcome the problems related to Mg and its

alloys.44 This is because grain refinement can simultane-

ously improve strength, hardness toughness, and ductility,

and reduce casting defects such as segregation and

porosity. Also, Ca comes second to zirconium and shows

strong potential in Mg alloys as a competitive grain refiner

in Mg-Al-based alloys. Grain refinement is the restriction

of grain growth, usually in an area immediately adjacent to

the solid/liquid interface, due to supercooling. The distri-

bution of eutectic phases, and solute elements along

interdendritic areas and grain boundaries limits grain

size.44,45 The optical microscope images of the alloys are

given in Figure 5. In Figure 5, the light coloured regions

indicate a-Mg, and the dark regions indicate grain

boundaries, and intermetallics located at the grain bound-

aries. Using the optical microscope images in Figure 5,

grain size was determined by the intercept method

according to ASTM standard E112-13 (2021).46 The grain

Figure 4. SEM micrograph illustrating the microstructure and EDS analysis of (a,b) Alloy 1, (c) Alloy
2, (d) Alloy 3, and (e) EDS phase definitions.
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size for Alloy 1 was calculated as 105lm, for Alloy 2 as 90

lm, and for Alloy 3 as 60 lm. Especially with the addition

of Mn, it was observed that the grains turned into equiaxed

grains.

Mechanical Properties

The mechanical properties of the post-casting alloys are

given in Table 2 and Figure 6. It is thought that the added

alloying elements reduce the a-Mg grain size, and form

intermetallics at the grain boundaries. Therefore, this will

provide a solid solution for the hardening of the alloy, and

increase the alloy’s strength. For this purpose, the

mechanical behavior of the alloys produced was investi-

gated. The tensile strength of the master alloy was deter-

mined as 131 MPa, the yield strength was 75 MPa and the

elongation was 9.2%.

The lowest yield strength, tensile strength, and elongation

values were obtained with the addition of Ca. Compared to

the Mg-4Sn-2Al alloy, the tensile strength value of Alloy 2

decreased by 29% to 92.5 MPa, the yield strength

decreased by 40% to 45 MPa, and the elongation decreased

by 20% to 7.38. It is thought that this is due to the CaMgSn

phase that occurs with the addition of Ca. Despite the high

thermal stability of the CaMgSn phase in the Mg-Sn-Ca

alloy in the literature, its coarse morphology tends to

separate due to the stress concentration of dendritic inter-

metallics along grain boundaries during the loading pro-

cess.47,48 Therefore, dendritic intermetallics are known to

cause brittle intergranular cracking. Coarse, and continuous

intermetallics are thought to impair strength and ductility.

Li et al. investigated the mechanical properties of Mg-2Zn

alloy with 0.2, 0.4, and 0.8 Ca added.49 The mechanical

properties were improved by the addition of 0.2 Ca.

However, when the amount of Ca increased, the mechan-

ical properties were adversely affected. With the addition

Figure 5. XRD patterns of (a) Alloys, and (b) Mg2Sn and CaMgSn peaks at 20-30 degrees.

Table 2. Mechanical Properties of Alloys

Alloy
No.

YTS0.2

(MPa)
UTS
(MPa)

e
(Elongation)

n (Strain hardening
exponent)

r (Anisotropy
coefficient)

HB (Brinell
Hardness)

Alloy 1 75 ± 4 131 ± 5 9.2 ± 0.4 0.35 0.803 30 ± 0.6

Alloy 2 45 ± 6 92.5 ± 7 7.3 ± 0.3 0.28 0.872 28.5 ± 0.5

Alloy 3 60 ± 7 102 ± 9 9.3 ± 0.5 0.36 1.293 34 ± 0.8
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of Mn, the yield strength and tensile strength of Alloy 1

decreased, while the elongation, and strain hardening

exponent values remained approximately the same. This is

because Mn does not have much effect on tensile strength,

as stated in the literature.50 In addition, according to the

EDS results (Figure 7) obtained from the regions close to

the grain boundaries of the alloys, Alloy 1 contains 2 wt.%

Al and 4 wt.% Sn. With the addition of Ca, these values

decreased to 0.45 Al and 1.94 Sn. Similarly, with the

addition of Mn, the values changed to 1 Al and 3.7 Sn.

These results show that the dissolution of Al and Sn atoms

in the a-Mg region (solid solution hardening) is higher in

Alloy 1. Solid solution hardening is less effective in alloys

with Ca and Mn additions than in Alloy 1. Therefore, the

yield strength and tensile strength of Alloy 1 are higher.

Although the grain size decreased with the addition of

alloying elements, mechanical properties did not improve.

Additionally, Pan et al. reported that the large eutectic

phases (CaMgSn) distributed between the dendritic gaps

due to the slow cooling rate of the Mg–2Sn–1Ca alloy

during casting caused the yield strength value to

decrease.51

Based on the analysis, it has been concluded that the

n values of Alloy 2, and Alloy 3 are in line with the

elongation outcomes. Additionally, it has been observed

that the plastic deformation capability decreases with the

inclusion of Ca, while it stays unchanged with the inclusion

of Mn. It is thought that with the addition of Ca to Alloy 1,

the CaMgSn intermetallic seen in the microstructure may

have functioned as crack initiation sites. Thus, the forma-

bility was negatively affected, and the n value decreased.

With the addition of Mn, the hardening exponent remained

almost the same. Liao et al. showed that when 1 wt% Mn

was added to the extruded Mg-1Sn alloy, the hardening

exponent decreased from 0.19 to 0.14.52 Grain refinement,

and the distribution of grain orientation were expressed as

the cause of the strain hardening exponent decreasing. In

addition, Zhao et al. stated that grain refinement may result

in a slower dislocation storage rate, and less twinning, and

then the increase in strain hardening can be limited.53

A common method of evaluating anisotropy in a sheet

material is to calculate the ratio between strains across the

width and thickness, called the anisotropy coefficient. The

anisotropic properties of a material depend on both alloy

composition, and processing history. Anisotropic proper-

ties can significantly impact sheet-forming processes, par-

ticularly deep drawing, and stretch forming. Therefore, the

anisotropy coefficient is considered an important parameter

for characterizing a metal plate’s ability to sustain defor-

mation.54 The anisotropy coefficient was obtained by the

ratio of the true transverse strain value ew to the actual

strain value et in thickness, as stated in Equation 2.

Figure 6. Optical Microscope images of (a) Alloy 1, (b) Alloy 2, and (c) Alloy 3.
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Considering the incompressibility of the material, the

equation ew þ et þ el ¼ 0 is valid. The sum of the plastic

deformations in the material’s width, length, and thickness

directions is zero. For Alloy 1 and Alloy 2, r \1 was

determined. Because the change in thickness is greater than

the change in width. The anisotropy coefficient for Alloy 3

was found to be 1.293, and since this value is greater than 1

(r[1), it can be said that the variation in the width of the

alloy is greater. The anisotropy coefficient affects the deep

drawability and formability of the material. According to

the results obtained, Alloy 3 has the highest anisotropy

coefficient and can be shaped better than other alloys since

r[1.55 Elsayed et al. investigated the anisotropic behavior

of hot extruded powder metallurgy Mg–Al–Mn–Ca and

Mg–Al–Zn–Ca–La alloys under both tensile, and com-

pressive loadings and compared their anisotropies. It was

stated that the addition of La showed a remarkable

improvement in anisotropy.56 In rolled Mg-Gd-Zn alloys,

r-values close to 1 indicate that cross-sectional reduction

occurs isotropically, meaning that the stresses in the width

and thickness directions are comparable. It is well estab-

lished that r-values are strongly correlated with crystallo-

graphic texture. Rolled Mg-Gd-Zn alloys exhibit a

relatively random texture, with most grains favorably

oriented for basal slip during tensile testing. This favorable

orientation facilitates the generation of comparable stresses

in the thickness, and width directions. Consequently, a

moderate r-value close to 1 is achieved, reflecting the

isotropic nature of the deformation.57

The tensile test findings show that the elongation of Alloy 2

is reduced compared to Alloy 1, whereas the elongation of

Alloy 3 remains essentially unchanged. Examination of

fracture surfaces similarly shows the same result. Fracture

surfaces of Mg-4Sn-2Al, Mg-4Sn-2Al-0.5Ca, and Mg-4Sn-

2Al-0.25Mn alloys are shown in Figure 8. The presence of

large cleavage planes on the fracture surface of the Mg-

4Sn-2Al-0.5Ca alloy in Figure 8b suggests that it under-

goes less plastic deformation. In other respects, it can be

stated that Alloy 1, and Alloy 3 undergo more plastic

deformation than Alloy 2, since the cleavage planes on the

fracture surfaces are narrower than Alloy 2, and the num-

ber, and width of dimples are greater.

Corrosion Behavior

Many factors such as impurities, secondary phases, surface

films, and grain boundaries affect the corrosion behavior of

Mg alloys. However, the corrosion resistance of Mg alloys

is mainly related to two factors, which are the properties of

the surface film, and the amount of electrochemically inert

secondary phase particles or impurities. Unlike Al alloys,

the surface film of Mg is not protective, which causes

poorer corrosion resistance of Mg alloys. In addition, in

Mg alloys, almost all intermetallics or impurities are nobler

than the matrix. Therefore, micro-galvanic corrosion

occurs between intermetallics, and a-Mg. Accordingly, it is

very important to control the microstructure, especially the

formation of intermetallics, and to form a stable, and pro-

tective film in order to improve the corrosion resistance of

Mg Alloys.58

The potentiodynamic polarization curves of the alloys are

given in Figure 9. The Tafel extrapolation method was

used to determine the corrosion current from the polar-

ization curves. The Tafel extrapolation method is used to

determine the corrosion current (Icorr), corrosion potential

(Ecorr), and corrosion rate in an electrochemical cell. The

current produced in an electrochemical cell when corrosion

occurs is the corrosion current. While the corrosion current

is 90.69 lA for Alloy 1, this value is 127.1 lA for Alloy 2,

and 37.33 lA for Alloy 3. As can be seen in Equation 3, the

corrosion rate is directly proportional to the corrosion

current. With the addition of Ca, the corrosion current

increased, and the corrosion rate increased accordingly. In

the literature, it has been stated that the coarse triple

CaMgSn phase that appears in the microstructure separates

from the matrix, and damages the passive film.59 It has

been reported that elongated mesh cracks can be observed

Figure 7. Mechanical properties of alloy (a) Tensile
strain–Tensile stress, (b) UTS and Elongation.
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in the passive film and reduce the corrosion resistance of

the alloys.

The addition of Mn increased the corrosion resistance of

the alloy, and reduced the corrosion rate to 18.96 mpy. The

reason for this is that the grain size decreases with the

addition of Mn, causing the Mg2Sn phase at the grain

boundaries to be more spherical, and smaller in size.

Therefore, it is thought that Mg2Sn, which acts as a cathode

in micro-galvanic corrosion, may have corroded its

surroundings. Li et al. investigated the corrosion properties

of Mg-10Al alloy by adding 0.3, 0.6, 0.9, and 1.2 Mn wt.

%.60 According to the results obtained, the addition of 0.6

Mn showed the best corrosion resistance. It was stated that

the addition of Mn resulted in a new phase emerging in the

microstructure. When the Mn ratio was 0.9, and 1.2, it was

stated that the micro-galvanic corrosion increased because

the amount of the phase increased. Some suggested that the

presence of Mn in the alloy increased the corrosion rate

compared to when there was no Mn added.

Figure 8. SEM images of fracture surfaces at room temperature for (a) Alloy 1,
(b) Alloy 2, and (c) Alloy 3.
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The Ecorr, Icorr, and Rcorr values obtained from the polar-

ization curves of each three alloys are summarized in

Table 3.

SEM micrographs, and regional EDS analyses of the sur-

faces of the corroded alloys are given in Figure 10. When

the corrosion surfaces of the alloys are examined, it is seen

that the Mg2Sn intermetallic phase in all three alloys settles

at the grain boundaries. This leads to the formation of the

micro-galvanic cell of Mg2Sn/a-Mg, which corrodes the a-
Mg matrix, which acts as the anode, and intergranular

corrosion occurs. Micro-galvanic cells are formed where

intermetallic phases occur, and act as cathodes of micro-

galvanic cells, they do not corrode themselves, but cause

corrosion of their surroundings, which act as anodes.

Therefore, the cathode/anode area ratio is very important in

galvanic corrosion. The smaller the anode area, the greater

the anode current density, and the faster the anode will

corrode. Therefore, as the size of the intermetallics

decreases, the corrosion rate will decrease. The increase in

the size, and amount of CaMgSn intermetallic with the

addition of Ca caused an increase in the corrosion rate.

Hort et al. examined the effects of Ca addition to Mg-Sn

alloys on corrosion resistance, and when they evaluated the

results, they clearly showed the detrimental role of cal-

cium, revealing that tin, and calcium have opposite effects

when it comes to corrosion.61 In the same study, it was seen

that Mg-6Sn-2Ca exhibited excellent corrosion resistance,

but the same amount of Ca in Mg-3Sn-2Ca showed poor

corrosion resistance. Therefore, they concluded that the

relative amounts of Ca, and Sn should also be considered,

rather than the individual amounts of the elements. The

addition of Mn is thought to cause an increase in corrosion

resistance by reducing the size of the Mg2Sn intermetallic.

Cho et al. reported that the addition of 0.4 wt.% Mn to the

Mg-4Zn-0.5Ca alloy reduced the corrosion current of the

alloy by half and the corrosion rate decreased accord-

ingly.62 They stated that the main reason for this was the

improved stability of the MnO and MnO2 surface corrosion

product films formed on the surface by the addition of Mn.

Nam showed that with the addition of 1wt.% Mn to Mg-

5Al alloy, the corrosion current density (icorr) decreased

from 371 lA/cm2 to 84 lA/cm2. The corrosion resistance

mechanism was attributed to the interaction of alloying

element oxides with Mg and Al oxides, which act as a

corrosion barrier to inhibit the corrosion process.35

In Table 3, both potentiodynamic, and immersion test

corrosion rates of the alloys are given in mpy. It is seen that

the immersion corrosion rates are higher than the poten-

tiodynamic corrosion rates. This is because the surface

areas in contact with the solution in corrosion tests are

quite large in the immersion test.63 In electrochemical

corrosion, a very small area (1.77 cm2) remained in contact

with the solution. This caused the corrosion to turn into

general corrosion, and the corrosion rates of the alloys were

calculated to be higher.

Figure 11 shows SEM images of the corroded surfaces of

the alloys after the immersion test. Alloy 3 corroded less

due to its small grain size, and the size of intermetallics

(Figure 11c). However, Alloy 2 with Ca addition had the

highest corrosion rate according to the potentiodynamic

test results, while the corrosion resistance in the immersion

test was found to be higher than Alloy 1. In the EDS

analyses given in Table 4, the wt.% values of O (oxygen),

chlorine (CI), and Mg on corroded surfaces were com-

pared. According to these results, the amount of chlorine in

Alloy 2 is less than that in Alloy 1. Thirumalaikumarasamy

et al. reported that chloride ion concentrations in magne-

sium alloys are closely related to the corrosion rate. They

stated that the corrosion rate also increases with increasing

chloride ion concentration.63

Electrochemical impedance spectroscopy (EIS) results were

used to evaluate the electrochemical properties of the alloys.

According to the results, the addition of Ca and Mn to Mg-

4Sn-2Al alloy did not affect the corrosion mechanism but

significantly changed the impedance values. The bode mag-

nitude plots are seen in Figure 12(a). At low frequencies, the

impedance magnitude is controlled by the charge transfer

resistance (Rc) and diffusion processes of the system, while at

high frequencies, the solution resistance (Rs) becomes dom-

inant. The change of phase angle with frequency is shown in

Figure 12(b). The maximum phase angle indicates the fre-

quency at which the capacitive behavior of the system is

Figure 9. Potentiodynamic polarization curves of alloys.

Table 3. Potentiodynamic Polarization Results of Alloys

Alloy No. Ecorr (V) Icorr(lA) Rcorr(mpy) Rw(mpy)

Alloy 1 - 1.483 90.69 46.60 932.46

Alloy 2 - 1.542 127.1 66.19 528.92

Alloy 3 - 1.603 37.33 18.96 65.32
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dominant and provides information about the formation of the

protective surface film. A higher maximum phase angle

indicates higher corrosion resistance. TheNyquist plots for all

alloys consist of only a single half-arc, indicating that a

charge-controlled dissolution takes place. The diameters of

the circles in the Nyquist diagrams in Figure 12(c) provide

important information about the corrosion resistance of the

alloys. Larger diameter circles indicate higher corrosion

resistance.58 The larger circles in Mg-4Sn-2Al-0.5Ca and

Mg-4Sn-2Al-0.25Mn alloys indicate that these additives

reduce corrosion by forming a protective layer on the surface.

In Figure 12(d), the equivalent circuit model is used to ana-

lyze the measured EIS data. The Randal’s circuit shows high

compatibility with impedance results. Detailed information

about the circuit can be found elsewhere.64,65 Magnesium

alloys have a passive layer based on MgO/Mg(OH)2 on the

surface. This layer is porous and the ions in the corrosive

environment contact the base metal surface through these

pores. According to the EIS test results, the addition of Mn to

the Mg-4Sn-2Al alloy increased the protection of the passive

layer. Microscopic, elemental and electrochemical tests will

then be carried out to investigate the causes in detail.

Conclusions

Microstructural, mechanical, and corrosion properties

of the alloys were investigated by the addition of Ca

and Mn to the cast Mg-4Sn-2Al alloy. The results are

as follows:

Figure 10. Electrochemical corrosion morphologies of (a) Alloy 1, (b) Alloy 2, and
(c) Alloy 3.
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1. Alloy 1’s microstructure consists of a-Mg and

Mg2Sn phases. The addition of Ca resulted in the

formation of a needle-like CaMgSn intermetallic

structure. While the addition of Mn did not create

a new phase in the microstructure, it led to the

reduction in size, and sphericalization of the

Mg2Sn intermetallic. Additionally, the addition of

both alloying elements contributed to the

decrease in grain size.

2. Yield strength and tensile strength values

decreased with the addition of Ca, and Mn. The

lower solubilities of Al and Sn in the grain

boundary regions with the addition of Ca and Mn

compared to the Mg-4Sn-2Al alloy caused a

decrease in yield strength and tensile strength

values. Grain size, shape and size of inter-

metallics were effective on hardness results. It

is thought that the intense load of the tip

penetrating the sample in the measurement does

not increase the hardness by causing fracture of

the intermetallics. It is seen that especially the

large size phase (CaMgSn) does not improve the

Figure 11. SEM images of corroded surfaces after immersion testing (a) Alloy 1, (b) Alloy 2, and
(c) Alloy 3.

Table 4. Immersion Test EDS Results of Alloys

Alloy No. 1 2

Alloy 1

O 40.991 49.643

Mg 37.378 50.258

CI 21.631 0.100

Alloy 2

O 46.603 48.297

Mg 46.716 51.549

CI 6.681 0.154

Alloy 3

O 42.552 48.335

Mg 53.860 49.973

CI – –
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Brinell hardness. The anisotropy coefficient

increased with the addition of Mn. It has been

understood that the Mn-doped alloy is more

resistant to deformation in the thickness direction.

3. According to the potentiodynamic test results,

Alloy 3 has the lowest corrosion rate of 18.96

mpy, indicating the highest corrosion resistance.

Alloy 2 has the highest corrosion rate of 66.19

mpy, indicating the lowest corrosion resistance.

The corrosion resistance of Alloy 1 increased

with the addition of Mn. The reason for this is

thought to be that the Mg2Sn phase becomes

smaller, and more spherical in size with the

addition of Mn. It is thought that Mg2Sn may

have caused less corrosion by acting as a cathode

in micro-galvanic corrosion with the reduction of

its dimensions. The addition of Ca adversely

affected the corrosion properties, and increased

the corrosion rate. It is thought that the high

amount of coarse CaMgSn intermetallic may

have increased the number of galvanic cells, and

decreased the corrosion resistance of the alloy.

4. According to the immersion test, Alloy 3 has the

lowest corrosion rate value with 65.32 mpy,

indicating that this alloy has the least material

loss from the surface. Alloy 1 has the highest

corrosion rate value with 932.46 mpy and it can

be said that there is more material loss on the

surface than other alloys.

5. Potentiodynamic corrosion rates and immersion

corrosion rates of the alloys differed. The corro-

sion rates obtained from the immersion test

results are high. This is thought to be due to the

different surface areas of the test specimens.

Larger surface areas in the immersion test caused

the alloys to corrode more.

6. The maximum phase angle and Nyquist plots

demonstrate that the addition of Ca and Mn

enhances corrosion resistance by promoting the

formation of a protective surface layer.
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C. Karaoğlanlı, ‘‘Influence of Sn addition on

microstructure and corrosion resistance of AS21 mag-

nesium alloy,’’ Trans. Nonferrous Met. Soc. China

(English Ed., vol. 29, no. 7, pp. 1413–1423, 2019,

https://doi.org/10.1016/S1003-6326(19)65048-X.

41. F. Habashi, ‘‘Alloys: Preparation, Properties, Appli-

cations,’’ Isbn 3-527-29591-7, Wıley-Vch Verlag

Gmbh, D-69469 Weinheim, Germany, 321,1998.

42. Q. Wang, Y. Chen, S. Xiao, X. Zhang, Y. Tang, S.

Wei et al., Study on microstructure and mechanical

properties of as-cast Mg–Sn–Nd Alloys. J. Rare Earths

28(5), 790–793 (2010). https://doi.org/10.1016/S1002-
0721(09)60202-7

43. A.Kozlov,M.Ohno, T.A. Leil, N.Hort, K.U.Kainer, R.

Schmid-Fetzer, Phase equilibria, thermodynamics and

solidification microstructures of Mg-Sn-Ca alloys, Part

2: Prediction of phase formation in Mg-rich Mg-Sn-Ca

cast alloys. Intermetallics 16(2), 316–321 (2008)

3664 International Journal of Metalcasting/Volume 19, Issue 6, 2025

https://doi.org/10.1002/adem.200600014
https://doi.org/10.1002/adem.200600014
https://doi.org/10.1016/j.jallcom.2006.09.024
https://doi.org/10.1016/j.jallcom.2006.09.024
https://doi.org/10.1016/j.jallcom.2012.11.094
https://doi.org/10.1016/j.jallcom.2012.11.094
https://doi.org/10.1007/s40962-022-00869-8
https://doi.org/10.1007/s40962-022-00869-8
https://doi.org/10.1016/j.jallcom.2022.167849
https://doi.org/10.1016/j.jallcom.2022.167849
https://doi.org/10.1016/S1003-6326(13)62907-6
https://doi.org/10.1016/S1003-6326(13)62907-6
https://doi.org/10.1016/j.matdes.2010.09.019
https://doi.org/10.1016/j.mtcomm.2024.110466
https://doi.org/10.1007/s40962-023-00997-9
https://doi.org/10.1016/j.msea.2012.10.010
https://doi.org/10.1016/j.msea.2012.10.010
https://doi.org/10.1016/j.actamat.2004.11.005
https://doi.org/10.1016/j.msea.2011.02.030
https://doi.org/10.1016/j.msea.2011.02.030
https://doi.org/10.1016/j.jma.2014.12.008
https://doi.org/10.1016/j.jma.2014.12.008
https://doi.org/10.1016/S1003-6326(21)65629-7
https://doi.org/10.1016/S1003-6326(21)65629-7
https://doi.org/10.1016/j.jma.2014.06.002
https://doi.org/10.1016/j.jma.2014.06.002
https://doi.org/10.1007/s40962-019-00366-5
https://doi.org/10.1007/s40962-019-00366-5
https://doi.org/10.1007/s40962-022-00875-w
https://doi.org/10.1007/s40962-022-00875-w
https://doi.org/10.1016/j.jestch.2020.08.003
https://doi.org/10.1016/j.jestch.2020.08.003
https://www.astm.org/standards/g31
https://doi.org/10.1016/S1003-6326(19)65048-X
https://doi.org/10.1016/S1002-0721(09)60202-7
https://doi.org/10.1016/S1002-0721(09)60202-7


44. Y. Ali, D. Qiu, B. Jiang, F. Pan, M.X. Zhang, Current

research progress in grain refinement of cast magne-

sium alloys: A review article. J. Alloys Compd. 619,
639–651 (2015). https://doi.org/10.1016/j.jallcom.

2014.09.061

45. S.E. Harandi, M. Mirshahi, S. Koleini, M.H. Idris, H.

Jafari, M.R.A. Kadir, Effect of calcium content on the

microstructure, hardness and in-vitro corrosion

behavior of biodegradable Mg-Ca binary alloy. Mater.

Res. 16(1), 11–18 (2013). https://doi.org/10.1590/

S1516-14392012005000151

46. ASTM E112-13(2021); Standard Test Methods for

Determining Average Grain Size, Standard. ASTM

International: West Conshohocken, PA, USA, 2021.

Available online: https://www.astm.org/e0112-13r21.

html (accessed on 20 April 2022).

47. B.H. Kim, H. Kimura, Y.H. Park, I.M. Park, The

effect of cerium on microstructures and mechanical

properties of Mg-4A1-2Sn-lCa Alloy. Mater. Trans.

51(7), 1346–1349 (2010). https://doi.org/10.2320/

matertrans.M2010042

48. M.B. Yang, Y.L. Ma, F.S. Pan, Effects of little Ce

addition on as-cast microstructure and creep proper-

ties of Mg-3Sn-2Ca magnesium alloy. Trans. Non-

ferrous Met. Soc. China English Ed. (2009). https://

doi.org/10.1016/S1003-6326(08)60411-2

49. H.X. Li, S.K. Qin, C.L. Yang, Y.Z. Ma, J. Wang, Y.J.

Liu et al., Influence of Ca addition on microstructure,

mechanical properties and corrosion behavior of Mg-

2Zn alloy. China Foundry 15(5), 363–371 (2018).

https://doi.org/10.1007/s41230-018-7203-6

50. Z. Zhen, T. Xi, Y. Zheng, L. Li, L. Li, InVitro study

on Mg-Sn-Mn Alloy as biodegradable metals.

J. Mater. Sci. Technol. 30(7), 675–685 (2014). https://

doi.org/10.1016/j.jmst.2014.04.005

51. H. Pan, G. Qin, M. Xu, H. Fu, Y. Ren, F. Pan et al.,

Enhancing mechanical properties of Mg-Sn alloys by

combining addition of Ca and Zn. Mater. Des. 83,
736–744 (2015)

52. H. Liao, J. Lim, T. Liu, A. Tang, J. She, P. Peng et al.,

‘‘Effects of Mn addition on the microstructures,

mechanical properties and work-hardening of Mg-1Sn

alloy,’’ Mater. Sci. Eng. A, vol. 754, no. December

2018, pp. 778–785, 2019, https://doi.org/10.1016/j.

msea.2019.02.021.

53. B.H. Kim, J.J. Jeon, K.C. Park, B.G. Park, Y.H. Park,

I.M. Park, Microstructural characterisation and

mechanical properties of Mg-xSn-5Al-1Zn alloys. Int.

J. Cast Met. Res. 21(1–4), 186–192 (2008). https://doi.
org/10.1179/136404608X361927

54. S.H. Wu, N.N. Song, F.M.A. Pires, A.D. Santos, A.B.

Rocha, R. Roberto et al., The Variation of the

Lankford Coefficient in Magnesium Alloy. Iddrg

2014(June), 181–186 (2014)

55. S. Y. Betsofen, A. A. Il’In, A. A. Ashmarin, and A.

A. Shaforostov, ‘‘Influence of the deformation mech-

anism on the anisotropy of the mechanical properties

and workability of magnesium alloys,’’ Russ. Metall.,

vol. 2008, no. 3, pp. 252–258, 2008, https://doi.org/10.

1134/S0036029508030129.

56. A. Elsayed, J. Umeda, K. Kondoh, The texture and

anisotropy of hot extruded magnesium alloys fabri-

cated via rapid solidification powder metallurgy.

Mater. Des. 32(8–9), 4590–4597 (2011). https://doi.

org/10.1016/j.matdes.2011.03.066

57. D. Wu, R.S. Chen, E.H. Han, Excellent room-

temperature ductility and formability of rolled Mg-

Gd-Zn alloy sheets. J. Alloys Compd. 509(6),
2856–2863 (2011)

58. S. K. Woo, C. Blawert, K. A. Yasakau, S. Yi, N.

Scharnagl, B. C. Suh et al., ‘‘Effects of combined

addition of Ca and Y on the corrosion behaviours of

die-cast AZ91D magnesium alloy,’’ Corros. Sci., vol.

166, no. March 2019, p. 108451, 2020, https://doi.org/

10.1016/j.corsci.2020.108451.

59. Q. Liu, W. Cheng, H. Zhang, C. Xu, J. Zhang, The

role of Ca on the microstructure and corrosion

behavior of Mg-8Sn-1Al-1Zn-Ca alloys. J. Alloys

Compd. 590, 162–167 (2014). https://doi.org/10.1016/

j.jallcom.2013.12.077

60. X. Li, S. Liu, and Y. Du, ‘‘Investigation on the

corrosion resistance of the Mg-10Al-xMn alloys based

on thermodynamic calculations,’’ Corros. Sci., vol.

189, no. June, p. 109631, 2021, https://doi.org/10.

1016/j.corsci.2021.10963.

61. N. Hort, Y.D. Huang, T.A. Leil, K.P. Rao, K.U.

Kainer, Properties and processing of magnesium-tin-

calcium alloys. Kov. Mater. 49(3), 163–177 (2011).

https://doi.org/10.4149/km_2011_3_163

62. D.H. Cho, B.W. Lee, J.Y. Park, K.M. Cho, I.M. Park,

‘‘ Effect of Mn addition on corrosion properties of

biodegradable Mg-4Zn-0.5Ca-xMn alloys,’’ J Alloys

Compd. 2017;695:1166–74. Available from: https://

doi.org/10.1016/j.jallcom.2016.10.244

63. D. Thirumalaikumarasamy, K. Shanmugam, V. Bala-

subramanian, ‘‘Comparison of the corrosion behaviour

of AZ31B magnesium alloy under immersion test and

potentiodynamic polarization test in NaCl solution,’’

J. Magnes. Alloy. 2014;2(1):36–49. Available from:

https://doi.org/10.1016/j.jma.2014.01.004

64. D. Sun, G.S. Frankel, W.A. Brantley, R.H. Heshmati,

W.M. Johnston, ‘‘Electrochemical impedance spec-

troscopy study of corrosion characteristics of palla-

dium–silver dental alloys,’’ J. Biomed. Mater. Res. -

Part B Appl Biomater. 2021;109(11):1777–86.

65. B.L. Bayode, M.L. Teffo, T. Tayler, O.O. Ige, R.

Machaka, P.A. Olubambi, ‘‘ Structural, mechanical

and electrochemical properties of spark plasma sin-

tered Ti-30Ta alloys,’’ Mater Sci Eng B. 2022;283.

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

International Journal of Metalcasting/Volume 19, Issue 6, 2025 3665

https://doi.org/10.1016/j.jallcom.2014.09.061
https://doi.org/10.1016/j.jallcom.2014.09.061
https://doi.org/10.1590/S1516-14392012005000151
https://doi.org/10.1590/S1516-14392012005000151
https://www.astm.org/e0112-13r21.html
https://www.astm.org/e0112-13r21.html
https://doi.org/10.2320/matertrans.M2010042
https://doi.org/10.2320/matertrans.M2010042
https://doi.org/10.1016/S1003-6326(08)60411-2
https://doi.org/10.1016/S1003-6326(08)60411-2
https://doi.org/10.1007/s41230-018-7203-6
https://doi.org/10.1016/j.jmst.2014.04.005
https://doi.org/10.1016/j.jmst.2014.04.005
https://doi.org/10.1016/j.msea.2019.02.021
https://doi.org/10.1016/j.msea.2019.02.021
https://doi.org/10.1179/136404608X361927
https://doi.org/10.1179/136404608X361927
https://doi.org/10.1134/S0036029508030129
https://doi.org/10.1134/S0036029508030129
https://doi.org/10.1016/j.matdes.2011.03.066
https://doi.org/10.1016/j.matdes.2011.03.066
https://doi.org/10.1016/j.corsci.2020.108451
https://doi.org/10.1016/j.corsci.2020.108451
https://doi.org/10.1016/j.jallcom.2013.12.077
https://doi.org/10.1016/j.jallcom.2013.12.077
https://doi.org/10.1016/j.corsci.2021.10963
https://doi.org/10.1016/j.corsci.2021.10963
https://doi.org/10.4149/km_2011_3_163
https://doi.org/10.1016/j.jallcom.2016.10.244
https://doi.org/10.1016/j.jallcom.2016.10.244
https://doi.org/10.1016/j.jma.2014.01.004

	Investigation of Microstructure, Mechanical Properties and Corrosion Behaviour of As-Cast Mg-4Sn-2Al-X (X = 0.5 Ca and 0.25 Mn) Alloys
	Abstract
	Introduction
	Experimental Approach
	Results and Discussion
	Microstructure
	Mechanical Properties
	Corrosion Behavior

	Conclusions
	Funding
	Open Access
	References




