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Abstract: Biodegradable alloys and especially magnesium-based alloys are considered by many
researchers as materials to be used in medicine due to their biocompatibility and excellent mechanical
properties. Biodegradable magnesium-based materials have applications in the medical field and
in particular in obtaining implants for small bones of the feet and hands, ankles, or small joints.
Studies have shown that Mg, Zn, and Ca are found in significant amounts in the human body and
contribute effectively and efficiently to the healing process of bone tissue. Due to its biodegradability,
magnesium alloys, including Mg-Ca—Zn alloys used in the manufacture of implants, do not require a
second surgery, thus minimizing the trauma caused to the patient. Other studies have performed
Mg—Ca-Zn system alloys with zinc variation between 0 and 8 wt.% and calcium variation up to
5 wt.%, showing high biocompatibility, adequate mechanical properties, and Mg,Ca and MggCasZn
compounds in microstructure. Biocompatibility is an essential factor in the use of these materials, so
that some investigations have shown a cell viability with values between 95% and 99% compared
with the control in the case of Mg—0.2Ca-3Zn alloy. In vivo analyses also showed no adverse reactions,
with minimal Hj release. The aim of this review includes aspects regarding microstructure analysis
and the degradation mechanisms in a specific environment and highlights the biocompatibility
between the rate of bone healing and alloy degradation due to rapid corrosion of the alloys.

Keywords: Mg-Ca-Zn biodegradable alloys; microstructure; corrosion; biocompatibility

1. Introduction

Biomaterials have a large scale of applications, especially in the medical domain, and
are exposed in direct or indirect contact with a biological medium [1]. The most important
aspect of a biomaterial is the biocompatibility, which is defined as “the ability of a material
to function with an appropriate host response in a specific application” [2].

Unlike conventionally inert biomaterials, these types of biomaterials promote bene-
ficial interactions with implantation sites. Biodegradable materials are among the most
beneficial biomaterials due to the fact that they aid the healing process of the affected tissue
during the gradual healing process. Five years ago, the global market of materials used
in medicine was set at approximatively USD 83 billion and is likely to expand to over
USD 215 billion by 2024, having an annual growth rate of approximately 15% during the
specified period [3,4].

Magnesium (Mg) is an abundant chemical element in the human body that plays
a crucial role in cellular metabolism, membrane function, and membrane integrity [5].
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Magnesium is required by every enzyme system involved in DNA processing [5]. Internal
cell cycle and apoptosis are also influenced by magnesium [5].

Mg and its alloys are used very often as biodegradable bone implants and stents
because of their very good physical and mechanical properties, such as excellent biocom-
patibility, high strength, and low Young’s modulus [6-9]. The advantages/disadvantages
of biodegradable magnesium-based alloys are presented in Figure 1. However, the fast
degradation rate of Mg alloys prevents implants from performing their surgical function
before being extracted; inhomogeneous local corrosion starting from the surface of Mg
alloys makes the corrosion behavior uncontrollable. Additionally, a significant amount of
hydrogen accumulates in gas pockets by the corroding Mg implant, which will delay the
healing of the surgical region and lead to an inflammatory reaction.
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Figure 1. Main aspects of biodegradable magnesium alloys used in the medical domain [10].

There are multiple publications available in the state of art of the research presenting
the microstructural characterization, mechanical characteristics, electrochemical behavior,
and biocompatibility evaluation through in vitro and in vivo studies of these biodegradable
materials used for orthopedic purposes [8]. Thus, depending on the desired specific implant,
Mg-based alloys can be classified into several systems, as shown in Figure 2.

Figure 2. Classification of magnesium-based alloys [8].

Calcium (Ca) is one of the most desired alloying elements for biodegradable alloys.
It is one of the most abundant minerals in human bones [11] and is necessary for human
bone growth. It is also a necessary element in chemical signaling with cells [12]. Mg-Ca is
basically made up of two phases, a-Mg and Mg,Ca. An intermetallic phase, such as Mg,Ca,
refines the Mg microstructure and strengthens the alloy.

Zinc (Zn) exhibits a refinement property for the microstructure, thus increasing the me-
chanical strength of magnesium [13]. Mg—Zn biodegradable alloys have proved improved
electrochemical results in standard biological mediums compared with pure magnesium,
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which has been attributed in part to zinc’s capability to form Ni- and Fe-containing com-
pounds [14].

Zn, unlike other alloying elements, which are not suitable for alloying, is a necessary
trace element for the human body. Mg-Zn alloys are made up primarily of an a-Mg
matrix and a c-MgZn phase, with a solubility limit of 6.2 wt.% for Zn in magnesium [15].
Zn raises YS from 1 to 6 wt.% when added to Mg, as expected. The maximum UTS
(216.8 MPa) and elongation (15.8%) may be attained if the Zn concentration is kept to
4 wt.% [15]. The addition of Ca, Zr, Sr, Y, Mn, and Si to Mg—Zn-based alloys has been studied
extensively [16,17] to enhance the mechanical characteristics by refining the microstructure
or producing distinct structures. Ca is a powerful grain refiner in magnesium-based alloys,
as previously stated. However, the maximum Ca solubility in Mg is just 1.34 wt.%. Above
1 wt.%, Ca decreases the strength and ductility of magnesium-based alloys [18]. If more
than 0.5 wt.% Ca is added to Mg—4Zn-based alloys, the UTS and ductility decrease [15].

Additionally, Mg-Zn—Ca alloys, with Ca added as a third element, have been shown to
have enhanced biocompatibility. A 2-5 h of age hardening improves mechanical properties,
and corrosion is reduced by half from the original estimate [19]. Mechanical qualities are
improved in Mg—4.0Zn-0.2Ca ternary alloys (as cast and extruded), with a tensile yield
strength of 240 MPa, an ultimate tensile strength of 297 MPa, and an elongation of 21.3%.
After 30 days in a SBF solution, YTS, UTS, and elongation are 160 MPa, 220 MPa, and 8.5%,
respectively, indicating high biocompatibility and a lowered degradation rate.

The objective of the present paper is to detail the aspects regarding Zn and Ca influence
in magnesium-based alloys in order to observe the main properties. The originality of
this review also includes aspects regarding microstructure analysis and the degradation
mechanisms in specific environment and highlights the biocompatibility between the rate
of bone healing and alloy degradation due to rapid corrosion of the alloys.

2. Alloying Element Selection in Mg-Based Alloys for Orthopedic Implants

Pure Mg is not very often used in the biomedical domain. Magnesium, as a chemical
element, presents significant improvement of physicochemical properties by alloying
with other different elements. These elements provide grain refinement, precipitation
hardening, and solid solution hardening. Commercial cast magnesium alloys are mainly
classified into Mg—-Ca-, Mg—Zn-, Mg-Al-, Mg-Mn-, Mg-Zr- and Mg-RE-based alloys [20].
However, biocompatibility, improved mechanical properties, and improved degradation
rate must take into account the careful selection of alloying elements in Mg alloys for
orthopedic implants. High biocompatibility and good mechanical properties correlated
with the degradation rate represent the main goal requirements of Mg-based biodegradable
alloys (Figure 3). For improving these characteristics, researchers have approached two
main directions: alloying and surface depositions. The most common nutritional alloying
elements used in biodegradable Mg alloys for orthopedic implants include calcium (Ca),
zinc (Zn), manganese (Mn), strontium (Sr), tin (Sn), silver (Ag), and RE elements [21].
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Figure 3. Main goal requirements of Mg-based alloys [22-24].
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Due to the fact that Ca is one of the basic components of the human body, it contributes
to many essential functions. At the same time, Ca is stored in the highest quantity in bones
and teeth and contributes to the process of osseointegration. Thus, studies have confirmed
that the introduction of calcium into magnesium has a positive effect on bone healing [25].
From a metallographic point of view, Ca refines the microstructure and contributes to
increase the mechanical strength and creep properties of Mg by forming stable intermetallic
compounds. Furthermore, acid etching is an effective surface treatment method to adapt
the biomineralization and degradation behaviors of Mg—Ca alloy to the physiological
environment [26]. Nidadavolu et al. [27] conducted a powder metallurgy (PM) technique
on samples of the biodegradable Mg—0.6Ca system with varied porosities. The researchers
found that one large pore occupies a significant percentage of the measured pore volume
in Mg-0.6Ca samples with 21% porosity. This shows that porous Mg alloy pores are very
dependent on each other. As an important trace element, Zn is linked in many biological
mechanisms, such as immune response, carbohydrate catabolism, wound healing, bone
development, and growth [28]. The necessary amount of Zn for children and adults is
about 2 mg/day and 6.5-15 mg/day [29]. Additionally, more than 85% of Zn is stored in
the muscle and bone. Being another biodegradable metal, the degradation rate of Zn is
slower than the Mg degradation rate, but faster than that of Fe [30]. Zn improves the yield
and ultimate strength of Mg alloy implants, depending on the Zn concentration [31].

Bazhenov et al. [32] present in Figure 4 the polythermal cross sections of Mg—Zn—Ca
phase diagrams calculated using the Thermo-Calc software. The liquidus and solidus lines
are highlighted distinctly. After solidification, magnesium containing up to 10 wt.% Zn and
3 wt.% Ca showed x-Mg, Mg,Ca, CapMgsZns3, and MgZn as main phases. With an increase
in Ca and Zn content, the liquidus temperature of the alloys also remained almost constant;
however, the solidus temperature decreased significantly. For example, at Zn contents >7 wt.%,
the solidus temperature was 295 °C due to low-melt-formation-phase MgZn.
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Figure 4. Polythermal cross sections of Mg-Zn—Ca phase diagrams calculated: (a) Mg—0.5 wt.% Ca-
(0-10) wt.% Zn; (b) Mg-1 wt.% Ca—(0-10) wt.% Zn; (c¢) Mg-2 wt.% Ca—(0-10) wt.% Zn; (d) Mg-2 wt.%
Zn—(0-3) wt.% Ca; (e) Mg—4 wt.% Zn—(0-3) wt.% Ca; (f) Mg—7 wt.% Zn—(0-3) wt.% Ca. Reprinted
with permission from Ref. [32].

Wasiur-Rahman [33] shows in Figure 5 that the ternary Mg-Ca—Zn system has 6 ternary
eutectic points (E1-E6), 11 quasi-peritectic points (U1-U11), 1 ternary peritectic point (P1),
and 8 maximum points (m1-m8) present in this system. This was based on calculations by
Paris [34], who reported two different compounds, namely, CaZn;g and CaZny, in this region.
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Figure 5. Mg-Zn—Ca ternary diagram. Reprinted with permission from Refs. [33,34].

More research revealed four additional compounds, which were classified as CaZnj,
CaZns, CaZnjq, and CaZn;;. Therefore, in Figure 5, a common symbol is used to indicate
CaZnj3 and CaZns, while another symbol is used to highlight CaZn1; and CaZnj3, based
on the work performed by Paris [34]. Additionally, the occurrence of a second ternary
compound, CayMgsZn;3, has been reported by both Paris [34] and Clark [35].

These properties are supported by studies [36], which found that ternary alloys with
1.8 wt.% zinc had coarser grains than those with 0.8 wt.% zinc. Magnesium-zinc reflections
were fully characterized by X-ray analyses performed by [36] with Mg,Ca, MgZn,, and
MgsCayZns as compounds for the ternary alloys. In Figure 6 are presented some SEM
images of some Mg—Ca—Zn as-cast alloys.
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Figure 6. SEM images of some Mg-Ca—Zn as-cast alloys: (a) Mg-1.6Ca-0.8Zn; (b) Mg-1.6Ca-1.8Zn [36].

3. Physicochemical and Mechanical Properties
3.1. Microstructural Properties

Gong et al. [37] studied Mg-Ca-Zn alloys’ microstructure with high Zn content (be-
tween 0% and 7.5% Zn). Increasing Zn content leads to decreasing grain sizes. Correlated
also with studies conducted by Zhang [38], in the solidification process, with decreasing
temperature, the solubility of Zn and Ca elements in the Mg matrix decreases sharply, and
a large amount of Ca and Zn enriches at the leading edge of the solid-liquid interface.
Figure 7 highlights the microstructural aspects of Mg-Ca—Zn alloys, elaborated by Gong
et al. [37]. X-ray diffraction results correlated with the microstructure highlight the Mg,Ca
eutectic and the x-Mg solid solution. With increasing Zn content to 2%, the CayMgsZn3
phase appears. In the case of the alloy XZ15 (4.7% Zn), here, only the diffraction peaks of
the x-Mg and Ca;MgsZn3 phases are detected, while the diffraction peaks of the Mg,Ca
phase disappear. When the Zn content is further increased to 8%, a new diffraction peak of
the CayMgsZn;3 phase appears [37].

Figure 7. SEM images of the as-cast Mg—Ca—Zn alloys: (a) XZ10, (b) XZ12, (c) XZ15, (d) XZ18 [37].

Pulido-Gonzalez et al. presented the effects of heat treatments on Mg-1 wt.% Zn-1 wt.%
Ca (ZX11) and Mg3 wt.% Zn-0.4 wt.% Ca (ZX30) alloys, which consisted of heating at 450 °C
for 24 h, quenching and ageing at 180 °C [39]. Microstructure analysis, mechanical behavior,
and biocorrosion aspect (Hank’s immersion solution) were evaluated in both alloys (cast and
solution treatment conditions). From these studies, the following conclusions can be drawn:
(i) after solidification, both alloys show a microstructure composed of «-Mg grains separated
by Mg,Ca and Ca;MgsZn3 precipitates in ZX11 alloy and only by Ca;MggZns precipitates in
ZX30 alloy; (ii) solution treatment leads to complete dissolution of the CayMgsZn3 phase in
ZX11 alloy, but to a low degree of dissolution of this phase in ZX30 alloy.

Zander et al. investigated the microstructure of several Mg-Ca—Zn biodegradable
alloys, modifying the percentages of Ca (0.6 to 1.6 wt.%) and Zn (0.8 to 1.8 wt.%). In the Mg—
0.6Ca system, alloying with 0.8% zinc results in a little grain refinement from 67 £ 5 microns
to 56 £ 8 microns. Ternary alloys with Zn concentrations more than 1.8 wt.% have a grain
microstructure with bigger grains than alloys with Zn values of 0.8 wt.%. The average grain
size is increased by 21% for Mg—1.6Ca—xZn and by 32% for Mg—0.6Ca—xZn (x = 0.8, 1.8 wt.%)
compared with Mg-0.6 Ca alloys [36]. If calcium content is increased from 0.6 to 1.6 wt.%,
a coarser, more dendritic microstructure and an average increase in grain size are seen at 22%
for Mg—xCa—-1.8Zn and at 23% for Mg—xCa-0.8Zn. This demonstrates that second compounds
are present not only on grain boundaries, but also in interdendritic interstices.
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3.2. Mechanical Properties

The most benefits of magnesium-based alloys are their biodegradability, biocompati-
bility, and good mechanical properties [40]. They are considered to be the third category of
biomaterials after stainless steels, Co-Cr alloys, and Ti alloys [41,42].

Mg orthopedic implants have elastic modulus close to that of biological bone, while
the ultimate tensile strength (UTS) of magnesium is higher than that of ceramic biomaterials.
However, the implant must present its load without any deformation.

In order to design a suitable medical implant, it is necessary to analyze its degradation
rate, which should be in a controlled manner. The effect of stress shielding is also related to
the degradation rate, because as the degradation period of the implant material passes, the
load may gradually shift to the bone tissue [43].

Zn has a high solubility in Mg (6.2 wt.%), which makes it an important alloying
element. Because of its solid solution strengthening and age strengthening action, it helps
the alloy keep its mechanical characteristics over time. The ultimate tensile strength and
elongation of as-cast Mg—Zn alloys increased significantly with increasing Zn concentrations
up to 4 wt.%, but beyond that point, both characteristics decreased [15] along with the
alloy’s corrosion resistance.

In order to present the importance of Zn, in Table 1 are highlighted the mechanical
properties of some biodegradable biomaterials in comparison with classical biomaterials.

Table 1. Mechanical properties of some biodegradable biomaterials in comparison with classical

biomaterials.
. Young’s Ultimate Yield .
Materials :D/ensgt)y Modulus Strength Strength E)}(;ngatlon z-II_Ia\r;;lness Ref.
glem (MPa) (MPa) (MPa) °
Bone 1.8-21 15-25 110-130 104-121 0.7-3 - [44]
Magnesium 1.75 41-45 95-185 65-95 2-10 - [45]
Calcium 1.54 17 110 - - - [46]
Zinc 5.4 9 33 - 16 18 [47]
SS316L stainless steel 7.95 200 490 190 40 - [48]
Ti-6Al-4V titanium alloys 44 114 950 880 14 - [49]
CoCr20Ni1l5Mo7—Co—Cr alloys 7.8 195-230 450-960 240-450 50 - [50]
Mg-1Ca - - 71 40 1.87 [18]
Mg-3Ca - - - 136 1.9 - [51]
Mg-1Zn - - 134 25 18.5 - [52]
Mg-5Zn - - 195 76 8.5 53.8 [13]
Mg-7Zn - - 136 67 6 56.2 [53]
Mg-47n-0.2Ca - - 255 58 17.5 - [54]
Mg—4Zn-0.5Ca-0.16Mn - - 180 175 0.2 70 [55]
Mg-1.2Zn-0.5Ca - - 116-126 57-63 3-3.3 45 [19]
Mg-23Zn-5Ca 2.84 50.38 - - - - [56]
Mg-1Zn-1Ca - 439 125 45 5.7 - [57]
Mg-27Zn-1Ca - 44.7 143 52 7.3 - [57]
Mg-3Zn-1Ca - 453 160 57 8.3 - [57]
Mg—4Zn-1Ca - 459 182 63 9.1 - [57]
Mg-5Zn-1Ca - 45 173 65 8.2 - [57]
Mg—6Zn-1Ca - 453 145 67 4.5 - [57]

Compared with permanent metallic implants, the stress-shielding effect resulting from
the stiffness/Young’s modulus difference between implant and bone, which decreases the
healing process, bone growth, and implant stability, can be reduced or even avoided by
using Mg-based alloys.

Magnesium materials have Young’s modulus around 40-45 GPa, which is similar
to that of biological bone (5-30 GPa) and significantly lower than other permanent im-
plant materials, such as stainless steel (195-205 GPa), Ti alloys (105-115 GPa), and Co—Cr
alloys (230 GPa) [58,59]. Liu et al. [60] studied the yield tensile strength and ultimate
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tensile strength of extruded Mg—4Zn alloys. They observed that with the increase in
Ca and Mn addition, the microstructure has a more grain refinement process, with the
presence of nanoscale secondary phase particles. Additionally, Liu et al. [60] found a
Mg-47n—-0.6Ca—0.7Mn alloy with a 320 MPa ultimate strength and 16% elongation.

3.3. Corrosion Resistance of Mg-Based Alloys

In many cases, biodegradable materials present the advantage that a second implant
removal operation is not necessary, thus saving costs for the health system and offering
benefits to the patient. The basic electrochemical character of magnesium, with a standard
reduction potential (E° (V)) = —2.375 volts, conducts to low corrosion properties. Usually,
the surface of magnesium implants passivates and creates a thin layer of magnesium
oxide when exposed to air, preventing further chemical reactions. The corrosion process
mechanism in different mediums (such as the biological environment) is presented by the
reactions below [61].

Mg — Mg2+ + 2e” (anodic reaction) D
2H;0 +2e~ — H; + 20H™ (cathodic reaction) )
2H,0O + O, + 4e~ — 40H™ (cathodic reaction) 3)

Mg2+ +20H~ — Mg(OH); (compound formation) 4)

Corrosion is an unwanted phenomenon in engineering applications, as it results in the
degradation of material properties. Magnesium degradation, however, is correlated with
the elimination of hydrogen, which can present problems in some biomedical applications.
In Figure 8 is shown a schematic diagram of biocorrosion at the interface between Mg-based
biomaterial and the biological medium.

organic 40
molecules ¥

B BM [ media [N M(OH),
[P=< molecular layer apatite

Figure 8. Schematic diagram of biocorrosion between Mg-based materials and the biological envi-
ronment (adapted after [8]): (a) galvanic corrosion between the metal matrix and the intermetallic
phase, or grain boundary; (b) beginning of biodegradable metal dissolution; (c) beginning of pitting
corrosion; and (d) material degradation at the grain boundary.
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The electrochemical evaluation of magnesium alloys explains their corrosion character-
istics [62-66]. Zhang S. observed that the rate of corrosion using the immersion technique
for pure Mg was 0.26 mm/year [67]. The most difficult aspect of corrosion testing is select-
ing the experimental environment. For these studies, it is essential to use solutions that
replicate in vivo conditions as closely as feasible. Hank’s solution, simulated body fluid
(SBEF), Earle’s buffer (EBSS), and minimum essential medium (MEM) are the finest test
medium. SBF’s ion content is very comparable to that of blood, but MEM includes glucose,
amino acids, and vitamins [68]. Compared with blood, MEM and EBSS possess a somewhat
lower concentration of Ca and Mg [69]. Numerous helpful effects might be achieved by
using diverse circumstances. For pure Mg, the corrosion rate measured by immersion in
EBSS and reported by Walker J. [70] was 0.39 mm/year, but it was 1.39 mm/year in SBF
and 2.05 mm/year in Hank’s solutions. In addition, the rate of Mg degradation might rise
from 0.25 mm/year in Hank’s solution to 1.88 mm/year in SBF [71]. Additionally, Song
et al. evaluated the corrosion rate on Mg—0.25Ca—1Zn in a solution comprising 0.1 mol/L
NaCl for 1 h and resulted in a 0.07 mm/year degradation [72].

The addition of more than 1 wt.% Zn at a constant calcium concentration of 0.5 or 1 wt.%
resulted in a considerable decrease in corrosion rates compared with binary Mg—Ca, according to
electrochemical analysis research [73]. In addition, other studies show that zinc concentrations
over 2-3 wt.% lead to an increase in corrosion rates [74,75]. In Table 2 corrosion parameters
of some Mg—Ca—Zn biodegradable alloys in HBSS immersion environment are presented.

Table 2. Corrosion parameters of some Mg-Ca-Zn biodegradable alloys [38,39].

Material Ecorr (V) %le)&r;cmz) E?‘?;:z:;tnt Ref.
Sample A—Mg-0.6Ca -1.61 7.0 HBSS [39]
Sample B—Mg-0.6Ca-0.8Zn —1.74 3.5 HBSS [39]
Sample C—Mg-0.6Ca-1.8Zn -1.73 1.0 HBSS [39]
Sample D—Mg-1.6Ca-0.8Zn -1.72 5.0 HBSS [39]
Sample E—Mg-1.6Ca-1.8Zn -1.71 1.5 HBSS [39]
Sample F—Mg-1.5Ca-1Zn —1.62 44 HBSS [38]
Sample G—Mg-0.5Ca-3Zn —1.53 2.1 HBSS [38]

Zhang et al. [57] performed electrochemical analysis on some Mg—xZn-1Ca biodegrad-
able alloys (x =0/1/2/3/4/5/6 wt.%) in Hank’s solution. A first conclusion of Zhang's
research was that the corrosion potential of the Mg-xZn-1.0Ca alloys was higher than that
of pure Mg and was correlated with Zn content. Mg-1Zn-1Ca and Mg-27n-1Ca alloys’
corrosion parameters were measured at —1557 and —1568 mV, which were similar to the
values of pure magnesium. The Mg-5Zn-1Ca and Mg-6Zn-1Ca biodegradable alloys
showed high electrochemical values between —1524 and —1547 mV, which were about
60 mV higher than that of pure Mg. The addition of Zn content improved the electrochemi-
cal parameters of the as-cast Mg—xZn-1Ca alloys and also influenced the current densities
of the as-cast alloys in Hank’s solution. The reason for the increased corrosion potential of
Mg-xZn-1Ca alloys was that the element Zn has high electronegativity. However, when
the Zn content increased, the corrosion resistance was decreased [57].

Additionally, Zumdick et al. [76] studied the electrochemical behavior for Mg-0.6Ca-0.8Zn
and Mg-0.6Ca-1.8Zn in artificial saliva of different compositions and observed a very low
corrosion rate due to the lower Zn amount of the tested saliva and the influence of the artificial
saliva chemistry. Therefore, studies showed that the mixture of mucin and urea served as
corrosion inhibitors due to the formation of a homogeneous passive corrosion barrier layer.

Gong et al. [37] investigated the degradation process of some Mg—Ca—Zn alloys with
Zn variance between 0 and 7.5 wt.% Zn. The morphological aspect of the surfaces immersed
in a NaCl solution for 24 h is highlighted in Figure 9. They observed that after immersion,
the surface of alloy b (Mg—0.8Ca-1.7Zn) was relatively compact. On the other hand, the
surface of alloys a (Mg—-0.8Ca), ¢ (Mg-0.8-4.6Zn), and d (Mg-0.8-7.5Zn) showed corrosion
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products on the whole surface and a more pronounced appearance of degradation. They
concluded that the higher corrosion resistance of Zn-enriched Mg,Ca leads to a uniform
corrosion with a much lower degradation rate.

Figure 9. Morphological aspect of some Mg—Ca—Zn biodegradable alloys immersed in a NaCl
solution for 24 h: (a) Mg-0.8Ca; (b) Mg-0.8Ca-1.7Zn; (c) Mg-0.8-4.6Zn; (d) Mg—0.8-7.5Zn [37].

After 24 h of immersion, the corrosion morphology in cross-section of the four alloys
was described, confirming the study of the corrosion process. The Mg,Ca phase dispersed
along the grain border is corroded preferentially, causing grain loss and accelerated cor-
rosion. The whole corrosion side of the Mg-0.8Ca-1.7Zn (alloy b) alloy is rather flat,
suggesting homogeneous corrosion. The intermittent ternary phase forms a microgalvanic
couple with the magnesium matrix, therefore increasing the corrosion of Mg—0.8—-4.6Zn
(alloy c) and Mg—-0.8-7.5Zn (alloy d). Ultimately, the ternary phase of the network serves as
a corrosion barrier to limit the progression of corrosion.

3.4. Biocompatibility of Biodegradable Alloys of the Mg-Ca—Zn System

The human body usually contains about 20-35 g magnesium /70 kg of body weight,
and the daily requirement of this element is about 180-350 mg/day. In recent years, due to
their biocompatibility and mechanical properties similar to biological bone, biodegradable
magnesium-based alloys have been introduced as implants in orthopedic and trauma
surgery [58]. Researchers are trying to develop biodegradable metals for various clinical
applications, including their use in both the cardiovascular and orthopedic industries [40,77-79].

Previous studies have reported that magnesium shows good bone remodeling and
biocompatibility [80,81], having a behavior that lends itself to use in fracture repair and
healing as well as in reconstructive procedures requiring bone grafting. Thus, the mode
of interaction of biodegradable materials in contact with the biological environment and
implant response is schematically presented in Figure 10.

Implantation
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Figure 10. Mode of interaction of biodegradable materials in contact with the biological environment
and implant response [82].
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Recently, Mg—Ca—Zn alloys have been identified as promising candidates for ortho-
pedic implantation due to their high strength, relatively low rate of degradation, and
composition of critical human body components. Zhang et al. [15] found that the addi-
tion of 0.2% Ca significantly reduced approximately one-third of the degradation rate of
cast Mg—4Zn alloy, while the degradation rate of cast Mg—4Zn—xCa alloy increased with
increasing amounts of Ca (x = 0.2-2 wt.%), thereby significantly enhancing biocompatibility.

Other studies conducted by Li et al. [18] and Zhang et al. [57] revealed that Mg-1Ca
alloys had good mechanical properties and biocompatibility among binary Mg-Ca alloys,
and a content of 1-3 wt.% Zn increased biocompatibility between 80% and 95%.

The alloying elements of the Mg—Ca-Zn system have a different toxicological influence
in the human body, and these aspects are presented in Table 3.

Table 3. Toxicological influence of Mg, Ca, and Zn in the human body used as alloying elements [83,84].

Quantity in . . Daily
Element Human Body Blood Level Pathophysiology Toxicology Necessary
Activator of many enzymes;
coregulator of protein
Mg 25¢g 0.73-1.06 mM synthesis and muscle Excess Mg leads to 07g
. o nausea
contraction; stabilizer of
DNA and RNA
More than 99% is present in
the skeleton structure; the e .
rest of the Ca solution has a Inhlblts.mtestmal
Ca 1100 g 0.919-0.993 mM . .. ] absorption of other 08¢g
signal function, including essential mineral
muscle contraction, blood
clotting, cell function, etc.
Neurotoxic and
Trace element; occursinall ~ prevents bone
Zn 2g 12.4-17.4 mM classes of enzymes; most Zn  formation and bone 15 mg
occurs in the muscle development at high

concentration levels

Bone remodeling is a very complex process, which demands a good correlation be-
tween multiple stem cells and a specific microenvironment. Many researchers have studied
the effects of Mg-based biodegradable alloys on various kinds of osteogenic cells. Diaz-
Tocados et al. [85] specified that increasing Mg ion concentrations (0.8, 1.2, and 1.8 mM)
improves the osseointegration of mesenchymal stem cells (MSCs) in vitro. Additionally, Hung
et al. [86] discovered that 10 mM Mg ion in the cell culture environment exhibits osteogenic
differentiation of human mesenchymal stem cells derived from the bone marrow (BMSCs).

On the other hand, Bernardini et al. [87] studied that high-content Mg stimulates the
proliferation and migration of microvascular cells. Other studies conducted by Li et al. [88]
evaluated the effects of extracts of Mg—Zn—Mn alloy on the angiogenesis of human umbilical
vein endothelial cells (HUVECs). The in vitro analysis showed that 6.25% Mg-Zn-Mn
alloy extract induces the angiogenesis of HUVECs via the FGF signaling pathway, and Cho
et al. [89] found that Mg—Ca—Zn alloy bone screws showed a faster degradation rate and
better histopathological response than self-reinforced poly L-lactide (SR-PLLA).

Bone morphogenetic protein-2 (BMP-2), collagen-1 (Col-1), and Runx-2 are all indica-
tors of osteogenesis, and Wang et al. [90] showed that Mg ions induced their expression
in BMSCs through the MARK signaling pathway. The platelet-derived growth factor
(PDGEF) stimulates the growth and differentiation of osteoblasts, and its production and
secretion were discovered to be facilitated by Mg in mouse embryo osteoblast precursor
cells (MC3T3-Eq) by Liu et al. [91]. Cell proliferation, adhesion, extracellular matrix (ECM)
mineralization, and ALP activity were all enhanced in the Mg-coated TigAl4V coculture
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with MC;3Ts-E; cells compared with the bare TigAl;V coculture, as was shown in a separate
research by Gao et al. [92].

In addition, Mg enhanced the production of osteopenia, a gene critical for the first con-
tact between biomaterials and cells throughout the osteogenic process, in adipose-derived
stromal cells (ADSCs) [93]. The theoretical foundation for using Mg in the manufacture
of orthopedic metal implants is that Mg may increase the osteogenic differentiation of
diverse osteogenic cells. Bone regeneration relies heavily on the dynamic equilibrium
between osteoclastogenesis and osteogenesis [94]. Magnesium (Mg) can control osteoblasts
to stimulate bone regeneration and can also stop osteoclasts from breaking down the bone.
By blocking the activation of the nuclear factor kappa B (NF-kB) and nuclear factor of
activated T cells cytoplasmic 1 (NFATc1) signaling pathway, Zhai et al. [95] discovered
that Mg leach liquor inhibited the activity of osteoclasts and prevented osteolysis in vivo.
Further research by Wu et al. [96] showed that a Mg extract diluted to a 2 concentration in
cell culture media both stimulated osteogenic development of osteoclasts and suppressed
the differentiation of osteoclasts.

3.5. Potential Implant Application of Biodegradable Alloys of the Mg—Ca—Zn System

Magnesium alloys are considered the finest bioabsorbable metals for bone fracture
repair implants. Absorbable magnesium alloys have a high rate of corrosion and degrada-
tion, which must be controlled. Several treatments have been developed for magnesium
alloys to delay their corrosion rates down to the same level as the pace at which bone
fractures heal. The rapid deterioration of metal due to corrosion is still a difficult prob-
lem to solve. Ideal implant characteristics include long-term biocompatibility, superior
mechanical properties, and acceptable biodegradation rates. Base material and proper
alloying element selection, alloying system selection (binary, ternary, quaternary, etc.), and
respective compositions and microstructures (porous, composite, amorphous, etc.) are all
crucial factors in optimizing these characteristics.

Clearly, the applications have a direct impact on the specifics of biodegradable materi-
als’ design and selection criteria. Orthopedic devices, such as screws, pins, needles, and
plates, are placed into the bone to provide mechanical stability for 12-18 weeks while the
bone heals [58]. Therefore, to avoid “stress shielding”, Mg-based alloys should have both
high strength and a low modulus similar to the bone.

For biomaterials designed for bone fixtures, Erinc et al. [97] suggested a set of me-
chanical and corrosion parameters, including a corrosion rate of less than 0.5 mm year~!
in simulated body fluid at 37 °C, a strength of more than 200 MPa, and an elongation of
more than 10%. Another promising medical use for Mg-based alloys is the development of
coronary stents, which are implanted to open blood channels and must work despite the
constant movement caused by the blood.

In current industry trends, as stated by patients, magnesium-based screws have
been utilized in clinical studies to heal/repair bone abnormalities without observable
negative effects [98,99]. The most used temporary devices in orthopedic surgery are bone
screws, interference screws, plates, nails, wires, pins, and scaffolds [9,100-103]. The first
commercially available magnesium screws (Magnezix, Syntellix, Hannover, Germany) were
accessible in 2013, and their removal 1 to 2 years after implantation was documented [104].
In addition, a new MgYREZr alloy interference bolt (Milagro, DePuy Mitek, Leeds, UK)
was just launched to the market [105]. In animal investigations, magnesium alloy vascular
stents with low corrosion rates were demonstrated to be mechanically viable for up to
6 months, and have since been assessed in human trials [106,107].

Recently, Shanghai Jiao Tong University [108] produced a new type of Mg—Nd-Zn-based
alloy (Jiaoda BioMg, commonly known as JDBM) utilizing simulations of molecular dynamics
and experimental data. Neodymium was chosen as the primary alloying element in this
series of alloys, with Zn and Zr serving as microelements. Nd is one of the rare earth ele-
ments whose alloys (Mg-Nd binary alloys) have shown a considerable gain in mechanical
characteristics [109] and a decrease in galvanic corrosion, although exhibiting some cytotox-
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icity. Zn, one of the necessary dietary components in the human body, boosts the ductility
and plasticity of the Mg alloy. JDBM-1 alloy was used to create bone plates, screws, and
even 3D porous structures for bone tissue, whereas JDBM-2 alloy (with excellent ductility
and moderate resistance) was used to create cardiovascular stents.

Initial clinical studies on magnesium alloys for clinical application revealed that they
were excessively brittle, had inadequate mechanical features, and corroded extremely fast.
Under the effect of technological innovations and new types of high-purity magnesium
alloys with superior mechanical and corrosion performance, however, studies conducted
by Heublein et al. between 2000 and 2003 [110] sparked interest in the medical applications
of biodegradable magnesium-based alloys. Several orthopedic implants, including those
not based on magnesium, are now in clinical use. Adsorbent metal stents (AMS) consisting
of materials such as WE43 and modified Mg-based alloys and Magnezix-type screws are
now employed in orthopedic applications [111,112]. Although significant progress has
been achieved in recent years in the development of magnesium-based biodegradable
alloys, medical applications still suffer a number of basic challenges.

Mg-based alloys have limited medical uses due to their high rate of disintegration and
fast production (due to degradation) of hydrogen gas bubbles, frequently in the first week
after surgery [113]. The basic research on bioresorbable metals focuses on three primary
areas: (1) analysis of metal toxicity both in vitro and in vivo for the biocompatibility study,
(2) improving the mechanical properties of metals by designing alloys (compositional)
and by metallurgical processes, and (3) controlling corrosion behavior by modifying the
substrate or surface with coatings or other surface treatments.

Good mechanical properties, a rapid-enough degradation rate, high biocompatibility
and hemocompatibility rates, and the ability to transport drugs are all necessary for a
biodegradable stent to be considered optimal. For the first 6-12 months, stent degradation
is expected to be very slow to preserve the stent’s mechanical integrity while the artery re-
models. After that, degradation should proceed at a satisfactory pace without leading to an
intolerable concentration of degradation products close to the implantation site. Eventually,
stents should dissolve entirely within 12-24 months following implantation [114].

4. Conclusions

Mg-based alloys are considered a new generation of biodegradable materials, which
are mainly intended for the design of orthopedic implants. These alloys differ from other
biomaterials due to their promising biodegradability in the physiological environment,
which makes them suitable for the manufacture of various temporary orthopedic implants.
It has been observed that these biodegradable materials possess a high degradation rate,
which can lead to decreased mechanical strength. These constrictions can be reduced by
proper selection of alloying elements with precise composition, resulting in microstructure
refinement, improved surface characteristics, and manufacturing process.

The development of the Mg,Ca phase at the grain boundaries is caused by the addition
of supersaturated Ca to a Mg-based alloy. Due to the production of thermally stable
intermetallic phases, Ca can also improve the microstructure of magnesium and increase its
strength, creep characteristics at high temperatures, and biocompatibility. The formation of
a solid solution between Zn and Mg alloy enhances the alloy’s mechanical characteristics.
The ultimate tensile strength and elongation of as-cast Mg-Zn alloys increase significantly
with a Zn component of up to 4 wt.%.

The enrichment of zinc in the solid solution of Mg—Ca-Zn alloys is thought to result in
a decreased potential difference between the phases and, therefore, leads to the reduced
corrosion rate of this alloy. For binary Mg—Ca, the high corrosion rates result from the
dissolution of Mg,Ca at the grain boundary and the subsequent extraction of complete grains.

The in vitro degradation of Mg—Zn—Ca alloys indicated that zinc not only raised the
corrosion potential of the magnesium alloys, but also increased their corrosion current.
This was identified as a result of the reaction between zinc and magnesium. According to a
variety of studies, the in vitro degradation rate of the Mg-Zn-Ca alloys with a high percentage
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of zinc was much higher than that of high-purity magnesium when tested in Hank’s solution.
According to the results of in vitro cytotoxicity testing, Mg-Zn—Ca alloys with a composition
of calcium between 0.5 and 1 wt.% and zinc between 1 and 4 wt.% did not induce toxicity in
L-929 cells and are thus appropriate for use in biomedical applications.

Analyzing the studies conducted in this work from the perspectives of microstructural
analysis, mechanical properties, electrochemical tests, and biocompatibility, we can estimate
the optimal ratio of Ca in Mg-Ca-Zn alloys to be between 0.3 and 0.8 wt.% and the optimal
ratio of Zn to be between 0.5 and 4 wt.%.

New research must be performed in the area of Mg—Ca—Zn alloys with a low rate
of degradation and excellent mechanical characteristics. In addition, new Ca and Zn
concentrations must be developed for these alloys to be more biocompatible. Due to the
osseointegration characteristics of magnesium and its potential application for osseous
defects produced by degenerative diseases or bone cancer healing in conjunction with
biodegradable ceramics and polymers, these Mg—Ca-Zn alloys have enormous potential in
the orthopedic domain.
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