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Abstract: This study focused on the design and the preparation method of a new biomaterial,
Mg30Zn30Sn30Sr5Bi5 (at%) alloy, and its simulation and property analyses. Based on the comprehen-
sive consideration of the preparation of high-entropy alloys, the selection of biomaterial elements,
and the existing research results of common Mg-based materials, the atomic percentage of various
elements, that is, Mg:Zn:Sn:Sr:Bi = 30:30:30:5:5, was determined. Using the theoretical methods of
thermodynamic performance analysis and solidification performance analysis, the proposed compo-
sition was simulated and analyzed. The analysis results showed that the mechanical properties of
the new material can meet the design requirements, and it can be prepared in physical form. XRD,
SEM, PSD, compression tests, and other experimental tests were conducted on the material, and
the alloy composition and distribution law showed various characteristics, which conformed to the
“chaotic” characteristics of high-entropy alloys. The elastic modulus of the material was 17.98 GPa,
which is within the 0–20 GPa elastic modulus range of human bone. This means that it can avoid the
occurrence of stress shielding problems more effectively during the material implantation process.

Keywords: Mg-based alloy; biomaterials; high-entropy alloys; Mg30Zn30Sn30Sr5Bi5 (at%) alloy; stress
shielding; elastic modulus

1. Introduction

Biological materials refer to natural or man-made materials that can be applied in
the diagnosis, treatment, and recovery of diseased or damaged organic tissues or organs
without adverse effects on biological organisms [1]. At present, many universally acknowl-
edged biomaterials exist, such as stainless steel, Co-based alloys, Ti and Ti-based alloys, and
Mg-based alloys. They all exhibit excellent mechanical properties, such as high strength,
good malleability, favorable processing capacity, and outstanding corrosion stability. Nu-
merous research results exist on biomaterials. High-nitrogen nickel-free austenitic steel
Fe-21Cr-22Mn-1Mo-1N as a biomaterial is included in ASTM [2]. In The General Techno-
logical Conditions of Surgical Metal Implant (GB), Fe-21Cr-22Mn-1Mo-1N and super-low
carbon stainless steel Cr-Ni-Mo have the same medical properties. Co-based alloys, F76,
F90, F562, F563, etc., are recommended as surgical implants by ASTM. Pure titanium (Ti)
and, currently, some of the titanium-based alloys, are among the most attractive metallic
materials for biomedical applications (as implants) due to their non-biodegradability, good
mechanical properties, and good biocompatibility [3]; for example, Ti-35Nb-5Ta-7Zr by Prof.
H. J. Rack of Celmson University [4], Ti-29Nb-13Ta-5Zr by Prof. M. Niinomi of Toyohashi
University of Technology [5], and TLE alloy and TLM alloy by Northwest Institute for
Non-ferrous Metal Research China [6] are recommended for surgical implants.

Mg and Mg-based alloy have become a research focus in the field of biomedical applica-
tions because of their low density, high specific strength, low Young’s modulus [7–12], superior
bio-compatibility, and bio-degradation [13,14]. The research on the medical properties of Mg-
based alloys has continuously advanced; for example, Zberg B. et al. found that amorphous
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Mg-Zn alloy with Zn content of 50% is a promising biomaterial [15], and Mg66Zn30Ca4 by
Prof. Y. F. Zheng, etc. of School of Materials Science and Engineering, Peking University [16].
Mg-based biomaterials, as a kind of biological implant material with excellent performance,
have been widely used in the medical field. Witte et al. studied the implantation behav-
ior of Mg-based alloys, AZ31, AZ91, LAE442, and WE43 [17]. Waizy et al. [18], Dickmann
et al. [19], and Windhagen [20] et al. conducted clinical research on MgYREZr alloy. Kenan
et al. developed a Mg-5Ca-1Zn screw for internal fixation of palm fractures [21]. Compression
screws made of a biodegradable Mg-based alloy, MgYREZr, were developed by Syntellix AG,
Germany. The Mg-Ca screws manufactured by U&I Company were approved by Korea MFDS
for joint fracture fixation.

The elastic modulus of existing Mg-based biomaterials is in the range of 41–45 GPa
(for example, that of AZ31B, AZ91D, AM60B, AM50A, and Pure Mg are 45 GPa, that of
Mg-3Al-4Zn-0.2Ca is 44.1 GPa, and that of Mg-4Al-4Zn-0.2Ca is 45 GPa, et al.), whereas
the elastic modulus of human bones is in the range of 3–20 GPa (for example, cancellous
bone: 3.0~14.8 GPa; os hamatum integumentale: 18.6~7.0 Gpa; dentin: 15 GPa, et al.) [22].
The difference in elastic modulus causes the phenomenon of “stress shielding” in implant
materials [23]. Stress-shielding effects arise from shear stresses due to the difference in
material properties between bone and the implant [24]. The main purpose of this research
was to use the methods applied in the study of high-entropy alloys to design and prepare
Mg-based biomaterials. The utilized characteristics, which are the multi-element and
multi-component characteristics of high-entropy alloys, modify the elastic modulus of the
material by adjusting the atomic percentage of the element of the new material. Thus, the
elastic modulus of the new material is numerically closer to that of human bone. This can
avoid the stress shielding caused by the difference in elastic moduli, ensuring human bone
can be repaired and grown [25].

2. Element Selection Basis
2.1. The Principles of High-Entropy Alloy and Biomaterial Design

The main purpose of the section is to present the determination of the element compo-
sition of the new Mg-based biomaterial. Its elements were chosen to consider three main
factors. First, the definition of high-entropy alloys (HEAs) is that they must contain at
least five principal elements having an atomic percentage between 5% and 35% [26–28].
For better formation of solid solution phases in high-entropy alloys, an atomic size differ-
ence ≤6.6% has been suggested [29,30]. Second, according to the published papers and results
of research, a large number of elements have been used in the preparation of various high-
entropy alloys, such as, AlCoCrCu FeNi [31], RhIrPdPtNiCu [32], (Ag/In/Cd/Sn/Sb/Pb/Bi)-
Te [33], AlCrFeCoNiZn [34], (Al/Cr/V/Sn)NbTaTiZr [35], MgAlSiCrFe [36], and MgAlLiZn-
CaY/MgAlLiZnCaCu [37]. Third, in recent years, a great deal of research has been conducted
on various biomaterials, particularly Mg-based biomaterials, and many elements, including
Mg, Zn, Ca, Mn, Nb, Sn, Sr, Bi, Li, Gd, Zr, and Ti [38–42], have appeared in the selection of Mg-
based biomaterials. To summarize, the composition of the Mg-based high-entropy biomaterial
is Mg30Zn30Sn30 Sr5Bi5 (at.%). All of the elements that compose the Mg-based high-entropy
biomaterial have better biological properties. Mg, Zn, and Sn are important elements of the
human body, and ensure basic safety for biomedical applications. Mg is an essential element
in human bone tissues, and is beneficial to the strength and growth of bone. Regarding Zn,
60% in the human body exists in the muscle and 30% exists in the bone tissues; it is also a
component of many enzymes, which help the synthesis of proteins and DNA, and promote
cell regeneration and tissue metabolism. The main physiological function of Sn is in anti-tumor
activity by inhibiting the formation of cancer cells; it can also promote the synthesis of proteins
and nucleic acids, and enhance the stability of the body environment [43,44]. Sr is chemically
and physically similar to calcium, and can be used to treat osteoporosis because it can stimulate
bone formation and inhibit bone resorption [45]. Bi is called a ‘Green Metal’ because it is
nontoxic to the human body, and can be used to treat gastrointestinal and dyspepsia in the
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form of compounds, such as Bismuth Subcarbonate and Bismuth Subnitrate, and is used as an
additive for cosmetics [46].

2.2. The Influence of Elements on Mg Alloys

Bi is an element with a precipitation strengthening effect in Mg. After its addition, it
can form a Mg3Bi2 term with better thermal stability, so as to achieve the refinement of the
as-cast microstructure and help improve the room temperature mechanical properties of
Mg alloys [47]. After Sn is added to pure magnesium, the coarse columnar crystal ingot can
be transformed into an equiaxed crystal, and the crystal grain can be refined, and the Mg2Sn
phase with cubic C1 structure characteristics can be generated in the structure [48]. The
maximum solid solubility of Sn at 561.2 ◦C is 14.85%. When the temperature drops to 200 ◦C,
the alloy solid solubility is almost zero. The precipitated Mg2Sn eutectic phase can form a
dispersion-strengthened structure. Like Al, Zn not only has a solid solution strengthening
effect in Mg, but also has an aging strengthening effect. Zn can weaken the adverse effects
of some impurities in the alloy (such as iron and nickel) on its corrosion resistance. Zn can
also reduce the end temperature of Mg alloy solidification. The addition of the Sr element
can refine the grains of Mg alloy to reduce the tendency of microporosity and hot cracking,
and improve Mg alloy’s die-casting performance and mechanical properties [49].

3. Performance Simulation
3.1. Theoretical Basis

Based on the fact that there are many uncontrollable factors in the research of new
materials, the simulation calculation of related properties was carried out using the CAL-
PHAD Technology, which is well developed at present; therefore, the feasibility of the
research was confirmed. The research mainly focused on thermodynamic properties, and
solidification phases and properties. The theoretical formulas include the thermodynamic
principles, the Scheil–Gulliver Model, and the calculation of material properties.

According to the thermodynamic principles, the general conditions for the system to
reach equilibrium under constant pressure are as follows:

A. Assuming G (Total Gibbs Free Energy) of the system reaches the minimum value G
min, the chemical potentials of each component i are equal. Equation (1) is the molar
Gibbs Free Energy of each term.

Gm = ∑i XiG0
i + RX ∑i Xi ln Xi +∑i ∑j XiXj∑vΩi

(
Xi − Xj

)v,[
∂Gm(α)

∂Xi
= ∂Gm(β)

∂Xi
µi(α) = µi(β)

(1)

B. Assuming the solute diffusion in the solid phase can be ignored, and the solute in
the liquid phase diffuses rapidly and completely, Equation (2) calculates the alloy
composition in the solid phase. Equation (3) calculates the fraction of solid formed.

CS = kC0(1 − fs)
k−1 (2)

fs = 1 −
(

Tf − T
Tf − TL

)[ 1
k−1 ]

(3)

C. Assuming that non-equilibrium conditions are met, Equation (4) calculates the relative
properties of each phase based on the alloy composition of each phase. Equation (5)
calculates the overall properties of the material according to the law of mixing.

P = ∑
i

xiP0
i +∑

i
∑
j>1

xiyi

(
∑
v

Ωv
ij
(
xi − yj

)v
)

(4)
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Pt = xαPα + xβPβ + PI I I Fs (5)

3.2. Simulation Conditions

The conditions of simulation included the following: the atomic percentage of the
elements was Mg:Zn:Sn:Sr:Bi = 30:30:30:5:5 (at.%); the simulated temperature range was
set as 1000–25 ◦C; the step size was 20; the initial cooling rate was 1000 C/s; and Mg was
used as the equilibrium reference for simulation analysis. The simulation consisted of
thermodynamic analysis and solidification analysis.

3.3. Simulation Results and Analysis

The simulation included thermodynamic analysis and solidification analysis.
The data obtained through simulation were analyzed from two perspectives according

to the theories of high entropy alloys and biomaterials. As shown in Figure 1, the density
value of the alloy in this study is about 6.20 g/cm3, and the volume change rate is 12.14%.
This value is in the middle of the range of common metallic biomaterials, and is higher than
that of Mg alloy (1.74–2.0 g/cm3) and Ti alloy (4.4–4.5 g/cm3), but lower than that Co-Cr
alloy (8.3–9.2 g/cm3) and stainless steel (7.9–8.1 g/cm3). However, this density value only
applies to one atomic ratio condition. The minimum density is 3.76 g/cm3 after changing
the atomic percentage, which is calculated by the exhaustive method. This is more in line
with the demand of biomaterials for Mg-based materials.
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Figure 1. Results of analysis of solidification phases and properties: density (g/cm−3)—
temperature (◦C).

Combined with the heat capacity–temperature curve and data analysis, as shown in
Figure 2, Sn solid solution precipitates in the alloy at 89.75 ◦C. The obvious peak structure
appears at 230–250 ◦C. The peak appears at 232.43 ◦C, and the HCmax is 266.02 J/(mole K),
which indicates that the material produced a solid–liquid phase transition in this interval.
MgZn2 precipitates at 333.36 ◦C, and Mg2X-C1 precipitates at 420.57 ◦C.

The spacing–initial cooling rate curve from the analysis of solidification phases and
properties suggests that, as shown in Figure 3, the spacing decreases with the increase in the
initial cooling rate; in particular, in the range of 0–1 ◦C/s, the spacing decreases sharply. In the
range from 1 to 10 ◦C/s, the spacing decreases rapidly. However, above 10 ◦C/s, the spacing
does not change significantly. The tensile stress, 0.2% proof strength, and hardness change in
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the same way as spacing, as shown in Figure 4. In the range of 0–1–10–100 ◦C/s, the spacing
varies in the range of 104.06–61.18–28.62–13.39 µm. In the range of 1–10–100 ◦C/s, the tensile
stress value varies in the range of 478.93–748.28–1221.79 MPa, the 0.2% proof stress varies in
the range of 359.84–661.73–1194.64 MPa, and the hardness range is 4.89–0.37–40.19 HRC.
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All the analysis results above, combined with the production technology, material
performance requirements, and other factors, have important reference value for material
preparation conditions.
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4. Preparation Method
4.1. As-Cast Alloy Preparation

The Mg30Zn30Sn30Sr5Bi5 at.% alloy is prepared in a vacuum high-frequency melting
furnace with a mild steel crucible protected by argon gas. To prepare the alloys, the follow-
ing are added: pure Mg (Granules, purity 99.99 wt.%, specification model is Ø4 × 4 mm),
pure Zn (Granules, purity 99.999 wt.%, specification model is 1–3 mm), pure Sn (Granules,
purity 99.999 wt.%, specification model is 1–6 mm), pure Sr (Granules, purity 99.9 wt.%,
specification model is 1–3 cm), pure Bi (Granules, purity 99.999 wt.%, specification model
is 1–3 mm). Before use, the mild steel crucible needs to be cleaned to remove impurities,
and dried. All materials need to have grease and oxide layers removed. These operations
need to be completed in a sealed box to reduce the oxidation problem. After the prepared
material is place into the vacuum high-frequency melting furnace, the mechanical pump is
turned on, the pressure in the furnace is reduced to the standard value (6 × 10−3 Pa) by
vacuum, and the furnace is then filled with argon protective gas. Finally, the pressure in the
furnace is 0.05 MPa. The smelting process needs to be completed in a furnace filled with
argon, and the heating rate is 0.5 ◦C/s. In order to ensure the material melting effect during
the heating process, the melting of the material in the crucible must be able to be monitored
at any time through the furnace body observation window, and a stirring rod must be used
as needed to ensure that the material is fully dissolved. The maximum heating temperature
for smelting is 700–750 ◦C, and this needs to be maintained for 30 min after reaching the
melting temperature. After the metal material is completely melted, the stirrer is turned
on again to fully stir for 5 min. After stirring, the material is maintained at 700–750 ◦C, for
60 min. The whole preparation process must not only ensure complete argon protection
conditions during the smelting process, but after the metal material smelting process is
completed, the material must also be cooled and solidified naturally in the furnace under
the action of the argon protection gas. Finally, an irregular block material is obtained, as
the picture shows.

Mg30Zn30Sn30Sr5Bi5 at.% alloy ingots were prepared as shown in Figure 6.
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4.2. Experimental Preparation

New material performance test experiments included SEM, XRD, PSD, and the com-
pression test. The specimens are obtained by wire cutting.

The XRD pattern was obtained using a Cu-Kα lamp with wavelength λ = 1/5406 Å in
the range 0 < 2θ < 90◦, step 0.02, and 1 s time for each step. Then, the XRD analysis was
performed by comparing the angle and intensity of the diffraction peaks with the informa-



Coatings 2022, 12, 531 10 of 15

tion in the standard cards. The microstructure, particle distribution, and morphology of
Mg30Zn30Sn30Sr5Bi5 (at.%) were investigated using a Gemini 300 SEM. The samples were
coated with a very thin layer of gold to increase the electrical conductivity of the specimen
surface and to enhance the clarity of the images [50,51]. The PSD test was conducted using
a Setaram Setsys Evo Simultaneous thermal analyzer.

All specimens are shown in Figure 7.
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Figure 7. The experimental specimens. (a) 10 mm × 10 mm × 3 mm. Specimen used for SEM
(Gemini 300 scanning electron microscope), XRD (X’ Pert Powder diffractometer), and hardness
testing (HV-1000 microhardness tester). Specimen was polished and inlaid with resin. Initial cooling
rate 100 ◦C/s. (b) Specimen used for compressive testing (WDW-100 electronic universal tester).
(c) Specimen used for PSD (Setaram Setsys Eco Synchronous thermal analyzer).

5. Results
5.1. XRD and SEM

The XRD pattern of the Mg30Zn30Sn30Sr5Bi5 alloy is shown in Figure 8. It can be
clearly seen that the alloy consists of multiple phases, included Mg3Bi2, MgSnSr, Mg2Sn,
Mg4Sr, Mg38Sr9, and MgZn. The SEM image of as-cast Mg30Zn30Sn30Sr5Bi5 alloy is shown
in Figure 9.
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The combined XRD and SEM analysis shows that the structure of the new material
Mg30Zn30Sn30Sr5Bi5 (at.%) is very complex: there are multiple crystal systems and the
types of space groups are also diverse. The energy spectrum analysis includes a total of
11 spectrogram analysis points. The analysis results show that the Mg element as a matrix
element meets the design requirements of a nearly uniform distribution in the alloy.

The atomic percentages of four positions, spectrum1, spectrum5, spectrum6, and
spectrum9, are analogous. In these positions, the atomic percentage of Bi is the highest.
The analysis shows there are two phases; Mg3Bi2 (Crystal system: Hexagonal, Space group:
P-3m1, Space group number: 164) and MgSnSr (Crystal system: Orthorhombic, Space
group: Pnma, Space group number: 62) represent the existence of the phases. Among
these, the MgSnSr phase is rod-shaped. When the content of the Sr element increases,
the formation trend of the MgSnSr phase is gradually higher than that of the Mg2Sn
phase, and the MgSnSr phase has a dispersion strengthening effect, which improves the
mechanical properties of the alloy at room temperature. The Mg3Bi2 compound has good
thermal stability and creep resistance, and a good precipitation strengthening effect can
be obtained by heat treatment. In the four positions, spectrum2, spectrum3, spectrum8,
and spectrum11, the atomic percentages of the main element Mg and Sn are both close
to 2:1, and the other elements in these four positions rarely approach 0. Thus, the four
positions can be considered as a single phase of Mg2Sn (Crystal system: Cubic, Space group:
Fm-3m, Space group number: 225). The Mg2Sn compound can effectively improve the
amorphous formation of Mg alloy. The main phase in spectrum7 is Mg4Sr (Crystal system:
Hexagonal, Space group: P63/mmc, Space group number: 194). Because the Mg4Sr phase
structure refinement disperses the distribution, it improves the properties of Mg-based
and Sr-based alloys, lowering the melting temperature and enthalpy. The analysis results
of spectrum10 shows that after Sr is added to Mg, Mg38Sr9 (Crystal system: Hexagonal,
Space group: P63/mmc, Space group number: 194) phase will be formed. The phase leads
to easier solidification of the Mg-based alloys because the growth of grains is restricted.
The contents of Mg, Zn, and Sn in spectrum4 are relatively high, whereas the contents of
Sr and Bi are extremely low. According to the existing research data, this region can be
regarded as the dependent existence of the MgZn phase and Mg2Sn phase, and most of the
MgZn phase should exist in the eutectic mode of the α-Mg+MgZn phase. In addition, since
the constituent elements of the new material all have strong oxidizability, there are more
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oxygen elements in the alloy, and the oxides of multiple elements also appear in the alloy,
such as MgO, ZnSnO3, and other phases. The presence of the Sn element is also similar
to that in the simulation result. The Sn element precipitates out of solid solution at room
temperature and exists as an element. The percentage mentioned in the paragraph refers to
the one in Table 1.

Table 1. SEM energy spectrum analysis results.

Mg at.% Zn at.% Sn at.% Sr at.% Bi at.% O at.%

Spectrogram 1 9.86 1.65 2.31 2.35 20.39 63.43
Spectrogram 2 50.60 0.25 27.34 0.34 0.08 21.39
Spectrogram 3 41.94 0.29 39.48 0.18 0.36 17.75
Spectrogram 4 9.22 21.95 34.86 0.65 0.27 33.06
Spectrogram 5 10.17 0.74 2.37 2.34 22.37 62.01
Spectrogram 6 10.59 1.12 3.51 3.72 20.21 60.85
Spectrogram 7 12.29 1.44 5.87 3.50 17.60 59.30
Spectrogram 8 50.86 0.15 27.03 0.28 0.12 21.55
Spectrogram 9 9.24 1.34 2.48 2.33 18.52 66.08
Spectrogram 10 13.29 1.37 3.29 3.00 13.92 65.14
Spectrogram 11 39.09 0.65 25.51 0.30 0.07 34.38

5.2. Mechanical Properties

The melting point of the Mg30Zn30Sn30Sr5Bi5 (at.%) was tested by PSD (sample mass
43.32 mg, test temperature range is 0–800 ◦C). In the range of 390–430 ◦C, the alloy was in
a state of heat absorption and exothermic equilibrium, and the curve shows a horizontal
state. In the range of 190–200 ◦C, the heat flow peak appears in the curve. Combined with
the simulation analysis, and XRD and SEM analyses, a large amount of Sn is precipitated
in the simple form at this temperature range. In other temperature ranges, the heat flow
of specimens increased with the increase in equipment temperature without obvious
fluctuation. The test results of the different temperature capacities of the vacuum melting
furnace show that the melting point of the material is about 420 ◦C. This is obviously lower
than the melting point value of the common Mg alloys, which is above 600 ◦C. Considering
the requirements of the casting process, it is more advantageous.

The elastic modulus of Mg30Zn30Sn30Sr5Bi5 (at.%) is 17.98 GPa, which is very similar
to that of human bones. The density of Mg30Zn30Sn30Sr5Bi5 (at.%) is 4.47 g/cm3.

The density, elastic modulus, and compressive yield strength of Mg30Zn30Sn30Sr5Bi5
(at.%) are compared with the performance of human bone and common biological implant
materials in Table 2.

Table 2. The performance comparison between human bone, common biological implant materi-
als [52], and Mg30Zn30Sn30Sr5Bi5 (at.%).

Properties Natural Bone Magnesium Ti Alloy Co-Cr Alloy Stainless Steel Mg30Zn30Sn30Sr5Bi5

Density 1.8–2.1 1.74–2.0 4.4–4.5 8.3–9.2 7.9–8.1 4.47
Elastic modulus 3–20 41–45 110–117 230 189–205 17.98

Compressive yield
strength 130–180 65–100 758–1117 450–1000 170–310 192.84

Unit: density: g·cm−3, elastic modulus: GPa, compressive yield strength: MPa.

In addition, the hardness test results of Mg30Zn30Sn30Sr5Bi5 (at.%) showed that the
mixing of various components was not the most uniform state because the material was
prepared by natural cooling under the protection of argon after melting, and there was no
stirring. Therefore, the hardness values at different positions fluctuated to a certain extent,
and the measured values ranged from 100 to 250 HV. The maximum hardness value was
249 HV.

In this study, measurement instruments used included: German Zeiss Gemini 300
field emission scanning electron microscope, OXFORD x-max 50 mm2 type X-ray energy
spectrometer, X ‘pert Powder type X-ray diffractometer, Setaram Setsys Evo synchronous
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thermal analyzer, WDW-100 electronic universal testing machine, and HV-1000 microhard-
ness tester.

6. Conclusions

The melting point of Mg30Zn30Sn30Sr5Bi5 (at.%) is about 420 ◦C, which was proven
by the PSD test; this numerical value is lower than the melting point of existing Mg alloys.
From the perspective of casting material processing, it has a more significant advantage:
the elastic modulus of the Mg is 17.98 GPa, which is closer to the elastic modulus value
of human bones, and the alloy can avoid the problem of stress shielding. Although the
density of Mg30Zn30Sn30Sr5Bi5 (at%) is 4.47 g/cm3, which is higher than the value of
1.74–2.0 g/cm3 of existing Mg-based biomaterials [53], it is lower than the density values
of other biomaterials. Because of its multi-element structural characteristics, the density
of A can be adjusted by the variation in the elements’ atomic percentages. In the research
process, the author used an exhaustive method to establish a simple calculation model, in
which the calculation condition was set as: MgaZnbSncSrdBie (at.%), and 30 ≤ a ≤ 35, 5 ≤ b
≤ 30, 5 ≤ c ≤ 30, 5 ≤ d ≤ 30, 5 ≤ e ≤ 30, and a + b + c + d + e = 100. The final result shows
that, when the atomic percentage of various elements is 30:29:7:29:5, the material can obtain
a minimum value of 3.76 g/cm3. This proportioning scheme can be further studied and
demonstrated in subsequent studies.

Based on the purpose of the current material research, subsequent research should
mainly be undertaken on the following aspects: (a). Mg-based biomaterials are used as
excellent degradable biological implant materials, and the study of corrosion resistance has
recently been a popular research topic. As a new biomaterial, the study of the corrosion
resistance of MgaZnbSncSrdBie is required. (b). According to the current research results of
the prepared materials, the distribution of internal components of materials is not uniform,
which leads to some fluctuations in the analysis results of material properties. (c). As a
kind of biomaterial, some of the alloy’s mechanical properties meet the use requirements
of biomaterials, but its properties still need to be further adjusted from the perspective
of processing. (d). In the current research, laser treatment on the surface of the material
can significantly improve the distribution of the internal crystal system, and the thinning
effect is obvious. The performance changes caused by the laser treatment will be further
promoted in subsequent research.
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