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Applications
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Abstract

Amorphous and crystalline magnesium alloys, developed for medical
applications — especially implantology — present the characteristics of biocompat-
ible magnesium alloys (Mg-Zn, Mg-Zn-Ca, Mg-Ca etc.). This chapter provides a
brief description of the role of magnesium in the human body and the use of Mg in
medicine. It presents the concept of using magnesium alloys in medicine (advan-
tages and limitations) and the scope of their potential applications (orthopedic
implantology, cardiac surgery etc.). The chapter shows classification of magnesium
alloys as potential biomaterials, due to their structure (amorphous, crystalline)
and alloying elements (rare earth elements, noble metals etc.). The mechanism and
in vitro degradation behavior of magnesium alloys with amorphous and crystal-
line structures are described. The chapter also discusses the influence of alloying
elements (rare earth elements, noble metals) on the in vitro degradation process. It
also presents the methods of reducing the degradation rate of magnesium alloys by
modifying their surface (application of protective layers).

Keywords: magnesium alloys, metallic glasses, resorbable implants, in vitro
degradation behavior, protection coatings

1. Introduction

Magnesium is one of the most common elements in nature. It constitutes 2.7% of
the earth’s crust and can be found in the form of minerals, such as dolomite, magne-
site or kainite [1]. The mechanical properties of pure magnesium are poor, therefore
alloying additives are introduced to improve them. Magnesium alloys, in which the
major additive is aluminum - typically 6-10% — are the most widely used industrial
alloys of magnesium. Zinc or manganese [2, 3] are added to improve corrosion
resistance of magnesium alloys. Initially, magnesium alloys were produced mainly
for military purposes. Due to the high specific strength and vibration damping
capacity, magnesium alloys are mainly used in the automotive industry [3, 4].

Currently, research is carried out mainly on new groups of magnesium alloys,
such as Mg-Ca, Mg-Zn and Mg-Zn-Ca, which have not been produced on an indus-
trial scale so far. Studies are carried out on the use of these alloy groups as materials
for implants, especially orthopedic ones. Injuries of the osteoarticular system, as
well as diseases of the musculoskeletal system, including the continuous increase
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in the incidence of bone cancer, are the main and the most common threat to the
health of modern society. 2,710,000 cases of orthopedic fractures were noted in
Poland in 2010. Due to the aging of the population, it is predicted that, in 2025,
their number will reach 3,239,564, and 10 years later — over 4 million. In 2017,
85,488 joint arthroplasties (partial or total) were performed in Poland, including
56,688 of the hip and 27,653 of the knee. Surgical joining of broken bones through
their correct connection and immobilization is performed with the use of bone
plates, wires, clamps and/or screws. The use of these elements results in bone union
and obtaining the correct bone structure, which, in turn, allows the patient to
move, and thus return to basic life activity [5-8].

In medical practice, both long-term implants (e.g. joint prostheses) and
short-term implants (e.g. plates, bone screws), used to stabilize broken bones, are
produced from titanium alloys, cobalt alloys or stainless steel. Implants made of
those are classified as neutral, i.e. neutral to the body, as long as protective layers
(usually oxide) remain on their surface. Unfortunately, after some time, these
layers become corroded and damaged, and implant components — which are usually
biologically incompatible (toxic to the body) — pass into the human body, and thus
are a threat to health and life. Resorbable biomaterials are an alternative to the metal
alloys used so far for short-term orthopedic implants. The resorbable biomateri-
als used in medical practice so far include oxide glasses (composed of Na, K, Mg,
Ca, Si and P oxides), ceramics based on calcium phosphates, e.g. hydroxyapatite
[Cay0(PO4)6(OH),] and polymers, such as polylactide, polyglycolide or copolymers
of these materials. Unfortunately, their use in orthopedic implantology is limited.
They are mainly used as fillers for bone defects, elements of dentures or coatings
for medical implants [9-11]. This is due to poor mechanical properties of resorbable
biomaterials. Mechanical strength of the resorbable materials used in medicine is
30-100 MPa [10, 12]. Consequently, mechanical properties of resorbable polymers
and ceramics are a barrier to their use as biomaterial for implants, such as short-
term orthopedic implants. Accordingly, resorbable metallic biomaterials that can be
used for orthopedic implants are necessary. Resorbable metallic biomaterials are an
alternative to the metal alloys previously used for short-term orthopedic implants.
Magnesium alloys are appropriate materials for resorbable metallic biomaterials.

This chapter presents the role of magnesium in the human body and its use in
medicine. It presents the concept and potential applications of magnesium alloys
in medicine, as well as classification of magnesium alloys as potential biomaterials
due to the structure (amorphous, crystalline) and alloying elements (rare earth
elements, noble metals etc.). The chapter also describes mechanisms and degrada-
tion behavior (in vitro) of magnesium alloys due to their structure. The impact of
alloy additives (rare earth elements, noble metals) and protective coatings on the
degradation process of magnesium alloys for biomedical applications in in vitro
conditions has also been assessed.

2. The role of magnesium in the human body and its application in
medicine

Magnesium is called an element of life, because it participates in many processes
of the human body. It is necessary to maintain proper homeostasis, i.e. the proper
functioning of the human body. It is estimated that there are approximately 22-26 g
of magnesium in the human body [13]. It should be mentioned, that both the value
and the range of the concentration of an element in the human body depends on the
age, sex, absorption of the elements or even diet. The World Health Organization
(WHO) has issued standards defining the daily demand for the element [14, 15].
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Similarly, demand for magnesium is different for a certain age. Table 1 shows the
daily magnesium requirement depending on age.

Magnesium is distributed in the body (in the skeletal system: approx. 60%; in
skeletal muscles: approx. 20% and other soft tissues: approx. 19%). Magnesium in
acidic form, absorbed from food, in about 30%, can be found predominantly in the
small intestine. The daily recommended dose of magnesium depends on the age,
gender and current condition of the body. It has been proven, that the average dose
for an adult human is about 300-400 mg. Approximately 30% of magnesium is
absorbed from the gastrointestinal tract. Absorption of this element is influenced,
among others, by the amount of consumed protein, fiber and phosphates. The
normal blood magnesium level of a healthy person is 0.75-0.95 mmol/dm’, and its
homeostasis is maintained by the kidneys.

Magnesium has a lot of functions in the human body. For example, it:

* regulates the activity of about 300 enzymes involved in metabolic changes,

* is necessary for proper bone mineralization. It has been confirmed that
magnesium deficiency disturbs bone mineralization processes, increasing the
incidence of postmenopausal osteoporosis [17],

* isinvolved in nerve conduction and muscle contractility. It is likely that
magnesium could be used to treat affective disorders and depression. A posi-
tive effect of magnesium on depression symptoms has been demonstrated in
patients with low levels of magnesium in erythrocytes [18],

* plays a vital role in most hormonal responses. Magnesium has been shown to
influence insulin synthesis, catecholamine storage and parathyroid hormone
release,

* participates in the regulation of blood pressure,
* regulates muscle tension,

* regulates the thyroid gland and widens the airways, supporting the treatment
of asthma and bronchitis.

Magnesium has been used in treatment of various diseases. Figure 1 presents the
main uses of magnesium for treatment of diseases.

Symptoms of magnesium deficiency influence every system in the human body.
The most common symptoms are not very specific — they include fatigue, poor
concentration and memory, as well as increased susceptibility to stress. Excessive
loss of magnesium can be caused by serious diseases of the gastrointestinal tract
(e.g. fistulas, pancreatitis), urinary tract disorders, endocrine disorders (primary

DEMAND FOR MAGNESIUM [mg/24 h]

Infants kids kids youth adults adults
< 6 years 6-9 years 10-18 years 19-60 years < 60 years
old old old old old
40-60 80-120 170 270-400 280-350 280-350
Table 1.

Daily recommended dose of magnesium for kids, youth and adults [16].
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Figure 1.
The most important uses of magnesium in treatment of diseases [19].

hyperparathyroidism, intensive insulin therapy), D3 hypervitaminosis, use of
immunosuppressants, increased sympathetic nervous system tension or alcoholism.

3. The concept and potential applications of magnesium alloys in
medicine (advantages and limitations)

The progress of both the medicine and materials engineering results in an
intensification of research works on new biomaterials. Nowadays, magnesium
alloys are considered potential resorbable metallic biomaterials. Furthermore, it
is assumed that a magnesium alloy as a resorbable biomaterial should gradually
degrade in the human body until the bone fuses. Degradation products of a resorb-
able implant would be processed, absorbed or excreted from the patient’s tissues
and body fluids. The use of implants designed according to this concept does not
require re-operation and it allows the foreign object (implant) to stay in the human
body. Apart from good mechanical properties and biocompatibility, magnesium has
a number of other advantages, such as [20, 21]:

* good strength-to-weight ratio. Pure magnesium has 158 kNm/kg; however, its
alloys can reach up to 490 kNm/kg. This is twice as much as the most com-
monly used titanium alloys (260 kNm/kg), therefore, less material is needed to
obtain similar mechanical properties.

* ease of processing magnesium and creating complex shapes, which is
extremely important in medical applications, because every person is different
and, therefore, it is possible to design a custom-made implant for a specific
patient.

* safe degradation - titanium, stainless steel and Co-Cr alloys do not ensure safe
degradation. All surgically implanted alloys are subject to electrochemical
degradation, as they are in a corrosive environment. Additionally, they are
subject to significant wear. Implant particles can be released into the surround-
ing tissue, causing discomfort and potential health hazards. Magnesium and its
alloys can minimize these problems during the degradation process. It is pos-
sible that, after a controlled period of time, the implant completely degrades in
the human body.
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The main problems and research limitations of this concept are as follows:

e production of implants with good mechanical properties, which guarantee the
appropriate time (allowing bones to fuse) of the implant’s activity in human

bodily fluids,

* high degradation of an implant with very intense release of hydrogen, which
is harmful to the body. In addition, there is possible exceeding the daily
demand for the element (also biocompatible), introducing into the body. Metal
alloys used for resorbable biomaterials should only include elements that are
already present in the human body in high concentration and are macro- or
microelements.

The major problem concerning all metal biomaterials consists in the adjustment
of their mechanical properties to those of the reconstructed tissues. The density
of steel is approx. 4 times higher than the density of bone tissue. Steel has several
times higher yield point and tensile strength, higher elongation and about 10 times
higher Young’s modulus. The differences in the mechanical properties of materials
and those of the tissues they replace result in inappropriate loading of the tissues
surrounding the implant, causing pain and discomfort in patients [22].

The density of magnesium alloys is similar to the density of the human bones,
therefore, there is no possibility of stress shielding, as in the case of the previously
used implant materials, based on stainless steel and titanium. Stress shielding is a
process, in which the bone mass and density decrease near the implant, because
it transfers the loads. The density of magnesium alloys is three times lower than
that of titanium alloys and five times lower than that of stainless steel and Co-Cr
alloys. The modulus of elasticity and fracture resistance are much lower than for the
biomaterials used so far [23, 24]. In the 19th and 20th centuries, magnesium alloys
were used in medicine (Table 2). They were used in the form of scaffolds and to
improve healing of wounds or organs. In addition, magnesium and its alloys have

Author Application date Mg/Mg alloys Application
Huse 1878 Pure magnesium Stitches
Payr 1892-1905 Pure magnesium Nerve’s linkers
Hopfner 1903 Pure magnesium Vessels’ linkers
Lambotte 1906-1932 Pure magnesium Bone screws and plates
Lespinasse 1910 Pure magnesium Bone plates
Groves 1913 Pure magnesium Bone pits
Andrews 1917 Mg-Al/Zn Bone wires
Seelig 1924 Pure magnesium Bone wires
Verbrugge 1933-1937 Mg-Al6-Zn3-Mn Bone screws and plates
McBride 1938 Mg-Mn Bone wires and plates
Maier 1940 Pure magnesium Stitches
Stone 1951 Mg-Al (2 wt.%) Bone wires
Wexler 1980 Mg-Al (2 wt.%) Bone wires
Hussl 1981 Pure magnesium Vascular wires
Table 2.

Applications of magnesium and its alloys in medicine [25].
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Figure 2.
Potential applications of Mg and its alloys in implantology [17-22].

been used in orthopedic surgery for such elements as screws, plates, fasteners or as
stents in the cardiovascular system.

At present, magnesium alloys are mainly considered as potential materials
for applications in orthopedic implantology, vascular surgery and laryngeal
microsurgery [26-30]. As regards orthopedic implantology, Mg alloys are used as
compression screws. MAGNEZIX is the trade name of biodegradable orthopedic
screws for human osteosynthesis application [31]. In the literature, there are some
reports [32-34] on resorbable stents made of magnesium alloys (their trade name
is Lekton Magic, produced by Biotronik company). This material is composed of
zirconium (< 5 wt.%), yttrium (< 5 wt.%) and rare earth elements (< 5 wt.%).
The stents degrade in a living body with time, but their location can still be
identified. Finally, the stent material completely degrades and the space around it
is filled with a calcium-apatite complex with an admixture of phosphate elements.
The stents were implanted in 20 people and good flow in the implanted blood
vessel was achieved after one month. In 2013, Biotronik, a German company, has
obtained the CE mark for biodegradable coronary stents made of Mg alloy. It was
the leader in development of biodegradable metal coronary stents. The areas of
potential applications of magnesium and its alloys in implantology are presented
in Figure 2.

4. Classification of magnesium alloys considered as potential
biomaterials due to their structure (amorphous or crystalline) and
alloying elements (rare earth elements, noble metals etc.)

In the context of resorbable orthopedic implants, research was initially carried
out on technical magnesium alloys, for example AZ31, AZ91, WE43, LAE442.
Unfortunately, magnesium alloys containing aluminum (AZ31) and heavy metals
have been excluded as biomaterials because these additives have a toxic effect on the
human body. The research was limited to alloys containing biocompatible elements
and/or small amounts of rare earth elements, that are tolerated by the human body
in appropriate concentrations [15].



Amorphous and Crystalline Magnesium Alloys for Biomedical Applications
DOI: http://dx.doi.org/10.5772/intechopen.94914

As regards magnesium alloys for resorbable implants with a crystalline struc-
ture, the following groups of alloys has been examined: Mg-Ca, Mg-Zn, Mg-Zn-Ca,
Mg-Mn, Mg-Si, Mg-Zr, Mg-Zn-Zr, Mg-Zn-Y, Mg-Zn-Zr-Y, Mg-Zn-Mn.

Rare earth elements (REE) are added in order to improve mechanical properties
and creep resistance at elevated temperatures [35, 36]. Gadolin (Gd) and yttrium
(Y) increase the strength properties during precipitation hardening. Neodymium
(Nd) improves tensile strength at ambient and elevated temperatures. Yttrium
and strontium (Sr) reduce the texture, and thus anisotropy, in rolled and extruded
semi-finished products [35].

Magnesium alloys with the addition of rare earth elements, such as Mg-Y, Mg-Gd
[37] and Mg-Nd, have been designed for use as biomaterials. ZW21 and WZ21 alloys
(with the addition of Y and Zn) show promising mechanical and corrosion proper-
ties. For example, they are ductile (up to 20% elongation) and their tensile strength
~ 270 MPa. Alloys such as AE21 and WE43 are used for stents [38, 39].

Noble metals as an additive to magnesium and calcium alloys have been studied
mainly by the authors of this chapter [12, 40]. There is no information in the litera-
ture on the influence of Au and Pt addition on the degradation rate and mechanical
properties of magnesium alloys. There are several sources for adding silver to
magnesium alloys [41, 42].

The mechanical and corrosion properties of the alloy can be regulated by the
structural and chemical composition of the alloy. Compared to their crystalline
counterparts, magnesium-based metallic glasses may be more resistant to corro-
sion, due to their single-phase structure, which may result in a more uniform alloy
corrosion. An example confirming the higher corrosion resistance of the amor-
phous material in physical fluid compared to the crystalline material with the same
chemical composition is shown in Figure 3.
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Figure 3.

Results of structural tests of Mg36.6Cu36.2Caz27.2 alloy with amorphous structure (a) and crystalline structure
(b) and surface images after 1.5 h of immersion in physiological fluid with amorphous structure (c) and
crystalline structure (d) [43].
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Magnesium alloys with amorphous structure, such as bulk metallic glasses (e.g.
rods, plates) in the following phase systems: Mg-Cu-Y (-Ag, -Pd, -Gd), Mg-Ni-Y
(-Nd), Mg-Cu-Gd (-Zn, -Y), Mg-Zn-Ca were obtained. In addition, studies are also
carried out on Mg-based metallic glass without rare earth elements. The Laws [44]
obtained bulk metallic glasses based on Mg-Cu-Ca, Mg-Ag-Ca, Mg-Cu-Ag-Ca alloy
systems. However, for applications in implantology, magnesium alloys should have
a biocompatible chemical composition. Therefore, the group of alloys based on
the Mg-Zn-Ca phase system is most frequently considered as a new biomaterial for
resorbable orthopedic implants [45]. In 2005, Gu et al. were the first to obtain bulk
metallic glass in the Mg-Ca-Zn system, which was characterized by good strength
properties and high glass transition capacity [46].

In the process of designing new degradable biomaterials, elements with poten-
tial toxicological problems should be omitted whenever possible and, if they are
absolutely necessary, they should be reduced to the minimum. Calcium and zinc are
essential elements in the human body; therefore, these elements should be the first
choice for alloying additives in biomedical magnesium alloys. The concentration of
calcium should not exceed 2 wt.%, and zinc — 6 wt.%, due to the corrosive proper-
ties of these magnesium alloys [47].

The most commonly used chemical elements for magnesium alloys are: Zn, Zr,
Ca, Sr., Yb, Al, Li, Mn and rare earth elements (REEs) (Ce, Er, La, Gd, Nd, Y). The
following are the additions, the influence of which on the properties of magnesium
alloys is described in detail:

e addition of zinc (< 5 wt.%) reduces the harmful influence of iron and nickel
impurities, increases corrosion resistance [48],

¢ addition of zirconium (< 2 wt.%) increases corrosion resistance [48],

* addition of strontium (< 2 wt.%) improves corrosion properties and affects
the strength of the alloy, which is similar to the natural bone [48, 49]. Optimal
content of Zr and Sr. in Mg-based alloys increases surface energy and the ability
to simulate contact osteogenesis. Mg-Zr-Sr alloys (2 wt.% Sr) display the best
osseointegration and complete biodegradation [50],

* addition of ytterbium (at the level of 2 wt.%) improves bending plasticity,
corrosion properties and biocompatibility [49],

* addition of calcium (> 1 wt.%) in pure Mg reduces corrosion resistance [48].
Calcium in magnesium alloys, without the addition of strontium, reduces
surface energy and bone induction [50],

addition of yttrium (> 2 wt.%) decreases corrosion resistance in Mg-Y alloys [48].

Noble metals, such as gold and silver, were used as alloying additives in pure
magnesium to increase its ductility. However, the alloys had low tensile strength
[51]. Another source mentions that the addition of silver, as a substitute for
calcium, improves the corrosion properties, strength and has an anti-bacterial
effect [49].

Figure 4 shows variation in the open-circuit potential with time and polariza-
tion curves for pure Mg and MggsZnyg 1Ca; 7Yby3Sr ; alloy in Ringer solution at 37°C.

In the OCP plot (Figure 4a), various levels of recorded curves are visible,
which results from differences in chemical compositions. The steady-state for
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Variation of the open-circuit potential with time (a) and polarization curves (b) for pure Mg and MggZn., ,
Ca,,Yb;Sr,, alloy in Ringer solution at 37°C.

pure magnesium is in the range of approx. -1.65 V, while for MgesZny1Ca; 7Ybys
Sry, alloy - slightly above —1.4 V. This shift towards positive values indicates
favorable behavior of samples with alloy additions. Potentiodynamic measure-
ments (Figure 4b) also show the differences between the studied alloys. The
values of corrosion current density were slightly higher for magnesium alloy, as
compared to pure Mg. However, significant differences in E.,, by approx. 0.25V
are observed, which indicates that it is recommended to use alloying elements

to improve corrosion resistance. E. Mostaed et al. [52] showed similar results
regarding the differences in electrochemical tests between pure magnesium and
the ZK60 alloy.

Designing of magnesium alloys as biomedical materials is a great challenge, due
to rapid degradation of Mg in the environment of bodily fluids and insufficient
implant-bone connection in orthopedic applications [50]. These disadvantages can
be limited due to an appropriate selection of alloying additions. The purpose of
optimal chemical composition of a new class of Mg-based biodegradable materi-
als is to obtain optimal strength, ductility, resistance to fatigue and corrosion by
modifying the structure and phase distribution [50, 53]. Currently, efforts are being
made to select alloying additions that would promote osseointegration, understood
as the fusion of the implant with the newly formed bone tissue and biodegradation
without adverse effects on the functioning of body organs [50].

5. Mechanisms and in vitro degradation behavior of amorphous and
crystalline magnesium alloys

In the case of biomedical engineering, corrosion is the main factor determining
the usefulness of implant materials. The tendency of biomaterials to corrode in the
human body is, in fact, closely connected to their biocompatibility. Before placing
in the human body, the material must be examined for the effects on the body and
its properties. Ensuring such experimental conditions is difficult, as it is difficult
to recreate the environment of the human tissues. Many parameters related to the
production of magnesium-based materials and test parameters have an impact on
the degradation results (Figure 5).

The alloying elements and the processing parameters of Mg have a strong impact
on its degradation properties (microstructure of the material described by the grain
size, impurity content, type of phases etc.). Calcium as alloying element to Mg
alloy is an extremely reactive metal and spontaneously reacts with water generating
hydrogen [55].
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Figure 5.
Pavameters influencing the course of magnesium alloy corrosion process (in vitro) divided into subgroups:
Research conditions and material factors [54].

Moreover, the research methods and conditions can significantly change the
corrosion rate, as well as the formation and composition of the degradation layer,
and thus determine the corrosion type [56].

Living microorganisms play an important role in the process of implant degrada-
tion. Such metabolic activity may directly or indirectly reduce the quality of the
implant due to the corrosion process. Cells can act as an electrolyte on the metal
surface, thus changing the corrosion resistance of the implant surface or even its
composition [6].

Corrosion of magnesium in an aqueous environment occurs as a result of an
electrochemical reaction with water, resulting in the formation of magnesium
hydroxide, Mg(OH), and hydrogen gas, according to reactions (1-3) [54]:

Anodic reaction: Mg — Mg** +2e (1)

Cathodic reaction :2H,0+2¢” — H, +20H" (2)

Overall veaction (summary reaction): Mg +2H,0 - Mg(OH), +H,  (3)

In the initial phase of immersion, the surface of the material is exposed to the
electrolyte and the anodic and cathodic reactions begin. Magnesium grains act as
an anode and the cathodic reaction takes place in noble regions of alloy, which are
grain boundaries, phase separation and precipitation. This leads to the exchange of
electrons between the two regions, wherein the magnesium is degraded at the same
rate, at which hydrogen is generated as a gas (H,). The cathodic reaction increases
the pH by releasing H, gas, while hydrolysis lowers it [54, 57].

When the concentration of Mg** and the increase of pH reach the solubility
limit, magnesium hydroxide Mg(OH); is precipitated on the surface of alloy Mg [1].
In an environment, such as body fluids, where the concentration of chloride ions
is greater than 30 mmol/dm’, the hydroxide formed on the surface of the magne-
sium alloy converts to highly soluble magnesium chloride. This reduces the level

10
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of protection of the surface layer by increasing its activity [58]. The formation of
soluble magnesium chloride is described by the reaction (4):

Mg(OH), +2Cl" — MgCl, +20H" (4)

This process accelerates the degradation of the material and increases the pH of
the environment [6]. The presence of Cl ions initiates pitting corrosion.

It should be mentioned that the structure of magnesium alloys mainly affects the
course and rate of the degradation process. The analysis of corrosion tests results
and studies of degradation products on the surface of the amorphous MgesZn;,Cay
alloy allow to distinguish and link the probable stages of the degradation process for
the tested alloy in selected micro-areas, which include [59]:

* transformation of the oxide layer into hydroxide,

* penetration of the hydroxide layer by chlorides,

release of metallic ions and their transfer to solution,

hydrogen evolution,
* creating a protective layer.

It should be noted, that the specified steps are not consecutive, but may occur
simultaneously during the immersion of the amorphous Mgg4Zn3,Ca, alloy. Therefore,
the degradation of the amorphous Mgg4Zn;,Ca, alloy can be considered as a total
result of the following processes: the release of alloy components and the formation
of protective layers. When the sample is immersed in a chloride solution, degradation
occurs directly at the surface, due to the rapid release of active Mg and Ca. On the
other hand, this results in enrichment of the sample’s surface with less active zinc.
With the progress of degradation, zinc is oxidized and accumulates in the vicinity of
disturbed chlorides, and therefore protects against further progression of degradation
[60, 61]. However, the protective layer is not dense enough to completely prevent
degradation. Chlorine ions damage the zinc oxide layer. Damage to the protective
layer facilitates the transition to the Ca and Mg ion solution. These mechanisms are
repeated until the amorphous magnesium alloy has degraded completely [62].

6. Methods of reducing the degradation rate of magnesium alloys by
modifying their surface (application of protective layers)

High corrosion rate of magnesium-based alloys in tissue environment may be
limited, in addition to modifying the chemical composition, by surface treatment
technologies. The degradation process can be controlled by way of coating the
surface or changing its structure [53, 60, 61]. There are two methods of coating:
conversion and deposition processes. Conversion coatings are the product of com-
plex interaction of metal dissolution and precipitation, usually during treatment in
aqueous solutions, while deposition treatments consist of metallic, inorganic and
organic coatings [53, 62, 63]. Modifications in the surface of magnesium alloys by
mechanical treatment are also used [62]. The classification of the coating technol-
ogy for magnesium alloys is shown in Figure 6.

Homogeneity of the corrosion process is an important aspect that determines the
degradation rate and the physical condition of the implant at a specific treatment

11
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Figure 6.
General classification of surface treatment technologies applied on magnesium alloys [62, 63].

stage [63]. Magnesium alloy coatings often have pores and cracks. Corrosion, which
begins in these areas, leads to uneven rate of corrosion, accelerates destruction of the
coating and premature degradation of the implant [63, 64]. Therefore, it is important
to minimize the porosity of the coating by adjusting the parameters of the applica-
tion process or the appropriate preparation of the substrate’s surface [62, 65]. In
addition, protective coatings on biodegradable magnesium alloys should be adapted
to specific applications — e.g. vascular stents have different surface requirements than
orthopedic implants, where osseointegration with newly formed bone is important
[62, 63]. Selected technologies of forming coatings on magnesium alloys are dis-
cussed below with regard to their advantages and disadvantages in terms of use, with
an aim to reduce the corrosion rate:

* Chemical conversion treatment — coatings based on Mg(OH), and fluorine are
the most commonly used coatings developed with this technique, increasing
corrosion resistance, while remaining non-toxic for the surrounding tissues
[63, 66]. Their main advantage is good adhesion [67]. Chemical conversion
treatment is still considered an economically viable technique [63, 66].

* Micro-arc oxidation (MAO) - is considered the most cost-effective technology
in the production of protective coatings against corrosion on Mg-based alloys.
Surface pores and cracks, which accelerate the corrosion rate, are a significant
disadvantage of this technology [60, 63].

* Electrochemical deposition (ED) — is one of the most widely used methods.
It has the ability to create homogeneous, dense protective layers, preventing
further corrosion of the magnesium alloy substrate. Its great advantages,
from technological point of view, are reproducibility and low temperatures of
deposition [63, 66, 67].

* Anodization - the quality of the coating obtained in this technique is strongly
dependent on the parameters of the process: electrolytic composition, applied
constant voltage or current, quality of the alloy surface and concentration
of the alloying elements. The obtained 5-200 pm thick oxide layer creates
functional corrosion protection with excellent adhesion [63, 67]. The main
disadvantage of anodization is low wear resistance [67]. The technique makes
it possible to obtain nano-tubular porous layers. However, this kind of surface
structure is not suitable for some applications, e.g. stents [62, 63].
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* Jon Implantation - thin layers, resulting from the process, do not provide the
required corrosion resistance. Despite many advantages of this technique, like
modification of physical, chemical and electrical properties, ion implantation
is expensive and is not suitable for complex geometries of implant components
[62, 63, 67].

* Physical/Chemical Vapor Deposition (PVD/CVD) — known, widely used
technologies [63]. PVD enables the formation of hard coatings, resistant to
tribological wear, but from the perspective of corrosion resistance, the layers
are too thin and have pores. CVD is energy-efficient and does not manifest
toxicity, but has the disadvantages of complicated layer growth and requires
high temperatures [67].

In choice of the coating technology, one should always take into account preser-
vation of the alloy’s biocompatibility, due to the potential toxicity of the elements
introduced in coating treatments. In addition to coating, an alternative solution is
mechanical treatment (shot peening, machining, burnishing, deep rolling), which
solves the toxicity problem. The literature also describes hybrid techniques, which
combine mechanical treatment with coating, as a promising solution for controlling
the corrosion rate and mechanical properties at individual stages of treatment [63].
Biomimetic coatings are also noteworthy, as they are of biological origin and ensure
excellent biocompatibility, but further work is required to improve their low adhe-
sion to the substrate alloy [63, 67].

The types of protection coatings used to delay/reduce the degradation rate of
magnesium alloys are shown in Figure 7. Besides phosphate and fluoride, most
of the proposed ceramic coatings are non-resorbable. In the case of resorbable
materials, considered polymeric coatings include PLA, PLGA and copolymers.
Composite coatings increasing the corrosion resistance of magnesium alloys, tested
by several researchers, include the following types of coatings: ceramic-metallic and
ceramic-polymer.

As part of the authors’ own research, tests of phosphate coatings on magnesium
alloys were carried out. In this work [78], the chemical method was used for Ca-P
coatings preparation. NaOH and ZnSO, as accelerators were added to phosphatizing
baths, with an aim to form a dense and uniform protective phosphate coating. It

| Types of protective coatings on new magllesium alloys H

Resorbable coatings Non-resorbable coatings
ceramic polymeric composite ceramic composite
coatings coatings coatings coatings coatings

e ——

- [74] oxides ceramic-
phosphates PLA . 71 tallic
1721 i . 0]

polymeric [76]

- PLGA [75] e

fluorides [78]

1731
—

R 1771 carbides

1791

Figure 7.

Types of protective coatings used to delay/reduce the degradation rate of magnesium alloys [68-77].
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should be noted, that NaOH and ZnSO, are used to improve corrosion resistance of
Mg alloys. The results of microscopic observations and phase identification of the
obtained phosphate coatings (with the use of chemical composition of the phos-
phating bath) are shown in Figure 8.

XRD results indicate that obtained protection layers included dicalcium phosphate
dihydrate (CaHPO,-2H,0). Both NaOH and ZnSO, formed the morphology of the pro-
duced layers. The coating obtained by immersion in a phosphatizing bath with ZnSO,
addition (ZnAMS50 sample) consisted of petals. The coating obtained by immersion in
a bath with NaOH addition (NaAMS50 sample) showed plate-like morphology.

The degradation tests of magnesium alloys with Ca-P layers were also performed
(Figure 9a and b) in Ringer’s solution at 37°C. The results of electrochemical tests
indicated that coated samples have more positive value of E,, than non-coated
AM50 sample (Figure 9a). In addition, the cathodic part of potentiodynamic curve

. WAMS50
::31904 Chemical composition of
phosphating bath: 0.05M
. Ca(NO:):*4H:0 + 0.03M
¢ ¢+ 0 ° NaH:P0O.*2H:0+distilled
J*—LLM A water
*
ZnAMS50
>
-’5 Chemical composition of
c IO ¢ o ° phosphating bath: 0.05M
2 e Ll A Ca(NOs):*4H,0 + 0.03M
E NaH:PO.*2H.O+distilled
water+ 0.03M ZnS0.*7H:0
0
~ NaAMS50
Chemical composition of
o phosphating bath: 0.05M
—E— e *—@* 22X CalNO):*aH:0  +  0.03M
10 0 0 9 100 NaH:P0O.*2H:0+distilled
2 theta [ ] water+ 0.03M NaOH
Figure 8.

X-ray diffraction patterns and SEM images of Ca-P coatings on Mg alloy [78].
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Figure 9.
Results of degradation tests of Mg alloys with calcium phosphate coatings in Ringer’ solution at 37°C:
(a) polarization curves, (b) hydrogen evolution [78].
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determined for the coated samples is located in a low current range, which indicated
alow cathodic activity. It corresponds with the immersion tests results (Figure 9b).
The volume of evolved hydrogen (hydrogen is a result of cathodic reactions) in an
uncoated sample was higher than its level in coated samples.

The degradation rate of ceramic material determines the occurrence of defects,
cracks and flaws in technology. Defected ceramics can be destroyed in contact with
water. Inclusions of other phases are equally disadvantageous to ceramic materials,
that lead to their degradation. In contact with water, these inclusions accelerate
aging and increase volume. These processes also have a direct impact on deteriora-
tion of the mechanical properties of ceramic materials [79].

7. Conclusions

Magnesium is a very important macroelement for the human body and serves
alot of functions. Its deficiency can cause many disorders and health ailments.
Accordingly, magnesium is widely used in therapy, primarily for the treatment of
heart disease, cardiovascular system or respiratory system. This became a premise
for the use of magnesium and its alloys in medicine as a potential biomaterial for
medical implants. The concept of using magnesium alloys as resorbable medical
implants assumes that it will be non-toxic to the human body. The alloy components
will also be elements present in the human body. The resorbable biomaterial of a
magnesium alloy would be an alternative to the previously used implants, mainly
orthopedic ones. Unfortunately, the high degradation rate of the magnesium alloy
and the release of hydrogen gas in the environment of physiological fluids limit the
use of these alloys as a biomaterial. Therefore, the research community continues
to test different types of surface treatment for magnesium alloys, to protect it from
rapid degradation. Taking into account the results of the global research and the
authors’ own research, this seems to be the right way to obtain a resorbable bioma-
terial of magnesium alloy.
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