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AbstractMagnesium (Mg) alloy is used for various medical purposes, such as bone implants. In the present study, MgAlSixZn alloys werecreated utilizing the gravity casting by adding various Zinc (Zn) (x is 0, 0.5, 1.2, and 1.7 wt.%) and then homogenized at 400 ◦Cfor around two hours. MgAlSixZn as-homogenized samples were investigated for microstructure, phase structure, electrochemicalbehavior, surface morphology, bacterial activity, hardness, and thermal behavior using an optical microscope, XRD, Potentiostat,SEM-EDS, digital camera, Vickers hardness test, and Thermogravimetric apparatus, respectively. Several findings include thatincreasing Zn content implies a grain growth inhibition mechanism facilitated by Zn segregation at grain boundaries, increasedcorrosion rates, a rise in the hardness, and increased weight loss. It should be noted that the increase in the corrosion rate andweight loss occurs linearly for Zn addition in the Mg alloy until 1.2 wt.%. An increase in Zn concentration causes the peak shift inMgAlSi-based alloy samples, but no crystallographic orientation is apparent. At the end, the highest corrosion rate and inhibition areaare observed in MgAlSi1.2Zn sample, which indicates that it is suitable for biodegradable orthopedic wire.
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1. INTRODUCTION

Magnesium (Mg) is becoming more and more popular in use
due to its lightweight nature (Çiçek et al., 2013) . Mg and its
alloys are widely used in biomedical applications such as bone
implants due to their good biocompatibility and degradability
(Zhang et al., 2022) . Bone implant materials are an essential
component of biomedical materials, as around 70-80% of im-
plants are made from biomedical alloys (Hafeez et al., 2019;
Liu et al., 2020b) . Unfortunately, some infections could occur
due to bacterial agents. Staphylococcus aureus and Staphylococcus
epidermitis are the most common causative agents (about 70%)
of implant-associated infection in orthopedics (Wang et al.,
2022) .

There are a number of techniques to create an Mg alloy,

such as powder metallurgy (Sharma et al., 2019) , laser powder
bed fusion additive manufacturing (Han et al., 2024) , and cast-
ing using an electric furnace (Istrate et al., 2023) to improve
the properties of the forming material. Several researchers
have preferred to create Mg alloy using casting methods (Jiang
et al., 2019; Nam, 2014; Singh et al., 2015) . Besides using
material fabrication techniques, some researchers doped other
metals to achieve desired properties. The addition of Silicon
(Si), Aluminum (Al), and Zinc (Zn) is a common metal added
during the casting process. Wang et al. (2014b) found that an
increase in the Si content in the MgAlSi alloy led to an increase
in the tensile strength. Moreover, adding Al and Zn to the Mg
alloy effectively strengthens the alloy (Li et al., 2022) . Unfortu-
nately, raising the Al and Zn can make the alloy easy to corrode
(Candan and Candan, 2017; Song et al., 2012) , but it could
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also increase its hardness (Guo et al., 2017) . However, pre-
senting and increasing Zn content in the Mg alloy significantly
improves antibacterial properties (He et al., 2015) .

The considerable inhibition area and bacterial reduction
in several investigations indicate that Zn in the alloy could en-
hance antibacterial properties (Bakhsheshi-Rad et al., 2017a,b) .
However, it also caused material degradation (crystal forma-
tion, holes, and hydrogen gas formation) and corrosion (Li
et al., 2020; Liu et al., 2020a; Song et al., 2012; Zhao et al.,
2016) . Moreover, several reports of using Mg and Zn alloys
have highlighted their stability and chemical stability (Wei et al.,
2022; Zhang et al., 2022) . However, it is reported that Mg is
mainly biocompatible; integrating Mg into implants decreases
mechanical stability due to the fast degradation of the mate-
rial (Yu et al., 2018) . Furthermore, using these materials as
implants may be harmful due to oxidation processes, hole for-
mation, and crystal deposition. These structural changes may
affect mechanical integrity, especially in load-bearing applica-
tions, requiring adjustments to maintain antibacterial activity
and guarantee durability. However, there is a potential for a
biodegradable orthopedic wire (Cai et al., 2018; Han et al.,
2024) .

Several researchers create MgZn alloys using various com-
binations for different purposes. Yang et al. (2018) , adding
1, 2, and 5 wt.% Mg to Zn to generate an effect galvanic cell.
Ying et al. (2015) examine thermal conductivity as-cast and
as-extruded MgxZn alloys (x is 0.5, 1, 1.5, 2.5, 4, and 5 wt.%)
and found that increasing the Zn content leads to a decrease
in thermal stability. Yan et al. (2017) investigating microstruc-
ture, mechanical properties, and corrosion behavior of MgxZn
(x is 6, 14.5, 25.3, and 40.3 wt.%) as-extrude alloy. Cai et al.
(2012) prepared Mg-Zn alloys with Zn contents of 1, 5, and
7 wt.% and investigated similar purposes to those of Yan et al.
(2017) . Jin et al. (2018) cast, extrude, and drew to diameter
0.25 mm of ZnxMg alloys (x is 0.08, 0.005, and 0.002 wt.%),
then evaluated those as potential biodegradable stent materials.
Guo et al. (2017) added Zn into AlMgSiCu alloys for automo-
tive applications. Moreover, Zn, Mg, and Mg-Zn have different
characteristics in inhibitive rate (Yu et al., 2017) .

Various binary MgZn alloys have been widely investigated
for physical, mechanical, electrochemical, and bacterial prop-
erties (Cai et al., 2012; Jin et al., 2018; Yan et al., 2017; Yang
et al., 2018; Ying et al., 2015) . According to several researchers’
findings, testing for intermediate Zn concentrations (such as
0.5–1.7 wt.%) may create a balance between mechanical char-
acteristics, material stability (corrosion), and antibacterial prop-
erties. Moreover, Guo et al. (2017) added Zn into AlMgSiCu
alloys, and Jiao et al. (2021) added Zn into AlMgSi for automo-
tive applications. To the best of our knowledge, no report has
been conducted on MgAlSixZn alloy casting to investigate its
microstructure, crystallographic orientation, electrochemical
behavior, surface morphology, bacterial activity, hardness, and
thermal characteristics. Therefore, the present study created
MgAlSixZn using gravity casting by adding various amounts
of Zn (x is 0, 0.5, 1.2, and 1.7 wt.%).

2. EXPERIMENTAL SECTION

2.1 Materials
MgAlSixZn was created by means of the gravity casting method
by adding various Zn (x is 0, 0.5, 1.2, and 1.7 wt.%) (Guo et al.,
2017; Li et al., 2018; Ying et al., 2015) . Mg ingot was pur-
chased from Fugu Yufeng Magnesium Co., Ltd, with a chemi-
cal composition of 99.92 wt.% Mg, 0.00163 wt.% Cu, 0.0167
wt. % Si, 0.0016 wt.% Fe, 0.0165 wt.% Mn, 0.00024 wt.% Ni
and 0.0148 wt.% Al. A Zn ingot (99.996%) was purchased
from Nyrstar, Australia, and the Al commercial used in the
present study had a composition of 0.106 wt.% Si, 0.365 wt.%
Fe, and Al balance.

Figure 1. Microstructure of various samples (a) MgAlSi-0Zn,
(b) MgAlSi-0.5Zn, (c) MgAlSi-1.2Zn, and (d) MgAlSi-1.7Zn

2.2 Instruments
A custom electric furnace was used to heat materials until they
melted (Basori et al., 2025) . After the specimens were created
and homogenized, material characterization was performed.
Various instruments were used in the present study for material
characterization. X-ray fluorescence (XRF), Panalytical, Ep-
silon 4 type, was used to investigate the elements of the various
samples. An optical microscope (Olympus BX53M) was used
to capture the microstructure. The phase structure was investi-
gated using X-ray diffraction (XRD) with a Bruker instrument.
Hardness was measured using Vickers hardness equipment
(FV-300e). The thermal behavior was studied using Thermo-
gravimetry analysis (NETZSCH TG 209 F3 Tarsus). Electro-
chemical behavior was conducted using a Potentiostat (Gamry
References 600). The surface morphology of the samples was
also investigated using a scanning electron microscope (SEM)
equipped with EDS (Thermo Scientific-Phenom Pharos). A
sub-surface interaction test was documented using a camera
(Samsung Galaxy S22) and a microscope (Olympus CX23).
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2.3 Casting Process
Firstly, all ingot was inserted into the crucible and then fol-
lowed by adding flux for around 3 wt.%. Flux was used as a
composition of 55 wt.% KCl, 34 wt.% MgCl2, 9 wt.% BaCl2,
and 2 wt.% CaF2 (Merck with purity >99%) (Patel et al., 2021) .
After that, the crucible was heated using a custom electric fur-
nace at 800 ◦C for around 15 minutes (Chakthin et al., 2016) .
After reaching the time, the melted ingot in the crucible was
taken out, manually stirred, slag removed, and poured into a
permanent mold (110×110×6 mm), accompanied by argon
blow. Furthermore, the as-cast Mg alloys were homogenized
at 400 ◦C for two hours (Wong et al., 2018) .

Figure 2. XRD Measurement Result. The Image on the Right
Rhows the Magnified Diffraction Pattern at 2𝜃 = 33 - 36◦

2.4 Sample Preparation for Characterization
Mg alloys (as homogenized) were cut for several characteriza-
tions, such as XRF, microstructure, phase formation, electro-
chemical behavior, surface morphology, bacterial activity, hard-
ness, and thermal analysis. Afterward, the samples were pol-
ished using silicon carbide (SiC) abrasive papers up to #3000,
followed by aluminum oxide, until mirror polished, then etched
using nital 2% for microstructure investigation (Syaripuddin
et al., 2024) . Samples for electrochemical behavior, surface
morphology, bacterial activity, hardness, and thermal analy-
sis were prepared similarly to the microstructure investigation
(without etching).

2.5 Chemical Composition, Microstructure, Phase Struc-
ture, Hardness, and Thermal Behavior

The chemical composition of the as-homogenized Mg alloys
was investigated using XRF. Microstructure was analyzed us-
ing an optical microscope. Phase structure was investigated
using XRD, scanned from 20 to 80◦ using a step size of 0.020◦

(CuK𝛼=1.5406 Å). The XRD data were refined using the Gen-
eral Structure Analysis System software (Larson and Von Dreele,
2004) . Hardness was measured using Vickers hardness equip-
ment. Five repeatable measurements were conducted using
a 1kg load on different spots. Ultimately, thermal behavior
was investigated using thermogravimetry analysis in a nitrogen
environment (Basori et al., 2025) .

2.6 Electrochemical Behavior
Electrochemical behavior was conducted using a Potentiostat
on various samples with a surface area of 1 cm2 (Syaripuddin
et al., 2024) . Three types of electrochemical behavior were
investigated, including open circuit potential (OCP), poten-
tiodynamic polarization (PP), and electrochemical impedance
spectroscopy (EIS) in 0.9% NaCl at room temperature (Tasić
et al., 2018) . Prior to the PP measurement, OCP was scanned
for 1200 seconds, and potential data was picked up every sec-
ond. PP was conducted using a 1 mV/s scan rate (Syaripuddin
et al., 2024) ). In which Mg alloy is the working electrode, Plat-
inum (Pt) is the counter electrode, and Ag/AgCl is the reference
electrode. PP data was analyzed using the Tafel extrapolation
method to determine corrosion current and potential. The
corrosion rate is determined by inserting the corrosion current
into Equation 1 (Ahmad, 2006) .

Corrosion rate (mpy) = C .
Micorr

n 𝜌
(1)

Where 𝜌 is alloy density (g/cm3), icorr is corrosion current
density (A/cm2), M is atomic weight (g/mol), n is the number of
electrons involved, and C is a constant (0.129 when corrosion
rate is in mpy). Moreover, the EIS was conducted at 100000
to 0.2 Hz to find the Nyquist and Bode plots. Rct is charge
transfer resistance, and Rs is solution resistance. Both were
found by fitting using electrical equivalent circuits (EEC).

The surface morphology was investigated to compare the
results of before-and-after corrosion tests. The surface mor-
phology before the electrochemical test was captured by SEM.
After the electrochemical test, the samples were also investi-
gated using an SEM equipped with EDS. Moreover, the Image
J software was used to analyze grain distribution diameters
according to the SEM image after the electrochemical test
(Rosyidan et al., 2024) .

2.7 Bacterial Activity
The bacterial activity was conducted using Staphylococcus aureus
ATCC 25923, employing the direct contact kill assay method,
regrowth assessment, and the sub-surface interaction test. The
direct contact kill assay method and regrowth assessment test
are similar to those described in a previous study (Basori et al.,
2025) . Moreover, the last step in the bacterial activity is the
sub-surface interaction test (pour plate modification) (Boczek
et al., 2014) . The cast metal was placed in the center, letting it
be submerged within the liquid agar before it hardened. The
whole system was then incubated at 37 ◦C and observed for 24
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Figure 3. XRD Fitting Results (a) MgAlSi-0Zn, (b) MgAlSi-0.5Zn, (c) MgAlSi-1.2Zn, and (d) MgAlSi-1.7Zn

hours (captured with a camera). After incubation, the sample
is picked up, and the agar is cut into transversal sections as thin
as 0.5 mm with a sterile scalpel blade. The agar is put on a
microscope slide and heat-fixed. The entire slide is flooded
with Safranin 10%, water rinsed and then submerged in xylene:
alcohol absolute 1:1 for 2 hours. It is then observed under 40×
magnification on a microscope.

3. RESULTS AND DISCUSSION

3.1 Chemical Composition
The chemical, composition of the as-homogenized Mg alloys
was investigated using XRF and presented in Table 1. Mg ele-
ment is the majority offered in all alloy compositions. Although
0.060 wt.% Zn is present in the MgAlSi-0Zn; that sample was
used as a Zn-free alloy. Moreover, comparing the chemical
composition to AZ31B, AZ31, and AZ91D, it can be con-
cluded chemical composition of the present study is not similar
to the Mg standard alloys (Moreno et al., 2023; Setiawan and

Rachman, 2021; Zaffora et al., 2021) .

3.2 Microstructure
Figure 1 shows the microstructural evolution of the MgAlSixZn
alloy as influenced by Zn addition. In the Zn-free alloy Figure
1a, the microstructure is dominated by coarse dendritic 𝛼-Mg
structures, which indicate a relatively slow solidification rate
and limited solute redistribution. Upon the addition of Zn
Figure 1b, these dendrites transform into finer, more discrete
secondary phase islands, suggesting a change in nucleation and
growth behavior during solidification. Figures 1c and 1d re-
veal further grain refinement, as evidenced by the formation
of well-defined grain boundaries across the matrix, with aver-
age grain sizes of 45 and 44.6 𝜇m, respectively. The uniform
appearance and absence of visible intermetallic phases suggest
a homogeneous distribution of alloying elements and suppres-
sion of intermetallic compound formation under the applied
processing conditions. The observed refinement with increas-
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ing Zn content implies a grain growth inhibition mechanism
facilitated by Zn segregation at grain boundaries. Accumulated
Zn atoms at these boundaries hinder their mobility, thereby
restricting grain coarsening during solidification or subsequent
cooling (Yuan et al., 2022) . This effect is commonly attributed
to the solute drag phenomenon, in which segregated solute
atoms exert a retarding force on moving grain boundaries,
reducing their migration velocity and promoting finer grain
structures (Guan et al., 2019) .

Table 1. Chemical Composition of Various MgAlSiZn Alloys

Sample
Al Si Zn Mg

(wt. %)

MgAlSi-0Zn 4.788 0.891 0.060 rest
MgAlSi-0.5Zn 5.314 0.315 0.531 rest
MgAlSi-1.2Zn 5.412 0.369 1.209 rest
MgAlSi-1.7Zn 0.641 0.523 1.739 rest

3.3 Phase Structure
Figure 2 shows the as-cast MgAlSi diffraction pattern with and
without Zn addition. There are only diffraction peaks that can
be identified as the 𝛼-Mg (pure Mg) phase in all four sample
patterns. The hexagonal 𝛼-Mg phase peak with space group
p63/mmc is in agreement with earlier studies (Guan et al.,
2018; Hu et al., 2021; Wang et al., 2014a) . In the results of
the four samples, the 𝛽 phase (Mg17Al12) was not detected.
The peak shift in MgAlSi-based alloy samples is caused by an
increase in Zn concentration, but no crystallographic orienta-
tion is apparent, as shown in Figure 2 (right image).

Figure 3 (a–d) shows a comparison of the calculated diffrac-
tion patterns with the observed results for the four samples.
All four diffraction patterns were successfully calculated using
the Rietveld method with the 𝛼-Mg phase as the reference.
As the amount of Zn increases, the hexagonal crystals of the
MgAlSi alloy become smaller. It is evident by the shrinkage in
the lattice constant -c values, which decreases from 0.5196 nm
to 0.5186 nm in the Zn-free sample and when Zn is added,
respectively. The lattice constant -a value also decreased from
0.3201 nm to 0.3194 nm in comparison to the Zn-free sample
when the Zn level rose to 1.2 wt.%. However, the sample with
1.7 wt.% Zn addition has almost identical lattice constant -a
value as the sample with 1.2 wt.% Zn addition.

The Williamson-Hall plot method was used to determine
how much Zn affects the mean crystallite size. In general, the
Williamson-Hall method is a linear regression of the straight-
line relationship between 𝛽 .cos𝜃 and 4.sin𝜃 . The formula for
this method is as follows in Equation 2 (Nath et al., 2020) .

𝛽 cos 𝜃 =
k𝜆
D

+ 4𝜖 sin 𝜃 (2)

Where 𝜃 is the peak position (◦), 𝜆 is the X-ray radiation
wavelength (nm), 𝜖 is the micro-strain (%), 𝛽 is the full width

at half maximum (FWHM) value in radians, D is the mean
crystallite size (nm), and k is the shape factor (k=0.94).

According to the calculations, adding Zn could refine the
mean crystallite size. The sample containing 1.7 wt.% Zn had
a mean crystallite size that was more than 3.5 times smaller
than the Zn-free sample. Table 2 displays the mean crystallite
size and the lattice parameter data from the calculation.

3.4 Electrochemical Behavior
Three types of electrochemical behavior were investigated,
such as OCP, PP, and EIS in 0.9% NaCl at room temperature.
OCP measurement results can be seen in Figure 4a. Generally,
MgAlSi-1.2Zn and MgAlSi-1.7Zn have a stable potential at ini-
tial measurement until 1200 seconds, while MgAlSi-0Zn and
MgAlSi-0.5Zn shift to more positive values. MgAlSi-0.5Zn
and MgAlSi-0Zn at 400 and 600-second measurements sud-
denly move in a negative direction, which indicates the for-
mation of MgCl2 (Fitriana and Anawati, 2019) . At the end of
the OCP measurement, it was shown that decreasing the Zn
content in the alloy led to shifting to more negative values of
the samples. MgAlSi-0Zn has a more negative OCP value at
1200-second measurement, which indicates active behavior,
probably due to Mg2+ ions that make the OCP value more
negative (Singh et al., 2015) .

The PP measurement was conducted after the OCP mea-
surement, and the result is presented in Figure 4b. The Ca-
thodic polarization curve is assumed to represent the hydrogen
evolution reaction, as shown in the following reaction (Jiang
et al., 2019) .

2 H2O + 2 e– −−−→ 2 OH– + H2 ↑
The anodic curve dissolution represents the dissolution of

Mg as follows (Jiang et al., 2019) .
Mg −−−→ Mg2+ + 2 e–

The oxide layer of Mg mostly dissolves into solution when a
chloride solution is exposed to a metal surface by releasing Mg
ions to form Mg(OH2) (Saikrishna et al., 2016) . Mg(OH) 2 is
a little soluble and next reacts with Cl ions to form MgCl2, and
can also form complex Cl ions (Fitriana and Anawati, 2019) .

Using Figure 4b, the Tafel extrapolation method was used
to find corrosion current and potential. The corrosion rate can
be found when a corrosion current is inserted into Equation
1. The Tafel extrapolation result and the corrosion rate are
presented in Table 3. Increasing the Zn content in the alloy
leads to an increase in corrosion rate. Saikrishna et al. state
that the grain refinement influences the corrosion rate of the
alloy (Saikrishna et al., 2016) ). As shown in microstructure
investigations, the Zn content increased to 0.5 wt.%, chang-
ing coarse dendritic transformations to finer ones. Moreover,
Zn increased to 1.2 wt.% in the alloy, promoting a more re-
fined grain. Those conditions result in a higher corrosion rate
due to more Zn in the alloy, which implies a more refined
grain. Interestingly, increasing the Zn content to 1.7 wt.% re-
sults in a decrease in corrosion rate. This behavior is due to
the OCP measurement’s slight shift to a more positive value,
which indicates more corrosion resistance (Tasić et al., 2018) .
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Table 2. XRD Refinement Result

Source MgAlSi-0Zn MgAlSi-0.5Zn MgAlSi-1.2Zn MgAlSi-1.7Zn

Crystallographic data

Space group: p63/mmc (194)
Crystal system: hexagonal
Atomic coordinate:
X=0.3333 Y=0.6667 Z=0.2500

Lattice constants -a (nm) 0.3201 0.3197 0.3194 0.3195
Lattice constants -c (nm) 0.5196 0.5193 0.5188 0.5186
Mean crystallite size (nm) 482 362 145 132

Figure 4. Electrochemical Behavior Result (a) OCP, (b) PP, (c) EIS-Nyquist Plot, and (d) EIS-Bode Plot

Furthermore, compared to another study, Mg has a more neg-
ative corrosion potential (-1.583 V vs. Ag/AgCl) than all the
samples in the present study, and a higher corrosion current
(56.9 𝜇A/cm2) than MgAlSi-0Zn and MgAlSi-0.5Zn samples
in 0.9% NaCl solution (Ma et al., 2012) .

Figure 4c presents the Nyquist plot of various samples.
The highest capacitive arc is seen in MgAlSi-0Zn samples. In-
creased Zn content in the alloy linearly results in a decrease
in the capacitive arc (except for 1.7 wt.% Zn). The highest
capacitive arc indicates the sample has low metal dissolution,
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Figure 5. SEM Before and SEM-EDS After Electrochemical Measurement of Various Samples (a) MgAlSi-0Zn, (b)
MgAlSi-0.5Zn, (c) MgAlSi-1.2Zn, and (d) MgAlSi-1.7Zn

while the lowest capacitive arc indicates higher metal disso-
lution. Moreover, the diameter of the arc is associated with
the charge transfer resistance, which is related to the corrosion
resistance of the samples in the solution (Oliveira et al., 2020) .
The MgAlSi-0Zn has a smaller diameter of the arc, which in-
dicates that the surface of the sample formed a poor oxide that
could not protect the alloy (Oliveira et al., 2014) . Furthermore,
an increase in the capacitive arc indicates that the oxide on top
of the surface is more protective for the samples. This behavior
is similar to the Song et al. (2012) study, in which varied Zn

in the Mg.
Figure 4d presents a Bode plot of various samples that show

the total impedance behavior. Phase maxima were shown at
lower frequencies, which indicated the presence of the oxide
film (Syaripuddin et al., 2024) . The MgAlSi-1.2Zn sample
presents the lowest phase maxima. Wang et al. (2023) have
found that the lowest phase maxima could indicate the lowest
corrosion resistance. Moreover, Rct is charge transfer resis-
tance, and Rs is solution resistance. Both were found by fitting
using electrical equivalent circuits (EEC), and the fitting results
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Figure 6. Grain Distribution According to the SEM Image After Electrochemical Measurement of Various Samples (a)
MgAlSi-0Zn, (b) MgAlSi-0.5Zn, (c) MgAlSi-1.2Zn, and (d) MgAlSi-1.7Zn

Table 3. PP and EIS Investigation Result

Sample
PP EIS

icorr
(µA/cm2)

Ecorr
(V vs Ag/AgCl)

CR
(mpy)

Rs
(Ω)

Rct
(Ω)

MgAlSi-0Zn 1.540 -1.359 2.79 85.74 1483
MgAlSi-0.5Zn 2.019 -1.289 3.65 88.54 1135
MgAlSi-1.2Zn 58.79 -1.349 106.30 84.53 389.1
MgAlSi-1.7Zn 50.32 -1.412 91.01 89.67 635.3

are shown in Table 3. The highest Rct indicates higher corro-
sion resistance Nam (2014) , which is consistent with the PP
result.

In order to get a better understanding of the electrochem-
ical test sample’s surface morphology, SEM was conducted
before an electrochemical test and SEM-EDS after it Figure 5.
Because of similar surface preparation, all samples had almost
identical surface morphology before the test. Adding Zn in the
alloy did not influence the surface morphology before the test.
Compared to SEM before and after the electrochemical test,
it can be seen that after the electrochemical test, the surface
morphology experienced grain boundary corrosion. Corrosion
would attack certain parts, such as holes or cracks (Kang et al.,
2024) . In the present study, an increase in Zn content up to
1.2 wt.% seems to have probably weakened grain boundary
bonds. Therefore, the more Zn in the alloy, the more corro-
sion attacks are likely to occur at the grain boundary, indicating

that MgAlSi-0Zn has better corrosion resistance. Furthermore,
the grain distribution resulting from corrosion attack at the
grain boundary was investigated and is presented in Figure 6.
Increasing the Zn content up to 1.2 wt.% in the alloy leads to
an increase in grain size. Moreover, in Figure 5, the phase can
be seen on the sample’s surfaces. After the electrochemical test
exhibits the O phase, which indicates oxide on the surface of
the samples (Saikrishna et al., 2016) .

3.5 Bacterial Activity
The direct contact kill assay for 24 hours of incubation can be
seen in Figure 7a. According to Image J software investigation,
MgAlSi-0Zn, MgAlSi-0.5Zn, MgAlSi-1.2Zn, and MgAlSi-
1.7Zn have inhibition areas of 0.11 ± 0.42, 0.03 ± 0.43, 2.27
± 0.48, and 0.26± 0.55 cm2, respectively. MgAlSi-1.2Zn sam-
ples showed the most significant inhibition area (2.27 ± 0.48
cm2) and the diffusion of metallic ions into the agar. Besides

© 2026 The Authors. Page 103 of 108



Premono et. al. Science and Technology Indonesia, 11 (2026) 96-108

Figure 7. Bacterial Activity Documentation (a) Direct Contact
Kill Assay After 24-Hours Incubation and (b) Regrowth
Assessment After Removing the Mg Alloys for the Next 24
Hours

Zn, Mg could also influence the inhibition area. Bakhsheshi-
Rad et al. (2017b) have increased the Mg content in ZnAlMg
alloy, resulting in an increase in the inhibition area from 1.9 ±
0.1 to 6.3 ± 0.2 mm.

The antibacterial action seems to be slow-acting, which
is probably caused by the slow release of Zn ions, and the
oxidation process of other materials. Extended antibacterial
activity may be possible with this controlled release method.
Through optimization of Zn concentration and release kinetics,
the implant material could be modified to minimize degrada-
tion and sustain its antibacterial activity for a longer duration.
Anodization or fluoride (F-) coatings may assist in regulating
Zn ion release without sacrificing antibacterial activity. Zn
release can be slowed, fast oxidation can be avoided, and me-
chanical integrity can be enhanced by coating the implant with
biodegradable polymers such as polylactic acid (PLA) or chi-
tosan (Saberi et al., 2021; Tian and Liu, 2015) . This difference
in the antibacterial mechanism may suggest that MgAlSixZn
antibacterial effects are caused by more than ion exchange or
protein denaturation. Oxidative stress and the material’s po-
tential to be synergistic with human cells to combat infection
and biofilm formation need to be further investigated.

Figure 7b shows the regrowth assessment after the removal
of the Mg alloys for the next 24 hours. Crystal infiltrations
are present inside the agar. The higher the Zn concentration,
the larger the crystal. In general, the contact site remains ster-
ile after the removal of the metal. The presence of crystal
forms, possibly made of MgSO4 and Al-based crystalline struc-
tures, demonstrated that higher Zn concentrations improved
the transport of metallic ions (Zhang et al., 2020) .

Mg corrosion products could inhibit the growth of Staphy-
lococcus aureus (Bakhsheshi-Rad et al., 2017b) . Moreover, Zn
ions could be forming strong bonds of Staphylococcus aureus
microorganism membranes protein (thiole, imidazole, amino,
and carboxyl groups), inducing structural changes to mem-
branes, hence disturbing protein transport and causing cell
death (Zhao et al., 2016) . Moreover, ROS generation could

Figure 8. Sub-surface Interaction Test Result

also inhibit the cell growth of the bacteria by destroying the
cellular components (Bakhsheshi-Rad et al., 2017a) .

Figure 9. Average Hardness of Various Samples

The top pictures of Figure 8 show the condition of the sub-
surface interaction test setting. Gas bubbles formed inside the
agar (black arrow) and caused it to bulge and blow apart. This
occurs especially in the materials that contain Zn (Liu et al.,
2020a) . Alloy materials containing Mg could also produce
hydrogen gas (Yu et al., 2018) . The bottom pictures of Figure 8
show transversal sections of agar stained with Safranin to depict
the interaction between cast metal, a bacterial colony (small
blue arrow, bottom pictures), and the agar. The blue arrow in
the antibiotic picture indicates the inhibition area. The metal is
placed while the agar is still liquid, resulting in the metal being
submerged. No Inhibition area occurred around the samples
compared to the control plate. Note that the bacterial colony
still grew at the attachment site (green arrow). On the MgAlSi-
1.2Zn sample, notice that a significant size of gas bubble formed
inside the agar, numerous bacterial colonies grew inside it,
and the bubble formation increases the surface area on which
the bacteria could grow. On the MgAlSi-1.7Zn sample, Zn
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deposits are embedded inside of the agar after sample removal
(red Arrow).

Figure 10. Thermal Behavior of Various Samples

3.6 Hardness
Hardness was measured using Vickers hardness equipment.
Five repeatable measurements were conducted using 1kg of
load. The average hardness of various Mg alloy samples can
be found in Figure 9. Increasing the Zn content in the alloy
increases the alloy’s hardness. Jayalakshmi et al. (2014) found
pure Mg has a hardness between 43 – 48 HV. Ramadhan and
Zulfia (2020) found that the hardness of pure Mg is 39.67
HRH. The MgAlSi alloy (92.06 wt.% Mg, 7.82 wt.% Al, and
0.12 wt.% Si) has a hardness of 120 HV (Çiçek et al., 2013) .
Compared to the sample, MgAlSi-0Zn is different, probably
due to the homogenize parameter being different (400 ◦C for
4 hours).

Increased Zn content in the alloy leads to an increase in
hardness, which is similar to the Cai et al. (2012) study. Com-
monly, a smaller grain size could increase the hardness (Saikr-
ishna et al., 2016) . Besides grain sizes, crystallite size also
influences the hardness of the alloys. The lowest crystallite size
would result in higher hardness, which perfectly agrees with
the present study (Senoz and Yilmaz, 2021) .

3.7 Thermal behavior
Figure 10 shows the thermal behavior of various samples. The
thermal behavior curve shows that it has two mechanisms. The
first mechanism is decomposition for all samples until 518-
545 ◦C, followed by the oxidation mechanism until 600 ◦C
(Saraçoğlu et al., 2024; Zhang et al., 2023) . Weight loss until
518-545 ◦C indicates degradation of the Mg(OH) 2 (Yu et al.,
2016) . While the oxidation mechanism until 600 ◦C would
result in MgO, ZnO, and Al2O3, which could enhance the
weight of the samples (Beder et al., 2024; Saraçoğlu et al.,
2024) . Moreover, presenting Zn content up to 1.2 wt.% in the

alloy could increase the weight loss of the sample at 545 ◦C
temperatures, which is in line with another study (Jones et al.,
2013) . On the contrary, Phetsinorath et al. (2012) found pure
Mg would continuously increase the weight until 423 ◦C due
to dehydriding.

4. CONCLUSIONS

MgAlSixZn (x is 0, 0.5, 1.2, and 1.7 wt.%) were produced
using gravity casting and have been well created and analyzed.
Increasing Zn content implies a mechanism for grain growth
inhibition, facilitated by Zn segregation at grain boundaries,
reduction of crystallite size, decrease in capacitive arc, and in-
creased weight loss. It should be noted that the reduction of
the capacitive arc and the increased weight loss occur for Zn
addition in the alloy until 1.2 wt.%. Reduction in crystallite size
is promoting an increase in hardness. While the decrease in
capacitive arc indicates that the sample is easily corroded, corro-
sion resistance is reduced. Furthermore, the highest corrosion
rate and inhibition area are observed in MgAlSi1.2Zn sample,
which suggests that it is suitable for biodegradable orthopedic
wire. Recommendations for future work include testing in
biological fluids and long-term degradation studies. In vivo
studies also should assess the host tissue response, cytotoxicity,
and osseointegration of the Zn-modified MgAlSi alloy.
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