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Abstract: The increased demand for alloys that can serve as implantation devices with outstanding
bio-properties has led to the development of numerous biomedical Mg-based alloys. These alloys
have been extensively investigated for their performance in living tissue with mixed results. Hence,
there are still major concerns regarding the use of magnesium alloys for such applications. Among the
issues raised are elevated corrosion rates, hydrogen generation, and the maintenance of mechanical
integrity for designated healing times. In addition, toxicity can arise from the addition of alloying
elements that are intended to improve the mechanical integrity and corrosion resistance of Mg alloys.
The current work reviews the recent advances in the development of Mg alloys for applications
as bio-absorbable materials in living organic environments. In particular, it attempts to develop
a roadmap of effective factors that can be utilized when designing Mg alloys. Among the factors
reviewed are the effects of alloying additions and processing methods on the exhibited mechanical
properties and corrosion rates in simulated bio-fluids used in biomedical applications.

Keywords: magnesium alloys; alloying elements; processing methods; heat treatments; mechanical

properties; corrosion of magnesium; biomedical metals

1. Introduction

It is known that magnesium (Mg) exhibits good biocompatibility in the human body
with high allowable daily dosages (240—420 mg/day) and no systemic toxicity or infection
effects. Additionally, the density of Mg and its alloys (1.73-1.85 g/cm?) is close to that of
the cortical bone (1.75 g/ cm?3). Moreover, the Mg elastic modulus (41-45 GPa) is closer to
natural bone (3-20 GPa) when compared with other metals, such as tin. Tin has a Young
modulus of approximately 49.9 GPa; however, because of its toxicity and high density, it
cannot be used as a biomaterial. Other metals, such as titanium alloys (TiAl6V4), with
an elastic modulus of around 110 GPa and a density of around 4.5 g/ cm3, are used as
biomaterials. However, the larger difference in Young modulus and the resulting difference
in stiffness deteriorate the problem of stress shielding and bone resorption. Comparatively
speaking, using Mg reduces bone stress shielding within the human body [1,2]. Other
approaches have been used to address this challenge, such as the use of different biocom-
patible materials, and a combination of metals has also been considered for applications in
this field [3-26]. Nonetheless, using Mg and its alloys remains the easiest approach.

It was reported that Mg possesses an elastic modulus comparable to other metallic
materials but with a lower density, and, hence, it has the highest specific strength [27]. The
magnesium crystal structure is hexagonal close packed (HCP). Thus, it is not a very ductile
metal, as its slip planes do not intersect with each other.

In addition to its effect on mechanical properties, the effect of planes and crystal
orientation is also present in the corrosion properties of Mg. Even though the Mg corrosion
potential is —2.37 V, different crystal planes show different corrosion properties of the
exposed grain. Depending on the medium used, open-circuit corrosion is the greatest
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near the orientation of {0001}. Especially in CI containing corrosion media, this could be
attributed to the thickness of the oxide layer, which is the thinnest on (0001). Furthermore,
open-circuit corrosion for certain crystallographic planes correlates with the surface energy
of these faces [28]. For example, as-cast magnesium exhibits a fast degradation rate of
2.89 mm/year in 0.9% NaCl solution [1,2,29].

The yield strength, ultimate tensile strength (UTS), and elongation are 27.5 MPa,
97.5 MPa, and 7.31%, respectively [30]. Moreover, the lack of enough slip systems in Mg
makes its formability at room temperature rather poor as a result of slip localization and
the buildup stresses at grain boundaries [31]. However, the low density of Mg combined
with its high specific strength, high damping capacity, good biocompatibility, and reduced
stress shielding makes Mg and its alloys ideal candidates for biomedical applications.
Nevertheless, further work on Mg/Mg alloys is needed to improve their performance
in living organic fluids, including their mechanical integrity. Efficient degradation of
these alloys should be able to combine rate alloy dissolution with no deterioration of their
mechanical integrity, which is in agreement with the time required for bone healing in
orthopedic applications [32]. Figure 1 shows the microstructure of pure magnesium.

Figure 1. Microscope image of pure magnesium microstructure quenched in liquid CO, at 500x.

Alloy corrosion plays a significant role in defining effective metals and alloys for
multiple applications, such as in the biomedical, automotive, aerospace, and electronics
sectors. Numerous corrosion studies have been carried out on diverse metals and alloys
aimed at monitoring, testing, and improving their corrosion performance in aggressive en-
vironments [1,33-37]. In general, the corrosion process can be identified as the degradation
of a metal via an electrochemical reaction with the environment. Pure magnesium has a
high corrosion rate, which is attributed to the low Pilling-Bedworth ratio (~0.81) of the
passive film in the presence of moisture. In addition, the lack of film regeneration coupled
with the high Mg electronegativity [31] accounts for the high metal corrosivity. Moreover,
the oxidation reaction of Mg with the cathodic reaction in water leads to the generation of
hydrogen gas. Equations (1)—(4) describe the anodic and cathodic reactions, including the
reaction products, as well as the overall Mg reactions in water. Note that the dissolution of
magnesium is described by the anodic reaction (Equation (1)) and hydrogen evolution by
the cathodic reaction (Equation (2)), whereas the formation of the passive film is described
by Equation (3) [38—40].

Oxidation reaction: Mg — Mg2+ +2e~,(E, =—2.363V) 1
Reduction reaction: 2H,O + 2e™ — Hj(g) + 2(OH™), (E, = +0.826 V) 2)
Product formation: Mg?* + 2(OH ™) — Mg(OH), 3

Overall reaction: Mg + 2H,0 = Mg(OH), + Hj(g), (E, = —1.065 V) 4)
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2. Corrosion

As for other structural materials, the very important limitation of Mg-based alloys
as a biodegradable material is their accelerated corrosion. Corrosion is accompanied by
the generation of hydrogen gas, which, in extreme cases, can create detrimental health
risks (in in vivo conditions) in the form of gas embolism. Here, hydrogen gas can penetrate
the bloodstream [41-43]. Therefore, various corrosion tests should be used to verify the
suitability of different materials in biomedical material applications, for example, mass loss,
pH monitoring (observation of pH level change), and electrochemical measurements. As
expected, various corrosion products may occur. In the next section, different products are
addressed.

2.1. Corrosion Products

The composition of the passive layer in Mg alloys is, depending on the environment,
predominantly composed of magnesium oxide, magnesium carbonate, and hydroxyapatite
(magnesium appetite). However, the incubation time for the formation of the passive film
is strongly dependent on the type of environment and alloying additions. Nevertheless,
it was proposed that the passive layer is a result of the interaction between Mg ions with
solution ions. Additionally, other chemical entities are present. For example, biological
incubation solutions, such as simulated body fluid (SBF) and Hank’s solution, contain
calcium, carbonate, and phosphate ions.

Among the reactions that account for the passive films developed in Mg and Mg
alloys [33,34] are the following:

Mg + Ca?" + (PO4)>~ = CazMg3(POy), (5)

Mg?* + (CO3)*~ = MgCO; ©6)

It is worth mentioning that carbonates, (CO3)%~ Equation (6), promote Mg dissolution
and rapid surface passivation. This happens due to the precipitation of magnesium carbon-
ate, as well as the fact that sulfate ions are more aggressive than chloride ions in the case of
general corrosion [35].

Although the charge of both the anodic and cathode reactions is similar, hydrogen gas
generation does not describe the actual corrosion rate, as part of the hydrogen is dissolved
in the biological/corrosion environment. Alternatively, not all of the Mg dissolves, and
some of the species give rise to insoluble corrosion products. Various corrosion tests are
used to evaluate the corrosion process, because an individual corrosion test is insufficient
to provide enough information on the corrosion behavior of Mg alloys.

Depending on the environment, there is a certain tolerance limit to hydrogen generated
due to corrosion. In particular, the biological environment might be able to tolerate slow
hydrogen gas generation. The tolerance limit depends on the solubility and diffusivity
of the hydrogen gas in the biological environment, as hydrogen has high solubility in fat
tissue and fast diffusivity through the skin [1,36,37].

2.2. Effect of Impurities

There are various reasons as to why certain alloying elements are added to Mg. Firstly,
alloying elements are added to enhance the mechanical properties of Mg alloys. By doing
this, it can meet the weight support requirements. Secondly, they are added to control
the corrosion rate of the alloy in a way that the alloy would corrode at a certain rate that
corresponds to the healing time of the wound. Accordingly, the appropriate corrosion rate
should be determined by the healing rate of the wound.

The corrosion rate depends on the balance in the reaction at the anode and cathode
formed by Mg/Mg alloy couples in any given environment. Any imbalance in the dy-
namics between these two couples—healing vs. corrosion—leads to a breakdown that is
represented by mechanical failure due to excessive corrosion or to a very slow corrosion
that requires surgery to remove the alloy.
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In any case, it has been observed that Mg tends to corrode non-uniformly because
of impurities and second phases. While reaction kinetics increase in the presence of
alloying /impurity traces of small overpotential elements, such as iron and nickel, they
decrease in the presence of elements with large overpotentials, such as zinc. In the case
of Mg and its alloys, common impurities are highly noble and act as local cathodes to the
base metal (Mg), which acts as an anode. The bigger the difference in nobility between Mg
and the other elements is the more severe the corrosion. The severity of corrosion is also
partly controlled by the relative surface area between phases. For a specific ratio, there is a
certain tolerance limit that, when exceeded, might lead to accelerated corrosion dynamics.
Thus, exceeding the tolerance limit of impurities is highly detrimental to the corrosion
resistance of magnesium. It is so detrimental that the existence of certain impurities can
significantly increase the corrosion rate up to 100 times. This increase in corrosion rate
correlates with increases in the hydrogen evolution reaction. This, in turn, limits the safety
of the materials used for biomedical applications. Nonetheless, in different biomaterials,
different impurity types lead to different evolution rates. This is governed by the type
of the impurity, the material, and the materials” degree of purity. Accordingly, different
impurities have different maximum allowable levels. For example, iron impurities should
not exceed 45 ppm in high purity Mg or 280 ppm in low purity Mg [1,33,37-39]. In summary,
depending on the purity of Mg, the tolerance limit of impurities in Mg-based alloys must
not exceed the range of 30-50 ppm for iron, 20-50 ppm for nickel, and 100-300 ppm for
copper [39].

2.3. Corrosion Environments

The type of the biological corrosion fluid plays a significant role in the corrosion
process of biomedical alloys for implant devices. Various studies have concluded that
the corrosion rate depends on the type of the corrosion media and the duration of testing.
Therefore, different solutions have been used to test the corrosion behavior of magnesium
and its alloys, such as Hank’s balanced salt solution (HBSS), simulated body fluid (SBF),
Dulbecco’s modified Eagle’s medium (D-MEM), Kokubo solution, phosphate-buffered
saline (PBS), artificial plasma (AP), Nor’s solution (NS), and NaCl solutions, in different
concentrations [1,33,37,44]. Considering these different studies, it has been found that
testing the same type of alloy in different solutions and biological environments results
in different degradation rates. For instance, a corrosion rate of AZ31 as cast was around
2 mm/year in SBF but less than 0.7 mm/year in in vivo tests. This can be ascribed to
different reasons related to the identity of the solution. For example, in vivo environments
are generally less aggressive than the other corrosion solutions [33,35,45].

Zeng et al. [35] studied the influence of glucose on the corrosion rate of pure mag-
nesium in saline and Hank’s solutions at 37 °C. It is known that the effect of glucose in
increasing or decreasing the corrosion rate depends on the type of corrosion media. On one
hand, increasing glucose content in saline solution decreases both corrosion resistance and
pH. This happens due to the formation of gluconic acid from the existing glucose. After the
formation of gluconic acid, the acid attacks the metal oxide and attracts chloride ions to
cluster on the interface between the metal surface and saline solution. Then, these chloride
ions destabilize the surface layer, and by doing this, they cause pitting corrosion. On the
other hand, the corrosion rate is decreased by the addition of glucose as a result of the
formation of calcium phosphate.

Another important factor that plays a role in the corrosion behavior is the change
in pH value. During the corrosion of magnesium, the pH value tends to shift toward
more alkalinity. This is due to the generation of hydrogen, which promotes an increase
in the pH number. The shift in the basicity degree is also due to the combined effect of
anodic and cathodic reactions, where the reaction of anodic products (Mg?* ions) with
water deposits H, gas and hydroxyl (OH™) ions into the solution. The neutral products
of the anodic reaction (Mg?" cations) cannot counterbalance that shift. As a result, the pH
might shift up to more than 10 in non-buffered solutions (3% NaCl). The extent of shifting
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depends on the type and presence of alloying elements. Moreover, the increase in the pH
number at the interface between the alloy and the environment can enhance the formation
of more stable and protective films. Generally, the formed layers consist of Mg (OH), and
CaP [36,37,46,47]. The reduction in the corrosion rate at increasing pHs can be explained
by the Pourbaix diagram for Mg, where increasing the pH induces the passivation of Mg
and leads to enhanced corrosion resistance.

3. Mg Alloying Systems

Different mechanisms have been investigated in order to improve the mechanical
and corrosion properties of Mg and its alloys. These methods can be classified into five
main groups: (a) the intentional addition of alloying elements, (b) processing methods,
(c) applying coatings, (d) solidification, and (e) heat treatments [1,29,46,48-51]. Adding
alloying elements can be divided into four categories in magnesium alloys: commercial Mg
alloys, Mg alloys containing rare-earth elements (REEs), Mg alloys with nontoxic elements,
and Mg alloys containing a mixture of different alloying systems [37,45,52]. In any case, the
preferred atomic size of alloying elements is in the range of £15% of the atomic diameter
of magnesium (0.320 nm) [1].

Published works on the performance of Mg alloys suggest that Mg alloys are poten-
tially viable bio-absorbable materials for implant applications. However, the experimental
outcome is controversial, as some of these alloys can exhibit poor biocompatibility due to
increased toxicity within the living environment. Recently, Mg alloys have been fabricated
in the forms of stents, screws, pins, and devices for orthopedic applications. The required
time to maintain the achieved mechanical stability is estimated to be 12-18 weeks for
bone implantations, 6-12 months for stents, and 12-24 months for vessels. Chen et al. [1]
reviewed the recent developments of Mg alloys for bioabsorbable medical implants. The
study highlighted the different biomedical applications of Mg and the importance of con-
sidering the required healing time for each medical application. Witte et al. [45,53] studied
the biological inflammatory response of a magnesium alloy (AZ91D), the hydrogen gas
generation, and the corrosion process. After the alloy was implanted into the distal femur
condyle of rabbits for six months, there was no significant inflammation. Accordingly, the
response was normal due to the immune system reaction of the host. The study also stated
that during the first two months, gas cavities developed, and then during the third month,
they dissipated, which is in agreement with other results [33]. Furthermore, it was found
that the magnesium alloy (AZ91D) stimulated the formation of new bone and increased its
density. However, traces of Al were found in the blood, kidneys, liver, and other organisms.
Additionally, Al species were spotted with residual insoluble corrosion byproducts [33].
Overall, although Mg-Al-based and Mg-REE-based alloys have good mechanical properties
and corrosion resistances, they have very poor biocompatibility and hepatoxicity [2,54].

Fan et al. [55] examined the effect of adding 1.35 wt% cerium (Ce) on grain size refining
in a Mg-2Zn-0.5Mn-1Ca. This addition reduced grain size from 125 to 65 um. Additionally,
it was found that Ce addition negatively influenced the corrosion resistance of the alloy, dis-
playing the worst performance. In terms of phases distribution and continuity, Ce addition
disturbed the formation of CayMggZn3 compounds and formed two disconnected phases of
Mg,Ca and Mgj,CeZn. Yang et al. [53] studied the effect of adding different amounts of the
rare-earth element dysprosium (Dy) to Mg on the microstructure, mechanical properties,
and corrosion rate. Four alloys of the Mg-Dy alloy system with a concentration of 5, 10, 15,
and 20 wt% Dy were investigated. The effect of heat treatments on the properties of these
alloys was also considered. In this case, the alloys were heated at 520 °C for 24 h and then
quenched in water.

The study concluded that increasing the content of Dy leads to an increase in the tensile
yield strength and UTS. The addition of 10 wt% Dy led to a noticeable improvement in UTS,
from 77 MPa to 130 MPa. Further addition of Dy showed only a slight increase in the UTS
of the alloys and a slight increase in ductility from 4.5 to 5.5 wt% with additions of up to
5 wt% Dy. However, further additions of Dy from 15 to 20 wt% resulted in a drop in alloy
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ductility. In terms of corrosion, the best corrosion resistance was reported for the 10 wt%
Dy alloy. It was of the order of 3 mm/year in a 0.9 wt% NaCl solution. Heat treatment
led to alloy softening, but it significantly improved corrosion resistance. Microstructurally,
in this alloy, the distribution of Dy became homogeneous, which enhanced the formation
of filiform films instead of pitting corrosion. Nonetheless, it was noticed that the overall
impurity present in these alloys exceeded the tolerance limit [56].

Gu et al. [57] characterized the effect of adding various contents of strontium (Sr) with
1-4 wt% on the strength, cytotoxicity, and corrosion resistance (in vivo and in vitro). The
study found that the yield strength, UTS, and degradation rate were increased with an
increase in the content of Sr up to 2 wt% despite the continuous reduction in ductility with
the addition of Sr. Overall, the Mg-Sr alloying system showed very poor biocompatibility
with high toxicity.

Bornapour et al. [58] studied the cytotoxicity and corrosion process (in Hank’s solution
and in vivo) of Mg-xSr (x = 0.3-2.5 wt%) alloys. The alloys were used as stents and
implanted in dogs’ femoral arteries. The results showed that Mg-0.55r exhibited the lowest
degradation rates with no indications of any toxicity. Nevertheless, pitting corrosion was
observed on the surface of Mg-0.5Sr combined with a high evolution of hydrogen gas in
the early stages.

Mg alloys containing Ca have also been developed, as Ca has a solubility of 1.34 wt%
in Mg, and it is a non-toxic element with a high allowable daily intake [2]. Different per-
centages of Ca have been added to Mg and their properties disclosed. Zijian Li et al. [46]
investigated the effect of adding different amounts of Ca (1-3 wt%) on the mechanical
properties and corrosion rates of a commercially pure Mg. In their work, as-cast, hot-rolled,
and hot-extruded alloys were prepared and both the mechanical and corrosion properties
were determined. Corrosion testing was carried out in vitro (for up to three months) and in
SBF for up to 250 h. In this work, Mg-Ca pins were implanted in the femoral and cortical
bones of eighteen adult rabbits. It was concluded that increasing Ca content reduces the
yield strength, UTS, and ductility (as shown in Table 1). However, the corrosion rate was
enhanced, as well as the presence of corrosion byproducts. A further limited enhancement
in corrosion rate occurred due to passivation, as a protective layer was formed on the
top of the surface. However, this layer had poor coherency. This layer contained high
concentrations of carbon, oxygen, magnesium, phosphorus, and chloride. Furthermore,
hot extrusion and hot rolling significantly improved corrosion resistance and mechanical
strength. Overall, Mg-1Ca exhibited the best mechanical properties, corrosion resistance
(228 mg/ mm?/ year), and biocompatibility when compared with other alloys [47]. How-
ever, adding higher amounts of Ca to Mg alloys can reduces corrosion resistance in certain
solutions. For examples, exposing high-Ca Mg-alloys to SBF forms massive corrosion
byproducts [59].

The Mg-Si alloy system shows the presence of x-Mg and the intermetallic compound
Mg, Si (Chinese Script) at a rather low Si content (0.003 wt%). The intermetallic compound
(Mg5Si) is rather brittle and highly detrimental when present in coarse sizes. In this alloy
system, the optimum mechanical properties of Mg-5i alloys are reported at Si levels of
0.8 wt% Si, with a yield strength, UTS, and ductility of 52 MPa, 152 MPa, and 9.5%, respec-
tively [1]. Gu et al. [60] examined the mechanical properties and corrosion performance in
in vitro solution and the biocompatibility of several binary alloying systems of magnesium
with additions of 1 wt% of each alloying element (Zn, Mn, Al, Ag, In, Si, Sn, Y, and Zr). The
as-cast Mg binary systems of Zn, Si, Al, Sn, and Zr had better mechanical properties when
compared with pure Mg. Moreover, the corrosion performance of Mg was reduced when
adding Zn, Mn, Al, In, and Zr. In contrast, the evolution of hydrogen was significantly
reduced with the addition of Zn. The Mg-Zn system exhibited acceptable biocompatibility
and cell viability to fibroblasts, toxicity to osteoblasts, and blood vessel viabilities.

Another study reviewed a wide range of magnesium-based alloys and the effect of
adding different alloying elements on their mechanical properties. It was found that the
highest yield strength and ductility can be achieved using Mg-REE-based and Mg-Zn-
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based alloys among other Mg-Al-based, Mg-Si-based, and Mg-Zr-based alloys as reviewed
in [1]. The effect of adding small amounts of Mn promotes significant grain refinement
in the Mg-Al system. Its effect is rather important, as it hinders the effect of impurities
by forming harmless phases. This enhances the corrosion resistance of Mg alloy systems.
Additionally, it has been found that adding Mn moderately increases the yield strength
while reducing the UTS and elongation [3,5,16-20,22,52,61,62]. Zinc additions improve
mechanical and corrosion performance while reducing hydrogen evolution. However, at
high concentrations (>5%), Zn leads to poor corrosion resistance and mechanical strength,
including reduced biocompatibility [6-15,23,61,63,64].

Yuen et al. [65] studied the theoretical limits of using magnesium alloys as biodegrad-
able materials in biomedical applications. From their work, it was concluded that Al as an
alloying element in Mg-based alloys has the lowest tolerance limit with amounts of <1 g
per year; by contrast, the tolerance limit for other elements exceeded 10 g per year.

Zinc (Zn) has a good solubility (6.2 wt%) in Mg and has been implemented to im-
prove alloy mechanical properties. Zn is nontoxic with a recommended daily dosage of
8-11 mg/day for adults [1,2,66]. Mg-Zn-based alloys possess good mechanical strength
and corrosion resistance. The alloy microstructure consists of the x-Mg matrix and the
Y-MgZn phase. This alloying system exhibits the highest strength (216.8 MPa) and ductility
(15.8%) when Zn additions of 4 wt% Zn are employed. The addition of other alloying
elements, such as Mn, Si, Ca, and REEs, has been considered. It was found that Ca additions
of up to 0.5% slightly improve mechanical properties; however, further Ca additions are
detrimental to alloy properties [1].

The addition of Mn to Mg-Zn-based alloys improves alloy corrosion resistance due
to its ability to counteract the detrimental effect of impurities, such as Fe, Ni, and Cu, by
transferring them to non-active intermetallic compounds. Reduced corrosion rates in a
Mg-2Zn-0.2Mn alloy exposed to Hank’s solution have been reported to be of the order of
0.03 mm/year. In this case, a protective layer was formed on the surface of the alloy, in
addition to stimulating multiple enzyme systems [2,33,46].

Cha et al. [67] investigated the impact of Ca and Zn additions on the corrosion behavior
of as-cast and extruded Mg. It was found that adding Zn in amounts of over 1 wt% to Mg-
Ca alloys led to microstructural refinement, improved corrosion resistance, and reduced
galvanic effects. In particular, additions of 3 wt% Zn provided the highest alloy corrosion
performance. The study concluded that refining the microstructure through extrusion led
to a reduction in hydrogen generation in in vivo studies.

Zhang et al. [68] tested the effect of alloying with various Zn contents (1-6 wt%) on the
strength, corrosion behavior, microstructure, and cytotoxicity of a Mg-1Ca alloy. Alloying
with Zn causes changes in the microstructure and mechanical properties. It promotes grain
refinement and alters the main mechanical properties. For example, alloying with up to
4 wt% increased the yield strength by 70%, UTS by 40%, and, finally, its ductility (percent
elongation) by 60%. Nevertheless, this study conducted an in vitro corrosion test in Hank’s
solution at 37 °C 4 0.5 with a pH of 7.2-7.4. Mg-1Ca-xZn alloys with Zn contents of up
to 3 wt% exhibited a lower corrosion rate than that observed in the Mg-1Ca alloy. It was
found that these additions of Zn of up to 3 wt% did not cause toxicity. Table 1 summarizes
the mechanical properties of this alloying system.

Ibrahim et al. [69] investigated the effect of heat treatment on the mechanical strength,
microstructure, and corrosion resistance of a Mg-1.2Zn-0.5Ca alloy. In the as-cast alloy,
the microstructure consists of an «-Mg matrix with small spherical eutectic secondary
constituents embedded in the matrix and lamellar eutectoids along the grain boundaries.
Although the grain size was slightly elongated, overall, the heat treatment promoted
a considerable improvement in the mechanical and corrosion properties. Apparently,
diffusional mechanisms involving Zn and Ca away from the secondary constituents and
into the matrix lead to a reduction in alloy micro-galvanic effects. Thus, the reduction in
the volume fraction of the secondary phases through the implemented heat treatment was
associated with the improved alloy performance.
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Li et al. [2] have investigated Mg-Zn-based alloys and their performance after adding
different alloying elements in various concentrations. It was found that the yield strength
and UTS increased by 64 and 33% when increasing the Zn content from 1 to 6 wt%, while
the elongation was slightly reduced (by 11%). The addition of Mn enhanced the alloy
corrosion resistance by eliminating the harmful effect of impurities. Similarly, adding
4 wt% Zn to Mg-0.2 Ca led to a high alloy strength and corrosion resistance. In the case of
Mg-Si-based alloys, adding 1.6 wt% Zn to Mg-0.6Si refined the brittle and coarse Chinese
script morphology, thus improving alloy strength while reducing the corrosion rate. This
work also considers the role of alloying elements, such as Zr and Y, in Mg alloys. The
addition of Zr to Mg-Zn alloys, such as Mg-5.4Zn-0.55Zr, increases the corrosion rate.
However, alloying with Zr is less detrimental than alloying with Y, as in Mg-5.6Zn-0.55Zr-
0.9Y. Although the corrosion rate in the both former alloys was higher than that of pure
Mg, these alloys exhibited improved strength. The study concluded that the development
of an appreciable volume fraction of various secondary phases might account for the
exhibited performance of these alloys. As for grain refinement, this mechanism is rather
effective in improving mechanical properties and corrosion behavior. In the former, the
effectiveness of the grain refinement is governed by Hall-Petch (Equation (7)), where the
high strengthening coefficient of Mg alloys (280-320 MPa-um'/?) suggests a high potential
of using this mechanism to improve alloy strength [1,70,71].

0= o0g+kd1/? @)

where o is the yield stress (YS), 0y is the material constant, d is the average grain diameter,
and k is the strengthening coefficient.

In the same study [2], the exhibited mechanical properties of the different alloying
systems fabricated using various processing methods have shown that as-cast Mg-Mn-
Zn alloys exhibit better strength and ductility (200 MPa and 15%, respectively) when
compared with other alloy systems (Mg-Ca, Mg-5i, Mg-Sr, Mg-Ca-Si, and Mg-Zn-Ca) [2].
This is in agreement with the required properties for applications in bone inserts, which
are in the range of 200 MPa UTS, 10% ductility, and with a corrosion rate of less than
0.5 mm/year [1,72].

Brooks and Ehrensberger [73] examined the corrosion behavior of Mg alloys in cell
culture media after adding Zn, Ca, and Sr. The alloys Mg-1.34Ca, Mg-25r, Mg-1.34Ca-
3Zn, and Mg-1.34Ca-3Zn-0.25r were heat treated after casting and then extruded and
rolled. Additions of 3% Zn to Mg-1.34Ca led to the highest alloy corrosion resistance,
followed by the Mg-1.34Ca-3Zn-0.2Sr alloy. The study concluded that the addition of Zn
improves the corrosion resistance while reducing the volume fraction of the secondary
phases. The addition of Zn to Mg-Ca alloys produced similar results. Sun et al. [74] tested
the mechanical properties and corrosion resistance (in C-SBF) of an as-cast and as-extruded
Mg-4.0Zn-0.2Ca alloy, finding that Zn and Ca led to improved mechanical properties
and corrosion behavior; in addition, the alloying system displayed good biocompatibility.
The exhibited properties of the as-cast alloy were further improved through extrusion. It
was found that the extrusion process refined and homogenized the alloy microstructure
consisting of x-Mg, 2Ca-6Mg-3Zn3, and 2Ca-5Mg-13Zn by refining the grain size [75]
which normally leads to better mechanical properties [70].

The effect of cooling rates on the exhibited properties of three different Mg-Zn-Ca
alloys was investigated by Xu et al. [76]. These alloys, namely, Mg-10Zn-1Ca, Mg-20Zn-1Ca,
and Mg-6Zn-1Ca, were made in the shape of studs by powder metallurgy. Then, they were
melted in a mild steel crucible under a controlled environment and subsequently poured
into graphite molds and solidified at ~40 °C/min, in air at ~100 °C/min, and in liquid
nitrogen at ~3000 °C/min. It was found that rapidly solidified alloys developed a fine grain
structure and a connected network of supersaturated secondary phases around the grains
(mainly x-Mg). The work suggested that a well-distributed network of supersaturated sec-
ondary phases can act as an effective coating that inhibits corrosion propagation and, thus,
protects the matrix. In contrast, at low cooling rates, the alloy microstructure consisted of



Metals 2022, 12, 85

9of 15

coarse grain sizes, large secondary phases, and significant impurity segregation. Moreover,
it was found that the corrosion resistance of the corrosion-quenched alloys containing small
amounts of Zn (6%) was superior to that found in alloys with high Zn content [76].

Lisitsyn et al. [77,78] and Ben-Hamu [79] studied the effect of adding 0.2-0.4 wt%
Ca and/or 0.5-2 wt% Si on the corrosion rate (in 3.5 wt% NaCl solution saturated with
Mg(OH);) and microstructure of an extruded Mg-0.5Mn-6Zn alloy. It was found that the
addition of Si induced grain refinement and promoted the development of Chinese script
intermetallics. These intermetallics were reduced to a polygonal shape by adding Ca or
1 wt% Si. The addition of 1 wt% Si led to an increase in corrosion rates (0.5 and 1 wt% Si)
followed by a slight reduction at 2 wt% Si. However, corrosion resistance was improved
when the Chinese script was refined by adding 1-2 wt% Si or Ca in 0.5 wt% Si alloying.
In this alloying system, four secondary intermetallic phases (MgZn,, MnsSi3, Mg,Si, and
CaMg5i) were identified.

In the case of quaternary alloys, Zhang et al. [80] investigated the microstructure,
mechanical properties, and corrosion behavior of Mg—Zn-Mn—Ca. Three as-cast alloys were
prepared with the following compositions: Mg-1.8Zn-1.1Mn-0.3Ca; Mg-27Zn-1.2Mn-0.5Ca;
and Mg-1.5Zn-1.1Mn-1Ca. It was found that the grain size of the Mg-1.8Zn-1.1Mn-0.3Ca
alloy was considerably reduced from 175 to 63 um by increasing the content of Zn and Ca
by 0.2 wt%. Moreover, this addition resulted in the formation of a Mg primary phase with
a secondary eutectic phase (x-Mg + 2Ca-6Mg-3Zn). The former gave rise to increased yield
strength, UTS, and elongation, which increased by 20, 16, and 20%, respectively. However, a
further increase in Ca to 1 wt% and a reduction in Zn content down to 1.5 wt% significantly
lowered the alloy strength and ductility. This can be attributed to the formation of an
additional secondary brittle phase (Mg,Ca). Overall, the best mechanical and corrosion
performance (in Hank’s solution at 37 °C) was reported for Mg-2Zn-1.2Mn-0.5Ca. Table 1
summarizes the mechanical properties of this alloying system.

Bakhsheshi-Rad et al. [30] investigated the binary and quaternary alloying systems
Mg-xCa (x = 2 and 4 wt%) and Mg-2Ca-0.5Mn-xZn (x = 2, 4, and 7 wt%). The study tested
their mechanical properties, microstructure, and corrosion resistance in Kokubo SBF for
240 h for both alloying systems. It was found that adding 2 wt% Ca to pure Mg reduced
the grain size down to 92 um and reduced the ductility by 58%, while the yield strength,
UTS, compression strength, and hardness increased by 72, 18, 27, and 49%, respectively.
Although the corrosion rate in cell culture media magnesium was reduced by adding 2 wt%
Ca (from 8.47 to 6.89 mm/year), further Ca additions increased the volume fraction of
the secondary phase (Mg,Ca) along the grain boundaries, which, in turn, deteriorated
both the mechanical properties and corrosion resistance. Alternatively, Mg-2Ca-0.5Mn-
47n exhibited the highest mechanical properties among all the examined alloys due to
its small grain size structure of 59 um and through solid solution strengthening and the
presence of the secondary phases MgyCa and CayMg¢Zn3. In particular, the YS, UTS,
ductility, compression strength, and hardness significantly increased in comparison to
pure Mg (by 202, 94, 20, 85, and 139%, respectively) [30]. In an Mg-2Ca-0.5Mn-4Zn alloy,
the microstructures of Mg-Ca and Mg-Ca-Mn-Zn alloying systems are characterized by
the presence of a lamellar eutectic structure of a-Mg + Ca,MgsZns + Mg,Ca at the grain
boundaries. This alloy exhibited the second lowest corrosion rate and hydrogen generation
after the Mg-2Ca-0.5Mn-2Z7n alloy. Moreover, in Mg-2Ca-0.5Mn-4Zn and Mg-2Ca-0.5Mn-
27n, the degradation rates were reduced to 2.27 and 1.78 mm/year, respectively [30]. This
study also found that Zn has a maximum solubility of 1.6 wt% in Mg-Zn alloys at room
temperature. It is worth mentioning that Zn in Mg is a better refinement agent compared
with Ca since it possesses a high growth restricting factor (Q) according to Equation (8).
Another difference is the steeper slope of the liquidus line, where for Mg-Zn, its value is
m = 6.04 °C/wt%, which is larger than the one for the slope in the Mg-Ca alloy system with
a slope value of m = 2.12 °C/wt% [30].

Q=mCo (k—1) ®)
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where Q is the growth restricting factor, m is the slope of the liquidus line, C, is the solute
bulk concentration, and k is the solute equilibrium partition coefficient [30].

The solubility limits of Zn and Mn in Mg are 6.2 and 2.2 wt%, respectively. It was
reported that the equilibrium phases in the Mg-Zn and Mg-Mn alloy systems have the
presence of five intermetallic compounds: Mgs1Znyy, Mgs1Zny5, MgsZny, MgZny, and
Mg,Zn;q [81]. Figures 2 and 3 show examples of Mg-Zn-Mn alloying systems.

Figure 3. The microstructure of quenched Mg-1Mn-4Zn alloying systems at 200 x.

From previous works, Agarwal et al. [82] reviewed the corrosion performance, bio-
compatibility, and surface modification of Mg alloys. They concluded that the presence of
Zn and Mn contributed to an increased corrosion resistance. Moreover, the use of polymeric
coatings was highly effective in enhancing the corrosion performance of Mg [82,83]. Yin
et al. [49] considered adding 1 wt% Mn to Mg with various amounts of Zn (1-3 wt%) fol-
lowed by alloy extrusion. This reduces grain size from 12 to 4 pm. Additionally, increase in
Zn, of 3 wt%, added to the Mg-1Mn-1Zn alloy system led to the best corrosion behavior [84].
Moreover, Mg alloys’ performance and behavior can also be further enhanced and altered.
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Different studies have shown that heat treatment and various processing methods, such as
extrusion, in general, promotes improved mechanical properties and corrosion resistance
by means of developing a highly homogeneous and more refined microstructure [49,85,86].

Table 1. Examples of the mechanical properties and grain size of Mg-based alloys.

Ductility Grain Size

Composition Y S (MPa) UTS (MPa) %) (um) Reference
Cortical Bone 104.9-114.3 35-283 1.07-2.10 - [54]
Pure Mg 209 +£2.3 86.8 £25 13+14 - [64]
Mg-1Ca 40 73 1.87 - [47]
Mg-2Ca 37 50 1.55 - [47]
Mg-3Ca 15 40 0.6 - [47]
Mg-1Zn 25 140 18 - [29]
Mg-6Zn 70 210 16 - [29]
Pure Mg 275 97.5 7.31 - [30]
Mg-2Ca 47.3 115.2 3.05 - [30]
Mg-4Ca 345 77 4 2.10 - [30]
Mg-2Ca-0.5Mn-2Zn 78.3 168.5 7.84 - [30]
Mg-2Ca-0.5Mn-4Zn 83.1 189.2 8.71 - [30]
Mg-2Ca-0.5Mn-7Zn 45.4 140.7 4.15 - [30]
Pure Mg 209 +£2.3 86.8 + 2.5 13+14 - [64]
Mg-1Ca 39 105+ 4 41+05 - [64]
Mg-1Ca-1Zn 45 125 +£5 57+1.0 - [64]
Mg-1Ca-2Zn 52 143 +£5 73+15 - [64]
Mg-1Ca-3Zn 57 160 £ 10 83+1.0 - [64]
Mg-1Ca-4Zn 63 182 +£5 9.1+25 - [64]
Mg-1Ca-5Zn 65 173 £5 82405 - [64]
Mg-1Ca-6Zn 67 145 £5 45+05 - [64]
Mg-1.2Zn-0.5Ca 60 £3.1 1213+ 5.2 3.2+0.13 - [69]
Mg’l'gir(‘{;'mn' 60 162 7.5 175+ 15 [80]
Mg-2Zn-1.2Mn-0.5Ca 72 188 9 63 £7 [80]
Mg-1.5Zn-1.1Mn-1Ca 80 138 2.8 51+5 [80]
Mg-4.0Zn-0.2Ca 60+ 15 185 £ 15 125+15 100-130 [74]
Mg-1Mn-17Zn-0.3Al 44 174 ~12 200400 [77]
Mg-1Mn-2Zn-<0.3A1 ~59 ~185 ~11 - [77]
Mg-1Mn-3Zn-<0.3Al ~68 ~216 ~15.5 50-80 [77]
Mg-0.9Mn-0.2A1 23.0£43 89.2+76 6.7+ 1.0 700-900 [79]
Mg-0.9Mn-1Zn-0.2Al 436+ 54 1745+ 15 121+11 - [79]
Mg-0.9Mn-27n-0.2A1 58.6 £5.7 1824 + 6.8 11.0 £ 1.0 - [79]
Mg-0.9Mn-3Zn-0.2Al 65.6 + 0.7 218.0 £ 6.0 155 £2.0 50-80 [79]
Mg-0.9Mn-4Zn-0.2Al 65.3 +2.1 199.6 + 8.3 115+18 - [79]
Mg-0.9Mn-5Zn-0.2A1 622+13 1946 +£7.5 105 £ 1.6 - [79]
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4. Conclusions

This work is a review of the alloying elements in Mg alloys in biomedical applications.
Different alloying elements are considered, such as Zn, Ca, and Mn. In addition to their
effects, the effects of different processing methods, such as extrusion and heat treatment,
of binary, ternary, and quaternary Mg-based alloys on grain refinement and mechanical
properties are addressed. It was found that the addition of various alloying elements alters
the base alloy properties both positively and negatively. These modifications extended
from mechanical, microstructural, and corrosion properties. The resulting properties
enabled several of these alloys to be used as bioabsorbable implants, such as those for
bone replacement. Nonetheless, to explore the full potential of these approaches, alloy
brittleness, excessive corrosion, and potential toxicity are among the issues and risk factors
that need to be addressed and controlled. Therefore, this work also discussed the role
played by various elements in the exhibited corrosion resistance of different Mg-based
alloys. Moreover, it can be concluded that Zn as an alloying element is highly effective in
promoting alloy strength and biocompatibility.
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