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Abstract: The biocompatibility and biodegradability of magnesium (Mg), along with its lightness,
make magnesium-based materials promising for use in the biomedical industry. In this work, ternary
Mg-Zn—Ca alloys were manufactured for biomedical applications using mechanical alloying (MA).
The objective of this work was to study the effect of milling time on the produced ternary alloys
Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 (percentages by weight), the degradation of the alloys in syn-
thetic human fluids, and their generated cytotoxicity. The Mg-based alloys were synthesized in
a planetary ball mill under an argon atmosphere using stainless-steel containers and balls with a
milling regimen of 400 rpm for 2, 5, 10, 15, and 20 h. The powders obtained after MA were character-
ized by scanning electron microscopy (SEM) and X-ray diffraction (XRD), which verified that ternary
Mg-Zn—Ca alloys can be obtained using MA. The XRD refinement analysis of the samples showed
the presence of a MgZn intermetallic phase. Electrochemical tests showed that the corrosion resis-
tance and corrosion current density of Mg65-Zn30-Ca5 and Mg70-Zn25-Cab5 alloys improved com-
pared to those of pure Mg. Cytotoxicity testing was conducted using the Sulforhodamine B (SRB) as-
say, which revealed that the alloys did not exhibit cytotoxicity toward human fibroblast cells. Mg65—
Zn30-Cab and Mg70-Zn25-Cab5 alloys show good potential to be used in biomedical applications.

Keywords: biomaterials; mechanical alloying; magnesium alloys

1. Introduction

Magnesium (Mg) alloys can function as temporary implants owing to their light weight,
together with their elastic modulus and compressive strength comparable with those of
human bone [1,2]. The density of bone is 1.8-2.1 g/cm3, which is almost equal to that of
Mg (1.738 g/cm?), while the elastic modulus of natural bone is 40-57 GPa, which is like
that of Mg (45 GPa) [3]. Natural Mg is a cofactor for several enzymes and makes sta-
ble RNA and DNA structures [4,5]. In addition, it is biodegradable and biocompatible
in body fluids, thus reducing the need for the removal of the temporary implant because
Mg alloys can degrade slowly in physiological conditions without producing toxicity. Fur-
ther, in vitro, in vivo, and clinical studies suggested that Mg-based implants show good
biocompatibility [4]. Thus, Mg alloys can be considered as degradable, load-bearing ortho-
pedic implants that can maintain their mechanical properties during bone tissue repair for
over 12-18 weeks [2,6]. However, the use of Mg alloys is not recommended because only
a limited number of elements (Zn and Ca) that meet the biocompatibility requirements
exists [7,8]. Zn is a vital ingredient [9] implicated in numerous characteristics of cellular
metabolism. It is necessary for the catalytic action of around 100 enzymes [10], cell divi-
sion, and protein and DNA synthesis [11]. Approximately 99% of the Ca in the human
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body is deposited in teeth and bones [12]. Ca is vital for sustaining the potential differ-
ence through excitable cell membranes, as well as for correct bone structure [13,14]. Zinc
has been added to Mg alloys to increase corrosion resistance, while Ca has been added to
induce mineralization [15,16]. Most commercial Mg alloys contain Al, which is known to
induce neurotoxicity [17], and rare earth elements, which cause severe hepatotoxicity [18].
Mg-Zn—Ca alloys were formed using machine-driven alloying (MA) given the it is an ef-
ficient way to yield alloys with a fine microstructure, which promotes greater mechanical
properties [19,20], MA is an exclusive solid-state reaction process that happens between
the surfaces of fine particles at room temperature; consequently, MA can be used to create
alloys difficult or impossible to obtain using conventional systems. Thus, the MA method
has inspired numerous investigations. Nevertheless, there is little evidence accessible on
the production of Mg alloys made with the MA procedure; hence, more investigation is
required to generate Mg-based alloys with the required properties for temporary implant
treatments. In this study, magnesium-based biomaterials were synthesized using MA with
the following compositions: Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 (wt.%). These compo-
sitions were based on the criteria established by different authors and studies that have
been carried out [21-23]. In addition, the elements Zn and Ca definitely effect bone reme-
diation, cell viability, stability in physiological environments, cellular reactions, and cell
proliferation, and when alloyed together Mg—-Zn—Ca give important benefits to absorbable
polymers since alloys are easier to sterilize and do not liberate acid products [24]. The
X-ray diffraction (XRD) analysis of the tests showed the existence of a MgZn intermetallic
phase. Vickers microhardness (Hv) tests were conducted by applying an indentation load
of 200 g. Cytotoxicity assessment was performed using primary human fibroblast cells for
Mg, Mg65-Zn30-Ca5, and Mg70-Zn25-Ca5. The objective of this paper was to explore
the development and characterization of Mg-based alloys using MA. These results may
be useful in processing biodegradable and biocompatible alloys with controlled corrosion
without eliciting any toxic response under physiological conditions. The results further
demonstrate that Mg-based alloys can display excellent mechanical properties while aid-
ing bone regeneration as temporary implants.

2. Materials and Methods

Mixtures of Mg (99.5%), Zn (99.7%), and Ca (99.8%) powders were mechanically al-
loyed with a composition of Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 (wt.%), utilizing times
of 2,5, 10, 15, and 20 h with a rate of 400 rpm. The MA method was conducted employing a
low-energy Fritsch Pulveristte planetary mill in an argon atmosphere. The ball-to-powder
weight proportion of 10:1 was maintained constant through the milling procedure by em-
ploying stainless-steel balls with a 10 mm diameter. Weighed and encapsulated powdersin
an argon atmosphere were used to begin the MA procedure. XRD and scanning electronic
microscopy (SEM, Cambridge, Ltd. Cambridge, England) were employed to analyze the
powders. A scanning electron microscope with a voltage of 20 kV, equipped with energy-
dispersive spectroscopy (EDS), was used to determine the morphology of the obtained
powders. The final milled powders were pressed using cold isostatic pressing at 400 MPa
for 5 min. The compacted powders were sintered at 400 °C for 4 h in an argon atmosphere.

A typical three-electrode system (ACM Instruments, Cumbria, UK) consisting of a
graphite rod as a counter electrode, a platinum electrode as a reference electrode, and sam-
ples of Mg, Mg65-Zn30-Ca5, and Mg70-Zn25-Ca5 (0.5-inch diameter) as working elec-
trodes was used to perform potentiodynamic polarization tests in Hank’s solution [25] at
37 °C. Potentiodynamic polarization experiments were performed at a scan rate of 0.5 mV/s.
The samples were polished with 2000-grit SiC paper, rinsed with distilled water, and dried.
The corrosion potentials (Ecorr) and corrosion current densities (Icorr) of the samples were
estimated from the Tafel extrapolations of polarization curves.

Cytotoxicity tests were performed via indirect contact with primary human fibrob-
last cells (ATCC PCS-201-010). Fibroblast cells were cultured in Dulbecco’s modified Ea-
gle’s medium, supplemented with 10% fetal bovine serum (FBS), 100 U/uL of penicillin,
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0.25 pg/uL of fungizone, and 2 mM GlutaMAX (ThermoFisher) in a 5% CO, incubator.
The sintered samples were polished with SiC papers (from 400 to 2000 grit), ultrasonically
cleaned with ethanol for 7 min, sterilized with ultraviolet light for 30 min on both sides,
and placed in 15 mL falcon tubes at 25 °C. For the preparation of the extracts, the previ-
ously sterilized samples were incubated with the fibroblast culture medium for 24 h in
an atmosphere with 5% CO, at 37 °C, according to IS0 10,993-12 [26]. The extract was cen-
trifuged to remove the degraded material. Then, the supernatant was aspirated and stored
in a refrigerator at 4 °C before cytotoxicity testing. The extract concentration was diluted
to 100%, 75%, 50%, and 25%. Then, four samples of each extract were placed separately
in 96-well cell culture plates (1 x 10* cells/200 pL. medium) and the cells were incubated
for 96 h to allow cell proliferation. The morphology of the cell growth was then observed
using light microscopy and the fibroblast cell viability was evaluated applying the SRB
(Sigma-Aldrich, Darmstadt, Germany) test [27]. In an SRB assay, a bright pink aminox-
anthene dye shapes an electrostatic complex with the amino acid residue of proteins in
slightly acidic environments; thus, the assay determines the total biomass of the cells. SRB
has been widely applied to establish the toxicity of drugs and different materials on cancer-
ous and non-cancerous cells [28,29]. The relative cell growth rates (RGRs) were calculated
using Equation (1):

RGR = (Experimental Group OD Mean/Negative Control Group OD Mean x 100%) (1)

Cell viability is a cytotoxicity detection technique that gives information about the bio-
compatibility of a material. The SRB assay is a conventional and effective method for de-
tecting cell viability. Furthermore, this test is one of the innovative colorimetric cell-based
assays. The quantity of the SRB dye obtained from the stained cells is directly proportional
to the total protein mass and, thus, links to the living cell numbers [30,31].

3. Results

Morphologies and particle sizes of the elemental powders are displayed in Figure 1.
The SEM micrographs exhibit a mainly flake-like morphology for Mg, a spherical shape
for Zn, and an irregular morphology for Ca (Table 1).
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Figure 1. Initial powders of (a) Mg, (b) Zn, and (c) Ca. Reprinted from Ref. [25]. Physics SRL, 2021.
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Table 1. Initial powder size and morphology.

Initial Powders Average Particle Size (1um) Morphology
Mg 30 Flake-like
Zn 5 Spherical
Ca 20 Irregular

During grinding, a very fine mixture of the components is formed. This mixture is
most often lamellar in the case of ductile metal powders. Obtaining the alloy itself is
mediated by the defects at the level of a crystalline lattice (dislocations, stacking faults,
vacancies, etc.) formed as a result of severe cold plastic deformation. These defects facili-
tate rapid diffusion while also leading to a slight increase in powder temperature during
milling due to frictional forces and the impact between the milling balls and the surface
of the container. Suryanarayana [32] also explained that the necessary energy is obtained
to reach a homogeneous microstructure of powder particles with the same composition as
the proportion of the constituent powders because of the repeated severe plastic deforma-
tions of the powder particles, which are cold-welded and constantly fractured afterward.
Figures 2 and 3 display the particle size and morphology variation as the milling time in-
creases for the Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 powder mixtures, respectively. The
SEM micrographs (Figures 2 and 3) of the Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 powder
mixtures after 15 h of milling displayed two types of distortion mechanisms characteris-
tic of the MA process that happened during milling: ductile deformation, which forms
flatter and longer particles linked to the deformation experienced by Mg during the first
hours of milling, and brittle deformation, which results in the creation of particles with a
more angular and irregular morphology typical of brittle materials. Ductile deformation,
which results in the formation of larger particles, has been reported by Abdoli [33]. The
powder mixtures subjected to 15 and 20 h of milling (Figures 2 and 3) showed that the par-
ticle size decreased compared with the samples milled for 15 h. In addition, the particle
shape became irregular, indicating that the brittle fracture was predominant because of the
hardening due to the deformation exhibited in both compositions.

The quantitative elemental analyses of Mg65-Zn30-Cab and Mg70-Zn25-Ca5 milled
for 20 h indicated the presence of Mg, Zn, and Ca (Figure 4). The EDS results revealed that
the weight percentages of Mg, Zn, and Ca were, respectively, 65.54 4= 1.23%, 29.32 £ 4.32%,
and 5.13 + 3.11% in Mg65-Zn30-Ca5 and 71.68 & 2.97%, 25.32 & 4.13%, and 2.74 &+ 3.01%
in Mg70-Zn25-Cab5 (Table 2).

Figure 2. SEM micrographs of Mg65-Zn30—-Ca5 milled for (a) 15 and (b) 20 h. Reprinted from
Ref. [25]. Physics SRL, 2021.
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Figure 3. SEM micrographs of Mg70-Zn25-Ca5 milled for (a)15 and (b) 20 h. Reprinted from
Ref. [25]. Physics SRL, 2021.

Figure 4. SEM-EDS micrographs of (a) Mg65-Zn30-Ca5 and (b) Mg70-Zn25-Ca5 milled for 20 h.

Table 2. Quantitative elemental analyses (wt.%) of Mg65-Zn30-Ca5 and M70-Zn25-Ca5 milled for
20 h, measured using SEM-EDS.

(wt. %)
Composition
Mg Zn Ca
Mg65-Zn30-Ca5 65.54 +1.23 29.32 £4.33 513 £3.11
Mg70-Zn25-Ca5 71.68 +2.97 2532 £4.13 2.74 +3.01

Figure 5a shows the evolution of particle size as the milling time progressed for Mg65—
Zn30-Cab. After 2 h of milling, the particle size was in the range of 5-14 um, and after 20 h
of milling, the average particle size was between 2 um and 6 um. For Mg70-Zn25-Ca5
(Figure 5b), after 2 h of milling, the average particle size was in the range of 11-16 um, and
after 20 h, the average particle size decreased, varying in the range of 3-5 um.
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Figure 5. Particle size evolution of (a) Mg65-Zn30-Ca5 and (b) Mg70-Zn25-Ca5 when mechanically
alloyed for milling times of 2, 5, 10, 15, and 20 h.

3.1. XRD Analysis

XRD patterns (Figures 6 and 7) at various milling times display a reduction in peak
intensity and flattening. This behavior may be related to the amorphization activity of the
alloy. The amorphization process in ordered alloy systems seems to obey the following
sequence [34]:

Ordered phase — Disorded — Crystallite size reduction — Amorphous phase

Mg A
Zn ]
MgZn ¢
& A, e (10 h)
2
E e A M_ﬂ_(_s_rlL
L]
L 2 O]
AN A AN (2h)
T T T T !
20 40 60 80

20

Figure 6. XRD patterns of Mg65-Zn30-Ca5 mechanically alloyed for milling times of 2, 5, 10, 15,
and 20 h.
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Figure 7. XRD patterns of Mg70-Zn25-Ca5 mechanically alloyed for milling times of 2, 5, 10, 15,

and 20 h.

The XRD patterns for the milling time of 20 h displayed the existence of a MgZn
intermetallic phase in both alloying systems. This result suggests that Mg, Zn, and Ca
form a homogeneous mixture after up to 15 h of milling without any diffusive reaction
occurring between the elements. Table 3 shows the elements, types of phases, and angles
found in the XRD analyses. Together with XRD analysis, SEM-EDS analyses were per-
formed to verify the obtained chemical compositions after the MA process (Table 2). The
results indicated that the applied MA parameters allowed us to obtain the initially pro-

posed chemical compositions.

Table 3. Angles in the XRD patterns (Figure 7) and their corresponding phases.

Element or Phase (Chemical

Symbol Angle (2 0) Composition)
A 47.76 Mg
A 54.30 Mg
A 57.30 Mg
A 63.00 Mg
A 68.55 Mg
A 69.92 Mg
0 39.33 Zn
0 43.21 Zn
. 32.05 MgZn
" 34.74 MgZn
S 37.12 MgZn

3.2. Sintering

Various composite materials have been produced using MA, and nanocomposites of
amorphous phases have also been found, which crystallized at relatively low tempera-
tures [35]. The XRD patterns of the sintered Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 and
the powders subjected to 20 h of milling are shown in Figures 8 and 9. The diffraction
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peaks grew after sintering. This behavior may be linked with the crystallization of Mg, Zn,
and Ca owing to the sintering process.

2500
Mg/ [l
Zn0O
2000 - MgZn e
—~ 1500
=
8
2
= 1000
c
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£
500 —
Sintered
04
20 h Milling
1 I I 1 1 1 | * | "
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20
Figure 8. XRD patterns of the Mg65-Zn30-Ca5 obtained and the powders milled for 20 h.
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Figure 9. XRD patterns of the Mg70-Zn25-Ca5 obtained and the powders milled for 20 h.

3.3. Electrochemical Polarization Curves

A promising application of Mg alloys is the previously developed absorbable stent [36],
which has been successfully tested for implanting. For orthopedic biomaterials, 3-4 months
are needed [37] for the development of fibroblasts and chondroblasts in the fracture zone
for new bone generation and, finally, the consolidation of solid bone restoring most of
the original bone strength [38]. Thus, Mg-alloy-based orthopedic implants must main-
tain their mechanical properties for at least 3 months to avoid the occurrence of fractures.
Potentiodynamic corrosion measurements were conducted using a characteristic three-
electrode system, which consisted of a graphite rod as the counter electrode, a platinum
electrode as the reference electrode, and half-inch-diameter samples as the working elec-
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trode. The Ecorr (corrosion potential), Icorr (corrosion current density) and corrosion rate
(CR) of the sintered samples of Mg, Mg65-Zn30-Ca5, and Mg70-Zn25-Ca5 are shown in
Table 4. The corrosion potentials of Mg65-Zn30-Ca5 (—1374.45 mV) and Mg70-Zn25-Ca5
(—1311.61 mV) were considerably higher than that of Mg (—1456.81). The corrosion rate
of the alloys was calculated using the corrosion current density [39]. The calculated corro-
sion rates were approximately 0.277 mm/year for the magnesium, 0.191 mm/year for the
Mg65Zn30Ca alloy, and 0.218 mm/year for the Mg70Zn25Ca5 alloy. These results indi-
cated that the corrosion resistance of Mg was improved by adding Zn as an alloying ele-
ment. The lower corrosion current density indicates better corrosion resistance and a lower
corrosion rate. It can be deduced from the above results that Mg65-Zn30-Ca5 and Mg70-
Zn25-Cab alloys show better corrosion resistance and lower corrosion rates compared to
Mg (Figure 10) due to the addition of Zn, which improved the corrosion potentials of the
alloys. Increasing the corrosion rate with the addition of Zn can be due to the formation
of galvanic couples between Zn particles as the anode and the Mg matrix as the cathode,
which further accelerates the corrosion process [40].

Table 4. Ecorr, Icorr, and corrosion rate of Mg, Mg65-Zn30-Ca5, and Mg70-Zn25-Cab5.

Sample Ecorr (mV) Icorr (mA/cm?) CR (mm/year)
Mg —1456.81 5.93 x 107! 0.277
Mg65-Zn30-Ca5 —1374.45 4.02 x 1071 0.191
Mg70-Zn25-Ca5 —1311.61 4.54 x 1071 0.218
-5.0x10”
-1.0x10°

(Mg70-Zn25-Ca5)

\
- 2 - /
1.5x10 / e

(Mg65-Zn30-Cas)

Potential (mV ,_, )

-2.0x10° — T — T — T
10° 10°* 10" 10° 10’
Current (mA/cm?)

Figure 10. Potentiodynamic polarization curves of Mg, Mg65-Zn30-Ca5, and Mg70-Zn25-Cab5.

The scanning electron micrographs showed the corrosion products formed at the sur-
faces of Mg, Mg65-Zn30—-Ca5, and Mg70-Zn25-Ca5 (Figure 11) during potentiodynamic
polarization tests. The EDS results (Figure 12) showed that the corrosion products con-
sisted of O, Mg, Zn, Ca, Cl, P, and Na elements. Due to the composition of Hank’s solution,
it is very difficult to recognize the compositions of the corrosion products; however, the
elements detected after EDS indicated the formation of MgO and MgCl,.
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Figure 11. SEM micrographs of (a) Mg, (b) Mg65-Zn30-Ca5, and (c¢) Mg70-Zn25-Cab5 after potentio-
dynamic polarization tests.

Figure 12. SEM-EDS micrographs of (a) Mg, (b) Mg65-Zn30-Ca5, and (c) Mg70-Zn25-Ca5 after
potentiodynamic polarization tests.

3.4. Cytotoxicity Test

The results of the cytotoxicity tests showed good fibroblast cell proliferation in dif-
ferent concentrations of the extracts of Mg, Mg65-Zn30-Ca5, and Mg70-Zn25-Ca5. The
RGR results are shown in Figure 13. For extract concentrations of 100%, 75%, 50%, and
25%, the RGRs of pure Mg were 71%, 84%, 76%, and 90%; the RGRs of Mg65-Zn30-Ca5
were 98%, 91%, 89%, and 93%; and the RGRs of Mg70-Zn25-Ca5 were 99%, 83%, 99%,
and 97%. The results obtained for the alloys Mg65-Zn30—-Ca5 and Mg70-Zn25-Ca5 sug-
gest that they are not toxic to human cells, so they can be used for biomedical applications.
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Figure 14 shows the morphology and proliferation of fibroblasts after 96 h of incubation
in different concentrations of the extracts.

100 ig‘%’ §
B 25% SN

5 \ N\ \

. ‘PP

1

"R R

u \ 5N ER

Control Mg Mg65-Zn30-Ca5 Mg70-Zn25-Ca5

Figure 13. Cytotoxicity test results.

Control

Mg65-Zn30-Ca5 ' Mg70-Zn25-Ca5

100% Extract

50% Extract

25% Extract

Figure 14. Morphology and proliferation of cultured fibroblasts after 96 h (enhanced contrast).
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3.5. Microhardness Test

The implantation of biomaterials such as bone plates and stents is used to replace
human tissues; thus, they must possess mechanical properties comparable to those of the
replaced tissues [1,15,41,42]. Mg alloys can exhibit a wide range of tensile strength (from
86.8 to 280 MPa) and elongation (from 3% to 21.8%) values. A study showed that the ad-
dition of Al, Ag, In, Si, Sn, and Zr can improve both the strength and elongation of Mg
alloys [1] and that their effects can be improved by a posterior process, such as hot rolling
or hot extrusion [1,15,43].

The microhardnesses of the sintered samples are shown in Table 5. The microhard-
nesses of pure Mg, Mg65-Zn30-Ca5, and Mg70-Zn25-Ca5 were 52.7 £ 8 Hv, 72.8 & 4 Hv,
and 79.9 &+ 3 Hv. The increase in the microhardness values of the alloys was ascribed to
the work hardening mechanism that happened due to severe plastic deformation through
uniaxial consolidation. Additionally, as the milling time grew, the dispersion of Zn and Ca
particles in the Mg matrix was more homogeneous, resulting in stronger bonding between
the reinforcement and the matrix.

Table 5. Microhardness test.

Specimen Vickers Microhardness (Hv)
Mg 5270 £ 8
Mg65-Zn30-Cab 72.80 -4
Mg70-Zn25-Ca5 7990 £3

4. Discussion

Figures 2 and 3 show that, after 5 h of milling, the Mg65-Zn30-Ca5 and Mg70-Zn25-
Ca5 powders experienced ductile deformation, so large conglomerates were formed. This
is consistent with the study by Suryanarayana [44] on ductile-brittle systems. In Mg65-
Zn30-Ca5 and Mg70-Zn25-Ca5, it can be seen that after 15 h of milling, there was a de-
crease in the amount of larger conglomerates due to the cold work hardening phenomenon
of the MA process, which causes the fracture of particles to be more dominant than cold
welding at the late stage of milling due to the particles being hardened by mechanical work,
which leads to the fragmentation of the particles. The alloys subjected to different milling
times showed that the particle size decreased in relation to milling time. The data obtained
from the powders after EDS (Table 3) indicated that the Mg, Zn, and Ca percentages were,
respectively, 65.54 + 1.23%, 29.32 + 4.32%, and 5.13 £ 3.11% for Mg65-Zn30-Ca5 and
71.68 £ 2.97%, 25.32 £ 4.13%, and 2.74 £ 3.01% for Mg70-Zn25-Ca5, which promoted the
formation of the MgZn intermetallic phase. The EDS analysis was carried out in a timely
manner on the particles, with which the composition varies slightly from particle to par-
ticle; however, the average of a group of particles is close to the elemental composition
initially proposed and the results obtained show the presence of the items used. XRD was
used to investigate the existing phases in the Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 alloys,
as displayed in Figures 6 and 7. The MgZn phase was produced in both alloys. The XRD
and EDS analysis carried out in this work did not show the presence of Fe impurities or any
type of foreign element. In the same way, it should be noted that the process was carried
out in the cleanest way possible to avoid the contamination of the samples. In addition, the
MA process uses a low-energy planetary ball mill which is used in laboratory tests. The
potentiodynamic polarization curves of Mg65-Zn30—-Ca5 and Mg70-Zn25-Ca5 alloys in
Hank’s solution are shown in Figure 10. As shown in Figure 10, the corrosion potentials
of Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 alloys were higher than that of pure Mg. The
corrosion potential was correlated with the Zn content. In physiological conditions, the
presence of dissolved oxygen, chloride, and sodium in the blood, carbon dioxide and wa-
ter content in the tissues, and cellular metabolism have direct impacts on the degradation of
Mg alloys in vivo [45,46]. For example, in the EDS results obtained after conducting polar-
ization tests in Hank’s solution, O, Mg, Zn, Ca, P, Cl, and Na were detected (Figure 12). The
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results of the cellular cytotoxicity investigated using the indirect SRB assay (Figure 13) re-
vealed that at different concentrations of the extracts, negligible cytotoxicity was observed.
Additionally, Figure 14 shows cell morphologies in different extracts, indicating that they
were healthy, which is similar to that of the control. The concentration of contaminants of
Fe or other elements is very low; therefore, it is not expected to have any influence on cyto-
toxicity. From the preliminary results of the two alloys synthesized in this work, the alloy
that can be proposed for temporary implantation is Mg70-Zn25-Cab since it presents bet-
ter microhardness (Hv) and electrochemical properties. In the same way;, it is intended to
carry out more studies on these alloys. Owing to the properties of the synthesized alloys,
they can be applied as filling materials for bone deficiencies and temporary orthopedic
implants for broken phalanges or other small bones.

5. Conclusions

The Mg-based alloys Mg65-Zn30—-Ca5 and Mg70-Zn25-Ca5 (wt.%) were successfully
synthesized from pure Mg, Zn, and Ca powders after applying the MA procedure. The
XRD patterns indicated the creation of a MgZn intermetallic phase through the MA pro-
cess. The results acquired from XRD and SEM analyses suggest that it is feasible to syn-
thesize Mg65-Zn30-Ca5 and Mg70-Zn25-Cab5 alloys using MA by applying a low-energy
regime. Potentiodynamic polarization curves showed that pure Mg had a lower corrosion
resistance compared to Mg65-Zn30-Ca5 and Mg70-Zn25-Ca5 alloys, showing that the in-
creased Zn content can help to form a protective film on the alloy surface and increase cor-
rosion resistance. The cell viability tests obtained via the indirect SRB assay showed that
the extracts of the sintered Mg65-Zn30-Ca5 and Mg70-Zn25-Cab alloys did not induce
cytotoxicity toward human fibroblast cells. The generation of biodegradable Mg65-Zn30-
Ca5 and Mg70-Zn25-Ca5 alloys may decrease the cost of surgery and other complications
during post-surgery operations. The results found from the cytotoxicity, corrosion, and
mechanical tests recommend the need for more complementary tests, for example in vivo
tests, given that they can reveal the effects that these alloys would have on an organism,
which can pave the way for their use as temporary implants in clinical applications.
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