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Abstract: Magnesium-based materials are interesting alternatives for medical implants, as they have
promising mechanical and biological properties. Thanks to them, it is possible to create biodegradable
materials for medical application, which would reduce both costs and time of treatment. Magnesium
as the sole material, however, it is not enough to support this function. It is important to determine
proper alloying elements and methods. A viable method for creating such alloys is mechanical
alloying, which can be used to design the structure and properties for proper roles. Mechanical
alloying is highly influenced by the milling time of the alloy, as the time of the process affects many
properties of the milled powders. X-ray diffraction (XRD) and scanning electron microscopy (SEM)
with energy-dispersive spectroscopy (EDS) were carried out to study the powder morphology and
chemical composition of Mg65Zn30Ca4Gd1 powders. Moreover, the powder size was assessed by
granulometric method and the Vickers hardness test was used for microhardness testing. The samples
were milled for 6 min, 13, 20, 30, 40, and 70 h. The hardness correlated with the particle size of
the samples. After 30 h of milling time, the average value of hardness was equal to 168 HV and it
was lower after 13 (333 HV), 20 (273 HV), 40 (329 HV), and 70 (314 HV) h. The powder particles
average size increased after 13 (31 µm) h of milling time, up to 30 (45–49 µm) hours, and then sharply
decreased after 40 (28 µm) and 70 (12 µm) h.

Keywords: metallic alloys manufacturing; Mg-based alloy; mechanical alloying; SEM; XRD

1. Introduction

The development of biomedical materials has significantly contributed to the progress
of medicine and implantology [1,2]. Each new material continues to affect patient treatment,
reducing treatment costs and time. Therefore, the requirements for materials are growing,
and they must meet certain criteria to allow their use. These requirements are all the
more important the more complex the implant is. Currently, the largest research is being
conducted on biodegradable materials [3,4].

Magnesium-based materials have promising mechanical properties and potential that
they can serve as implants, hence, they are widely researched to serve as such. Since their
mechanical properties are similar to those of a human bone, this makes them a perfect
solution for biodegradable fracture fixtures [5]. This is particularly important as the
bone growth, and therefore the regrowth as well, is at least partially connected with
the mechanical properties of the osseous tissue [6–9]. It is hypothesized to be caused
by microscopic damage stimulating bone adaptation, as explained by Wolff’s law, i.e.,
if higher mechanical load on a certain bone is present, then, the bone will adapt and
remodel itself to be stronger in order to resist said load accordingly. Moreover the inverse
is also true, i.e., while the load on a bone decreases, the density and the strength of that
bone will also decrease, which may lead to a condition known as osteopenia [10–12].
Thus, in order to maintain similar loads on the implant and on the bone, the material
properties should be as similar to bone as possible, an important criterion fulfilled by light
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magnesium alloys. Magnesium is characterized by low density (1.79 g/cm3). It is the fourth
most abundant cation in the whole human body, respectively of its great physiological
importance. In the body, 50% of Mg is situated in bones, 49% inside the tissues and
organs cells, and barely 1% in the blood. It has been claimed that Mg influences the
nervous system, muscle work, and the reinforcement of bone structure while it supports
processes occurring in the bones, such as the regulation of the relaxation and muscle
cramps. The possibility of using pure magnesium, without any impurities, seems to be
attractive for medical purposes. The magnesium alloys are prized for their combination
of lightness and strength, high corrosion resistance, and good biocompatibility [5]. Good
mechanical properties of these alloys are achieved through chemical homogeneity of the
synthesized alloys and admissible content of impurities. Mechanical alloying is a process,
which ensure the previously mentioned advantage of magnesium-based alloys. Although
it is known that pure magnesium has poor mechanical strength, as an alloy it can be vastly
improved and possess more attractive characteristics such as good biocompatibility and
biodegradability [13]. Due to those traits, an implant made of magnesium alloys would
increase a patient wellbeing, reduce the healing time, and reduce cost due to making the re-
operation for removing the temporary implant obsolete [14]. However, magnesium alloys
are usually not recommended for such applications due to the toxicity of the other elements.
Hence, the alloy composition should be taken into consideration, for both reasons, such as
the strength and the toxicity. However, the possible choices of alloying elements are gravely
limited, due to biocompability problems [15]. Magnesium reacts extremely well with
zinc, which increases its corrosion resistance and mechanical properties [16,17], moreover,
it is relatively harmless to the human body [18]. Another element worth mentioning is
calcium as it affects the microstructure, mechanical properties, electrochemical behavior,
and kinetics of the degradation of magnesium-based implants [19]. In addition trace
quantities of low toxicity rare earth elements, such as gadolinium can be tolerated by the
human organism, which additionally affect the mechanical strength of the alloy [20,21].

Staiger et al. reported the formation of Mg(OH)2 oxide layer on crystalline magnesium
based-alloys, however, in the presence of chloride ions this layer was quickly destroyed
promoting rapid degradation [22]. In addition, bubbles of hydrogen resulted from the
magnesium corrosion, which could provoke pain, discomfort, and even death in the worst-
case scenario [23]. It was found that over 20% Zn addition could reduce the hydrogen
evolution to acceptable levels [24]. However, in crystalline magnesium alloys it is not
possible to obtain such solubility of zinc due to the formation of different intermetallic
phases, but it is possible in bulk metallic glasses (BMG’s). Bulk metallic glasses are
characterized by an amorphous structure and can be obtained by solidification or solid-
state processing. It has been reported that amorphous materials have superior corrosion
resistance to their crystalline counterparts [25]. Henceforth, amorphous magnesium alloys
are better in terms of zinc solubility, effectively decreasing the H2 evolution rate, and in
corrosion resistance as well.

In spite of the abovementioned facts, it is reported that, in the current state, the amor-
phous magnesium alloys, also named as magnesium bulk metallic glasses (BMG’s), are
known to be lacking the structural, and therefore mechanical stability. Although very
promising, such disadvantages take them out of the picture for the orthopedic and den-
tistry applications [26]. Moreover it is difficult to manufacture such alloys due to vast
sensibility of the glass-forming ability to the preparation processes and eventual impurities,
which may result in drastic deterioration of said trait [15]. Amorphous alloys are usually
developed by solidification and because the process is faster and easier, it may be manu-
factured by solid-state processing. One such method is mechanical alloying (MA), which
involves obtaining fine structures in processed alloys [27,28]. It has been reported that
both nanocrystalline and amorphous alloys can be obtained [29–31]. Moreover it allows for
the homogeneous alloy formation caused by the material transfer in the MA process [32].
Mechanical alloying involves a blend of powders and/or particles subjected to highly
energetic compressive impact forces in a high-energy mill. Then, the alloys are formed by
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repeated processes of cold welding and fracturing of the powder particles. High-energy
mechanical alloying (HEMA) is a relatively simple method of producing alloy powder,
which can be consolidated using various manufacturing techniques, thanks to advances
in laser treatment such as, for example, selective laser sintering, selective laser melting,
etc. [33,34]. Moreover, it renders complicated preparations processes obsolete, such as
complicated melting procedures [31,35]. Therefore, the advantage of this method justifies
this method as a green alternative to the conventional foundry method. Therefore, this
approach is attracting interest as a result of environmental and sustainability advantages.
Furthermore, the ability to obtain different alloys in a powdered form allows the above-
mentioned techniques of consolidation to be used to obtain different shapes and textures
of a detail, such as an implant. This allows for the creation of a specific tool tailored to
meet all the needs of a patient, increasing the odds of a successful treatment, as well as
decreasing costs and time as previously mentioned. As reported by Salleh et al., the milling
time of the alloy changes its properties considerably, yet such conclusions are not widely
reported [14,36]. Hence, the objective of this paper is to present a preliminary study on
the effect of high-energy milling times on the quaternary Mg65Zn30Ca4Gd1 alloy. X-ray
diffraction and scanning electron microscopy with energy-dispersive spectroscopy were
carried out to study powder morphology and chemical composition of Mg65Zn30Ca4Gd1
powders. The powder size was assessed by the granulometric method and the Vickers
hardness test was used for microhardness testing.

2. Materials and Methods

Alloy powders with a nominal composition of Mg65Zn30Ca4Gd1 were processed by
mechanical alloying with a mixture of pure powders Mg (99.99% wt.%), Zn (99.99% wt.%),
Gd (99.99% wt.%), and Ca pieces (99.99% wt.%). All materials were purchased from Alfa
Aesar (Heysham, UK). The base materials were weighed and enclosed in a stainless steel
container under high-purity argon (99.99% wt.%) atmosphere. The ball-to-powder ratio
was set to 10:1. The SPEX 8000D (Metuchen, NJ, USA) high energy shaker ball mill was
used for MA at room temperature. The shaking mode was used with a 30 min stop every
1 h. The samples were prepared by alloying in a constant frequency shaker ball milling
for varying milling times, i.e., 6 min., 13, 20, 30, 40 and 70 h, respectively. The process is
illustrated in the schematic in Figure 1.
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The X-ray diffraction (XRD) analyses were performed with the use of the Empyrean
PANalytical Diffractometer (Almelo, The Netherlands) equipped with a copper anode
(Kα1 λCu = 1.5418 Å), Ni filter, and PIXcell detector. The measurements were made in
a step-scanning mode in a range of 10–150◦ 2θ. The phase analysis of substrates and
milling products were performed with a High Score Plus PANalytical software (Almelo,
The Netherlands) integrated with the ICDD PDF4+ 2016 data base (International Centre for
Diffraction Data, Newtown Square, PA, USA). Zeiss 35 scanning electron microscope (SEM)
(Carl Zeiss, Jena, Germany) with a voltage of 20 kV, equipped with energy-dispersive
spectroscopy (EDS) was used to determine the morphology of the obtained powders after
6 min. and 13, 20, 30, 40, and 70 h of milling time. Particle size distribution of powders
was measured using the Fritsch Analyssette 22 MicroTec + (Weimar, Germany) in ethyl
alcohol. The hardness test was performed on Future-Tech FM700 Vickers hardness tester
(Kawasaki, Japan) with 15 s dwell time and 50 g of force (HV0.05). Every sample was
measured with 5 indentations. The size of the impression was measured with the aid of a
calibrated microscope with a tolerance of ±1/1000 mm [37].

3. Results and Discussion
3.1. Phase Composition

Milling processes are known to considerably alter the morphology of milled powders
as a result of severe plastic deformation. During mechanical alloying, the same process
occurs, repeatedly fracturing and welding the powder particles. Short milling times were
found to have no pronounced effect on both the particles and overall alloy composition.
In various studies, it has been reported that the milling time could influence the alloy
phase composition, resulting in an amorphous phase [31,38]. Hence, the milling time was
chosen based on the reports of Mg65Zn30Ca5 alloy amorphization [31,38]. However, in
these mentioned experiments another diameter of milling balls was used, whereas while
using 10 mm balls the amorphous structure was verified after 13, 20, 30, 40, and 70 h for
Mg65Zn30Ca5 alloy. Therefore, samples of the Mg65ZnCa4Gd1 were milled for 6 min, 13,
20, 30, 40, and 70 h of milling time in order to assess the differences. The X-ray diffraction
patterns, presented in Figure 2, show a presence of an amorphous halo. The broad scattering
maxima between 35◦ and 45◦ 2 theta confirm an amorphization process, which is attributed
to the diffusive mixing mechanism [31]. The amorphization for the magnesium based-
alloys was confirmed by Datta [31,38] and Lesz [31,38] in their respective works. After
6 min, the XRD pattern shows the presence of pure Mg, Zn, Ca(OH)2, and GdH2 with the
beginning stage of MgZn2 secondary phase formation. The crystalline phases observed on
the X-ray diffraction patterns correspond to MgZn2, GdH2, Mg, MgO, Zn, and Ca(OH)2
phases. The MgO and Ca(OH)2 phases appeared due to the exposure of the samples to
oxygen in the air between tests. After 13 h, extending the milling time, there were no visible
changes in the form of diffraction patterns which remained almost the same.
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Figure 2. The X-ray diffraction patterns obtained for (a) Ca, Gd, Zn, Mg initial powders; (b) Mg65Zn30Ca4Gd1 powder
alloy samples synthesized after 6 min, 13, 20, 30, 40, and 70 h of milling time, respectively. The most important peaks of
main identified phases are labeled according to the ICDD PDF4+ 2016 data base (MgZn2, 03-065-0120; GdH2, 01-089-4063;
Ca(OH)2, 00-004-0733; Mg, 00-001-1141; MgO, 00-003-0998; Zn, 03-065-3358).

The Mg phase may be present due to the solid-state diffusion being in an incomplete
stage, whereas gadolinium hydride had appeared due to the short air exposition between
analyses. Amorphization has been observed on a large number of alloy systems below
a critical crystallite size of a few nanometers having been synthesized by high-energy
ball-milling technique [31,32,39].

3.2. Granulometry and Hardness

Figure 3 represents cumulative volume curve distributions (curve Figure 3a–e) and
the general volume distribution (histograms Figure 3a–e) showing the particle size volume
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share for powder, milled for 13, 20, 30, 40, and 70 h, respectively. All samples maintain
the range of particles from 10 to 100 µm with irregular, non-equiaxial shapes. The median
value (Q3(x), where x = 50%) (Q3(x) 50%) of the particle sizes are 31 µm for 13 h, and 45,
49, 28, and 12 µm for 20, 30, 40, and 70 h, respectively. It can be clearly seen, that after
13 and 40 h of milling the particle size is similar, however, it sharply decreases after 70 h.
For better visualization of the results Q3(x), where x = 10% and 90% are shown on their
respective graphs.

The average particle size values with error bars are presented in Table 1 and the
hardness values (with error bars) are presented below in Table 2. All of the results were
presented as the mean ± standard deviation (SD).

Table 1. Average particle size values with error bars for samples obtained for 13, 20, 30, 40, and 70 h
of milled time.

Sample Average Particle Size (µm)

13 h 31 ± 1.5
20 h 45 ± 4.0
30 h 49 ± 0.3
40 h 28 ± 2.1
70 h 12 ± 0.3

Table 2. Hardness value with error bars for samples obtained for 13, 20, 30, 40, and 70 h of milled time.

Test Number 13 h Sample
(HV 0.05)

20 h Sample
(HV 0.05)

30 h Sample
(HV 0.05)

40 h Sample
(HV 0.05)

70 h Sample
(HV 0.05)

1 305 273 179 359 333
2 305 253 141 348 316
3 343 249 151 348 316
4 367 282 153 285 303
5 343 319 201 305 333

Average: 333 ± 24 275 ± 25 168 ± 22 329 ± 29 320 ± 11
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In the case of the described alloys (Table 1), when using the SPEX 8000 high-energy
shaker ball mill for MA at room temperature, we expect that the initial grain growth
(20 and 30 h) is associated with the initial stage of the alloying process, i.e., the formation
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of intermetallic phases. With the increase in grinding time (40 and 70 h), the grain size
reduction process, which is typical for MA. Similar effects have been observed in similar
works [32,39,40].

Average values of hardness measurements, as well as particle size, for Mg65Zn30Ca4Gd1
powder alloy milled for 13, 20, 30, 40, and 70 h are presented in Figure 4. The average
values of hardness are 333 ± 24, 273 ± 25, 168 ± 22, 329 ± 29, and 320 ± 11 HV after 13, 20,
30, 40, and 70 h, respectively. The results are presented in Table 2. Correlating the values
of the samples’ hardness with their average particle size, it can be said that after a certain
amount of time the powders particles are fragmented more thoroughly, thus, decreasing in
size. During this process, strong plastic deformation occurs due to constant friction welding
and fragmentation which results in an increase in the hardness value [32,39–43]. Clearly,
after 30 h of milling time, the hardness is lower that after 20 h, but it can be correlated to
the particle size, as the size after 30 h is bigger as well [32,39,41].
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Mechanical alloying can be usually divided into a few stages [41–43]. In the first stage
of the mechanical alloying process the particle sizes are both smaller and bigger than the
initial particles. There is wide hardness dispersion because some of the powder particles
are trapped between the grinding balls and show strong deformation while the others are
intact.

The second stage is the merging of the particles, which results in larger particles.
Usually, the hardness increases. This can be seen in Figure 4, which represents the average
hardness values as well as particle size for Mg65Zn30Ca4Gd1 powder alloy milled for 13,
20, 30, 40, and 70 h, respectively

The third stage is when random welding orientations occur, leading to a rolled struc-
ture composed of equiaxial particles, therefore, decreasing the plasticity.

In the last stage, the narrow dispersion of particles size occurs leading to the saturation
of hardness. This stages can and will occur cyclically. This can be seen when comparing
the results of both particle size and hardness test for 13 and 70 h. Obviously, after 70 h,
the particles are smaller than after 13, albeit the hardness is comparable.

3.3. Scanning Electron Microscopy: Morphology and Qualitative Chemical Composition Analysis

Scanning electron microscopy analysis revealed similarities in the morphology of all
powders, as it can be seen in Figure 5. On the SEM micrographs, there are visible irregular
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shapes with some agglomerations. Those assemblies of finer particles may be attributed to
the number of hours during mechanical alloying, as it consists of repetitive cold welding
and grinding of said powders. It can be already visible after 13 h (Figure 5a) on the larger
particles. Moreover, it is worth noting that the changes occurring during the mechanical
alloying are of a statistical nature. Clearly, it is caused by unique deformation processes
which every ground particles are affected by [41,44]. After 20 h, the particles consolidate,
thus, seemingly they increase in size, although they get more uniform in the process.
Whereas after 13 h, the particles may be smaller, yet clearly consist of heterogeneous
“chunks”. This phenomenon occurs due to deformed particles joining together, hence, the
particle size distribution curve is pushed toward the right side of the graph, indicating
larger sized particles. However, after 30 h of milling, the particles sharply decrease, which
can be seen in Table 1. The particle sizes visible on SEM micrographs are reflected by the
performed granulometry.
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Figure 5. SEM (scanning electron microscopy) results-Morphology with the micrographs of the Mg65Zn30Ca4Gd1 alloy
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EDS results from the micrographs featuring the measured area for the Mg65Zn30Ca4Gd1
powder alloy samples after 13, 20, 30, 40, and 70 h (Figure 5) are presented in Table 3.

Table 3. EDS (energy-dispersive spectroscopy) results from the Mg65Zn30Ca4Gd1 powder alloy samples for 13, 20, 30, 40,
and 70 h, respectively.

Sample
(Milling Time)

(wt.%) (at.%)

Mg Ca Gd Zn Mg Ca Gd Zn

13 39 ± 1.9 12 ± 0.6 4 ± 0.2 45 ± 2.2 61 ± 3.1 11 ± 0.6 1 27 ± 1.4

20 40 ± 2.0 6 ± 0.3 5 ± 0.3 50 ± 2.5 64 ± 3.2 6 ± 0.3 1 29 ± 1.5

30 40 ± 2.0 3 ± 0.1 4 ± 0.2 52 ± 2.6 65 ± 3.3 3 ± 0.1 1 31 ± 1.6

40 40 ± 2.0 3 ± 0.1 4 ± 0.2 52 ± 2.6 65 ± 3.3 3 ± 0.1 1 31 ± 1.6

70 43 ± 2.10 4 ± 0.2 4 ± 0.2 49 ± 2.5 67 ± 3.4 4 ± 0.1 1 28 ± 1.4

Theoretical value 40.94 4.15 4.08 50.83 65.00 4.00 1.00 30.00

As it can be seen from the atomic weight distribution, after 13 h, the chemical composi-
tion stabilizes, meaning the solid-state diffusion process reaches its peak. Hence, from 13 h
to 70 h the chemical composition is almost identical (statistically negligible) to the assumed
composition of Mg65Zn30Ca4Gd1. Henceforth, it can be stated that, after 13 h, the particles
are chemically homogeneous, which is an important factor for medical applications [40].
The results of the EDS analysis (Table 3) show a good correlation with the assumed compo-
sition of the Mg65Zn30Ca4Gd1 alloy. Whereas the initial stage of the mechanical synthesis
(13 h of grinding) indicates the presence of unreacted components (Figure 2), the results
obtained for the alloy after the maximum grinding time (70 h), indicating an overestimated
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amount of magnesium, refer to the material in which the share of the amorphous phase
increases, in which the interface border disappears, and the distribution of elements may
have local heterogeneities. The time needed for homogeneous redistribution of the al-
loying elements in the magnesium matrix during alloy synthesis depends on diffusion
mobility of alloying elements, and also on the type of alloying elements, their synergistic
influence, and phase composition. Due to significant deformations in the milled particles,
the recovery process associates with the dislocation movement. As a result of the recovery,
the mechanical properties and the structure of the metal observed in the microscopic scale
do not change substantially.

4. Conclusions

The morphology of the milled powders reveals that the particles vary in the range from
12 to 50 µm average values, corresponding to the granulometric tests. The powder particles
average size increases after 13 h of milling time, equaling 31 µm and up to 30 h equaling
45–49 µm. Then, sharply decreases after 40 and 70 h of milling time and equaling 28 µm and
12 µm, respectively. The particle size has a strong influence on the hardness of the samples.
After 30 h of milling time, the average values of hardness is equal to 168 HV, which is lower
than the hardness of the rest samples that are about 300 HV. During the milling process,
the particles are subjected to repeated welding and fracturing. Strong plastic deformations
occur, thus, increasing the hardness, while at the same time the particle size decreases.
The fluctuations in the particle size (and therefore hardness) are characteristic for the MA
process, as they are repeatedly subjected to cold welding, fracturing and grinding. This
cyclic process leads to homogeneity in chemical composition, which is supported by the
EDS. After 13 h, the chemical composition stabilizes, and the phase composition is not
change by further milling time. After 13 and 70 h, there is no significant change in hardness,
meaning that at those stages the hardness satiation for that alloy was reached.

Therefore, it can be concluded that MA is a utility for achieving homogeneity of
the alloy and microstructure refinement, which is desirable for enhancing the alloy’s
mechanical performance and corrosion behavior.

Author Contributions: Conceptualization, S.L. and B.H.; methodology, S.L. and B.H.; validation,
K.G. and S.L.; investigation, B.H., S.L., M.K. and K.G.; resources, S.L.; writing—original draft, B.H.;
writing—review and editing, B.H., S.L. and M.K.; supervision, S.L. and M.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Center, Poland, grant number 2017/27/B
/ST8/02927.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anderson, J.M. Biological performance of materials-fundamentals of biocompatibility (Vol. 8, Biomedical engineering and instrumenta-

tion series), by Jonathan Black, Marcel Dekker, New York, NY, 1981. J. Biomed. Mater. Res. 1983, 17, 557–558. [CrossRef]
2. Dziki, J.L.; Badylak, S.F. Immunomodulatory biomaterials. Curr. Opin. Biomed. Eng. 2018, 6, 51–57. [CrossRef]
3. Yang, K.; Zhou, C.; Fan, H.; Fan, Y.; Jiang, Q.; Song, P.; Fan, H.; Chen, Y.; Zhang, X. Bio-Functional Design, Application and Trends

in Metallic Biomaterials. Int. J. Mol. Sci. 2017, 19, 24. [CrossRef] [PubMed]
4. Amini, A.R.; Wallace, J.S.; Nukavarapu, S.P. Short-term and long-term effects of orthopedic biodegradable implants. J. Long. Term.

Eff. Med. Implant. 2011, 21, 93–122. [CrossRef] [PubMed]
5. Li, L.; Zhang, M.; Li, Y.; Zhao, J.; Qin, L.; Lai, Y. Corrosion and biocompatibility improvement of magnesium-based alloys as bone

implant materials: A review. Regen. Biomater. 2017, 4, 129–137. [CrossRef]
6. Sanchis-Moysi, J.; Dorado, C.; Vicente-Rodríguez, G.; Milutinovic, L.; Garces, G.L.; Calbet, J.A.L. Inter-arm asymmetry in bone

mineral content and bone area in postmenopausal recreational tennis players. Maturitas 2004, 48, 289–298. [CrossRef]

http://doi.org/10.1002/jbm.820170313
http://doi.org/10.1016/j.cobme.2018.02.005
http://doi.org/10.3390/ijms19010024
http://www.ncbi.nlm.nih.gov/pubmed/29271916
http://doi.org/10.1615/JLongTermEffMedImplants.v21.i2.10
http://www.ncbi.nlm.nih.gov/pubmed/22043969
http://doi.org/10.1093/rb/rbx004
http://doi.org/10.1016/j.maturitas.2004.03.008


Materials 2021, 14, 226 13 of 14

7. Chang, G.; Regatte, R.R.; Schweitzer, M.E. Olympic fencers: Adaptations in cortical and trabecular bone determined by
quantitative computed tomography. Osteoporos. Int. 2009, 20, 779–785. [CrossRef]

8. Iwamoto, J.; Takeda, T.; Sato, Y. Interventions to prevent bone loss in astronauts during space flight. Keio J. Med. 2005, 54, 55–59.
[CrossRef]

9. Okazaki, Y.; Gotoh, E.; Mori, J. Strength-Durability Correlation of Osteosynthesis Devices Made by 3D Layer Manufacturing.
Materials 2019, 12, 436. [CrossRef]

10. Shinya, A.; Ballo, A.M.; Lassila, L.V.J.; Shinya, A.; Närhi, T.O.; Vallittu, P.K. Stress and Strain Analysis of the Bone-Implant
Interface: A Comparison of Fiber-Reinforced Composite and Titanium Implants Utilizing 3-Dimensional Finite Element Study.
J. Oral Implant. 2011, 37, 133–140. [CrossRef]

11. Ruff, C.; Holt, B.; Trinkaus, E. Who’s afraid of the big bad Wolff?: “Wolff’s law” and bone functional adaptation. Am. J. Phys. Anthr.
2006, 129, 484–498. [CrossRef] [PubMed]

12. Frost, H.M. Wolff’s Law and bone’s structural adaptations to mechanical usage: An overview for clinicians. Angle Orthod. 1994,
64, 175–188. [CrossRef] [PubMed]

13. Zhang, L.-N.; Hou, Z.-T.; Ye, X.; Xu, Z.-B.; Bai, X.-L.; Shang, P. The effect of selected alloying element additions on properties of
Mg-based alloy as bioimplants: A literature review. Front. Mater. Sci. 2013, 7, 227–236. [CrossRef]

14. Salleh, E.M.; Ramakrishnan, S.; Hussain, Z. Synthesis of Biodegradable Mg-Zn Alloy by Mechanical Alloying: Effect of Milling
Time. Procedia Chem. 2016, 19, 525–530. [CrossRef]

15. Matias, T.B.; Asato, G.H.; Ramasco, B.T.; Botta, W.J.; Kiminami, C.S.; Bolfarini, C. Processing and characterization of amorphous
magnesium based alloy for application in biomedical implants. J. Mater. Res. Technol. 2014, 3, 203–209. [CrossRef]

16. Wang, G.; Huang, G.; Chen, X.; Deng, Q.; Tang, A.; Jiang, B.; Pan, F. Effects of Zn addition on the mechanical properties and
texture of extruded Mg-Zn-Ca-Ce magnesium alloy sheets. Mater. Sci. Eng. A 2017, 705, 46–54. [CrossRef]

17. Yuasa, M.; Hayashi, M.; Mabuchi, M.; Chino, Y. Improved plastic anisotropy of Mg–Zn–Ca alloys exhibiting high-stretch
formability: A first-principles study. Acta Mater. 2014, 65, 207–214. [CrossRef]

18. Plum, L.M.; Rink, L.; Haase, H. The essential toxin: Impact of zinc on human health. Int. J. Environ. Res. Public Health 2010,
7, 1342–1365. [CrossRef]

19. Salahshoor, M.; Guo, Y. Biodegradable Orthopedic Magnesium-Calcium (MgCa) Alloys, Processing, and Corrosion Performance.
Materials 2012, 5, 135–155. [CrossRef]

20. Hort, N.; Huang, Y.; Fechner, D.; Störmer, M.; Blawert, C.; Witte, F.; Vogt, C.; Drücker, H.; Willumeit, R.; Kainer, K.U.; et al. Magnesium
alloys as implant materials – Principles of property design for Mg–RE alloys. Acta Biomater. 2010, 6, 1714–1725. [CrossRef]

21. Kawamura, Y.; Yamasaki, M. Formation and mechanical properties of Mg97Zn1RE 2 alloys with long-period stacking ordered
structure. Mater. Trans. 2007, 48, 2986–2992. [CrossRef]

22. Staiger, M.P.; Pietak, A.M.; Huadmai, J.; Dias, G. Magnesium and its alloys as orthopedic biomaterials: A review. Biomaterials
2006, 27, 1728–1734. [CrossRef] [PubMed]

23. Song, G. Control of biodegradation of biocompatable magnesium alloys. Corros. Sci. 2007, 49, 1696–1701. [CrossRef]
24. Zberg, B.; Uggowitzer, P.J.; Löffler, J.F. MgZnCa glasses without clinically observable hydrogen evolution for biodegradable

implants. Nat. Mater. 2009, 8, 887. [CrossRef]
25. Byrne, J.; O’Cearbhaill, E.; Browne, D. Comparison of crystalline and amorphous versions of a magnesium-based alloy: Corro-

sion and cell response. Eur. Cells Mater. 2015, 30, 75.
26. Celarek, A.; Kraus, T.; Tschegg, E.K.; Fischerauer, S.F.; Stanzl-Tschegg, S.; Uggowitzer, P.J.; Weinberg, A.M. PHB, crystalline

and amorphous magnesium alloys: Promising candidates for bioresorbable osteosynthesis implants? Mater. Sci. Eng. C 2012,
32, 1503–1510. [CrossRef]

27. Abbasi, M.; Sajjadi, S.A.; Azadbeh, M. An investigation on the variations occurring during Ni3Al powder formation by mechanical
alloying technique. J. Alloy. Compd. 2010, 497, 171–175. [CrossRef]

28. Neves, F.; Fernandes, F.M.B.; Martins, I.; Correia, J.B. Parametric optimization of Ti–Ni powder mixtures produced by mechanical
alloying. J. Alloy. Compd. 2011, 509, S271–S274. [CrossRef]

29. Beaulieu, L.; Larcher, D.; Dunlap, R.; Dahn, J. Nanocomposites in the Sn–Mn–C system produced by mechanical alloying.
J. Alloy. Compd. 2000, 297, 122–128. [CrossRef]

30. Benjamin, J.S.; Volin, T.E. The mechanism of mechanical alloying. Metall. Trans. 1974, 5, 1929–1934. [CrossRef]
31. Datta, M.K.; Chou, D.-T.; Hong, D.; Saha, P.; Chung, S.J.; Lee, B.; Sirinterlikci, A.; Ramanathan, M.; Roy, A.; Kumta, P.N. Structure

and thermal stability of biodegradable Mg–Zn–Ca based amorphous alloys synthesized by mechanical alloying. Mater. Sci. Eng. B
2011, 176, 1637–1643. [CrossRef]

32. Suryanarayana, C.; Al-Aqeeli, N. Mechanically alloyed nanocomposites. Prog. Mater. Sci. 2013, 58, 383–502. [CrossRef]
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