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ABSTRACT 

 

DESIGNING OF Ti -Mg COMPOSITE S FOR VARIOUS APPLICATIONS  

 

 

 

B¿tev ¥cal, Ezgi 

Doctor of Philosophy, Metallurgical and Materials Engineering 

Supervisor : Prof. Dr. Arcan F. Dericioĵlu 

Co-Supervisor: Assoc. Prof. Dr. Ziya Esen 

 

 

July 2020, 232 pages 

 

In this study, galvanic corrosion of Ti-Mg based composites has been examined by 

combining different Mg-alloys with Ti6Al4V alloy and by addition of Na-rich layer 

between two dissimilar metals. After determining the wetting behavior of liquid 

unalloyed Mg, AZ91, and WE43 alloys on solid Ti6Al4V alloy, three different 

composites were manufactured via infiltration of liquid Mg/Mg-alloys into porous 

Ti6Al4V alloy skeletons. The same procedure was also repeated after coating the 

porous surfaces of Ti6Al4V alloy by alkali treatment. Electrochemical and non-

electrochemical tests have been conducted in simulated body fluid (SBF) separately 

for bulk samples of Mg/Mg alloys, and their composite counterparts with and 

without Na-rich coating to reveal and compare corrosion mechanisms. 

The composites containing unalloyed Mg and AZ91 alloy exhibited greater relative 

density due to their better wettability on Ti6Al4V alloy. Bulk Mg/Mg alloys 

displayed micro galvanic corrosion, and AZ91 had the highest corrosion resistance 

with its homogenously distributed Mg17Al 12 intermetallics. On the other hand, the 
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coupling of Mg/Mg-alloys with Ti-alloy intensified the galvanic corrosion; however, 

the corrosion was not as severe as Ti6Al4V-Mg composites when AZ91 and WE43 

alloys are used. In addition, formation of TiAl3 phase in the Ti6Al4V-AZ91 

composite reduced the galvanic effect significantly. The presence of Na-rich coating 

in the composites alleviated the galvanic effect. Although its impact was not visible 

in composites containing Mg-alloys, remarkable improvement in corrosion 

resistance was obtained in Ti6Al4V-Mg composite. Na-rich coatings not only 

reduced the galvanic corrosion but also enhanced the bioactivity of composites by 

allowing precipitation of Ca-P phases. 

 

Keywords: Ti6Al4V-Mg Composites, Magnesium Alloys, Galvanic Corrosion, 

Wettability, In-vitro 
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¥Z 

 

¢EķĶTLĶ UYGULAMALAR Ķ¢ĶN Ti-Mg KOMPOZĶTLERĶNĶN DĶZAYNI 

 

 

 

B¿tev ¥cal, Ezgi 

Doktora, Metalurji ve Malzeme M¿hendisliĵi 

Tez Yºneticisi: Prof. Dr. Arcan F. Dericioĵlu 

Ortak Tez Yºneticisi: Do. Dr. Ziya Esen 

 

 

Temmuz 2020, 232 sayfa 

 

Bu alēĸmada, farklē Mg alaĸēmlarēnēn Ti6Al4V alaĸēmē ile birleĸtirilmesinin ve iki 

farklē metal arasēnda sodyum bakēmēndan zengin bir kaplamanēn varlēĵēnēn, Ti-Mg 

bazlē kompozitlerin galvanik korozyonuna etkisi incelenmiĸtir. Sēvē Mg, AZ91 ve 

WE43 alaĸēmlarēnēn katē Ti6Al4V alaĸēmē ¿zerindeki ēslatma davranēĸē incelendikten 

sonra, sēvē Mg/Mg-alaĸēmlarēnēn gºzenekli Ti6Al4V alaĸēmēna emdirilmesi ile ¿ 

farklē kompozit elde edilmiĸtir. Aynē  iĸlemler, Ti6Al4V alaĸēmēnēn gºzenekli 

y¿zeylerinin alkali iĸlemi ile kaplanmasēndan sonra da tekrarlanmēĸtēr. Hacimli 

Mg/Mg alaĸēm numuneleri ile sodyum bakēmēndan zengin kaplama ieren ve 

iermeyen kompozitlerin korozyon davranēĸlarē yapay v¿cut sēvēsēnda (YVS) 

gerekleĸtirilen elektrokimyasal ve elektrokimyasal olmayan testler ile 

belirlenmiĸtir. 

Sēvē Mg ve AZ91 alaĸēmē katē Ti6Al4V alaĸēm y¿zeyini daha iyi ēslatabildiĵi iin 

Mg ve AZ91 ieren kompozitler gºreceli olarak daha y¿ksek yoĵunluĵa sahip 
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olmuĸlardēr. Hacimli dºk¿m Mg/Mg alaĸēmlarēnda mikro galvanik korozyon 

gºzlemlenmiĸ ve AZ91 alaĸēmēnēn, yapēsēnda homojen daĵēlmēĸ Mg17Al 12 

intermetaliklere baĵlē olarak en y¿ksek korozyon direncine sahip olduĵu tespit 

edilmiĸtir. ¥te yandan, Mg/Mg alaĸēmlarēnēn Ti alaĸēmē ile birleĸtirilmesi galvanik 

korozyonun hēzlanmasēna neden olmuĸ fakat AZ91 ve WE43 alaĸēmlarēnēn kullanēmē 

galvanik korozyonu Ti6Al4V-Mg kompozitine gºre azaltmēĸtēr. Ek olarak, 

Ti6Al4V-AZ91 kompozitinde TiAl3 fazēnēn oluĸumu galvanik etkiyi ºnemli ºl¿de 

azaltmēĸtēr. Sodyum bakēmēndan zengin kaplamanēn varlēĵē ise kompozitlerde 

galvanik etkiyi azaltmēĸtēr. Mg-alaĸēmē ieren kompozitlerde sodyumca zengin 

kaplamanēn galvanik korozyona etkisi ok olmasa da, Ti6Al4V-Mg kompozitinin 

korozyon direncinde dikkate deĵer bir iyileĸme elde edilmiĸtir. Sodyum bakēmēndan 

zengin kaplama sadece galvanik korozyonu azaltmakla kalmamēĸ, aynē zamanda Ca-

P fazlarēnēn oluĸmasēna olanak saĵlayarak kompozitlerin biyoaktivitesini de 

arttērmēĸtēr. 

 

Anahtar Kelimeler: Ti6Al4V-Mg Kompozitleri, Magnezyum Alaĸēmlarē, Galvanik 

Korozyon, Islatēlabilirlik, In-vitro 
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CHAPTER 1  

1 INTRODUCTION   

Recent studies have focused on the development of biodegradable materials having 

acceptable degradation characteristics with time without releasing toxic elements. 

Among the biomaterials, the usage of biodegradable metals has several advantages 

such that secondary surgery is not needed after implantation since they 

spontaneously degrade in the human body and replace with bone tissues when they 

are used as bone substitutes. Therefore, biodegradable metals are considered as 

alternatives to permanent bioinert metals, which remain in the body even after 

healing and sometimes cause adverse reactions. Although they degrade over time, 

biodegradable material should stay enough time in the body and preserve its 

mechanical integrity to provide sufficient strength during the first few weeks of the 

healing stage.  

Over the last years, magnesium (Mg) and Mg alloys are considered as appropriate 

candidates for biomedical applications because of their degradable characteristics in 

an aqueous environment, together with their low densities (1.75-2.00 gr/cm3) 

comparable to those of bone. Additionally, magnesium and its alloys possess 

excellent mechanical compatibility (elastic moduli (41-45 GPa)) with the bone, 

thereby alleviating the stress-shielding problem associated with the remarkable 

difference between the elastic moduli of implant and bone. 

Besides its usage as an implant material, the presence of Mg in the human body 

contributes to many biological reactions, bone strength, and growth of bone tissues. 
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Therefore, the deficiency of Mg in the body causes an increase in the risk of 

cardiovascular disease and neurological problems.  

Despite their numerous favorable properties, the high corrosion rate of magnesium 

and Mg alloys causes deterioration of their mechanical integrities shortly after 

implementation, before complete healing. In addition, Mg generates the hydrogen 

gas bubbles adjacent to the implant during its degradation, which could delay the 

healing of the damaged tissue. Accordingly, research about magnesium and Mg 

alloys implants have focused on controlling and slowing down the corrosion rate. 

The surface treatment and alloying are two different approaches used for reducing 

the degradation rates of Mg and Mg alloys. The surface modification of magnesium 

enables controlling the corrosion rate and improves the biocompatibility by adding 

a corrosion resistant biocompatible coating. On the other hand, by alloying, newly 

designed magnesium alloys for biomedical applications such as Mg-Ca, Mg-Sr, Mg-

Zn, Mg-Al , and Mg-Ag have been developed with enhanced mechanical properties 

and corrosion resistance. Moreover, the addition of rare earth (RE) elements such as 

Gd, Nd, and Y have commonly used in Mg alloying, which are designed as 

biodegradable stents in cardiovascular applications. In addition, the solid solution 

effect of alloying elements, the presence, and distribution of second 

phases/intermetallics formed as a result of alloying determine the corrosion behavior 

of the alloy with its rate. Therefore, to minimize the micro galvanic corrosion in the 

alloy, both types of the elements and resultant phases/intermetallics should be 

carefully controlled with their size and distribution. 

In contrast to Mg and Mg alloys, titanium and Ti-alloys, popular metallic 

biomaterials, display bioinert character and preferred to be used especially in 

artificial joints owing to their excellent corrosion resistance, high fatigue strength, 

and good biocompatibility. However, mismatch of elastic moduli differences 

between titanium-based implants and bone lead uneven load distribution, which 
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results finally stress-shielding and loss of implant by bone resorption. Thus, the 

problem related to the mismatch of elastic moduli between bone and Ti-alloy should 

be overcome by either modifying the chemical composition or structure/geometry of 

Ti-alloys. One of the possible solutions is to manufacture porous titanium foams with 

relatively lower elastic modulus so that the mechanical stability between bone and 

implant can be achieved. Additionally, the open porous structure of titanium foams 

provides a suitable place for bone growth and enables the transfer of body fluid. As 

a result, several studies have been focused on the production of porous titanium 

foams through the use of different techniques such as loose powder, space holder, 

gas entrapment, and additive manufacturing techniques. Among the aforementioned 

techniques, loose powder sintering is one of the most cost effective and practical 

methods, which is based on the partial sintering metal powders at elevated 

temperatures to control pore size, distribution, and interconnectivity of pores. 

Although generating pores in the structure alleviates the stress-shielding problem by 

reducing the elastic moduli and provides a place for ingrowth of bone tissues, a 

porous structure is vulnerable and cannot be loaded before ingrowth of bone tissues. 

Therefore, filling the pores of titanium alloy with biodegradable magnesium may be 

an alternative solution to increase the strength of the implant under repetitive 

loading. In addition, elastic modulus can be tuned easily by changing the relative 

amounts of titanium and magnesium in the composite. Moreover, combining porous 

bioinert titanium with biodegradable magnesium can also enhance bioactivity since 

magnesium promotes the formation of new bone and accelerate precipitation of 

calcium phosphate phase. During in vivo, dissolved magnesium is expected to 

replace by new bone tissues. Accordingly, a dynamic balance between the 

degradation of magnesium and the new bone ingrowth could be achieved so that no 

dramatic decrease will be observed in the strength; therefore, the implant can also be 

loaded even in the degradation stage of the magnesium. However, it has been 

reported that galvanic corrosion occurring between dissimilar metals like Ti and Mg 
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accelerates the dissolution rate of magnesium, thereby increasing the hydrogen gas 

evolution rate. Replacement of Ti and Mg with their alloy form counterparts and 

eliminating the direct contact of Ti and Mg by the formation of an interlayer between 

two metals may be used as an approach to alleviate the galvanic effect.  

In the present study, three different magnesium alloys, namely, unalloyed Mg, AZ91, 

and WE43 alloys, were impregnated into porous Ti6Al4V skeletons with 

pressureless liquid infiltration method to observe the effect of coupling of Ti6Al4V 

alloy with unalloyed Mg and Mg-alloys with different chemical compositions. 

Ti6Al4V-Mg/Mg alloy composites were tested by non-electrochemical and 

electrochemical techniques to compare the corrosion behaviors and mechanisms of 

composites with the bulk alloys constituting the composites. As a second approach, 

Na-rich coating was applied on porous surfaces of Ti6Al4V alloy prior to Mg 

infilt ration with the aim of decreasing the galvanic effect in the composite samples. 

Na-rich coating was especially preferred since it is known to enhance 

osseointegration in Ti-alloys as well. Therefore, after the degradation of Mg/Mg-

alloy regions in the composites over time, Na-rich coating on Ti-alloys is supposed 

to allow direct bonding of the bone tissues, which is rarely seen in uncoated Ti-

alloys. The effect coating layer on corrosion behaviors of the composites was also 

investigated by electrochemical techniques as well as non-electrochemical 

techniques like hydrogen evolution test. 

This thesis comprises of five main chapters. In the first chapter, the introduction, the 

current state of the subject is summarized, and the motivation of the study is 

presented. On the other hand, a detailed literature review has been given in Chapter 

2, which is subdivided into various parts. Firstly, definitions and classifications of 

biomaterials are given. Then, the proposed corrosion models of biodegradable 

Mg/Mg-alloys are discussed in detail. Apart from these, the production methods of 

porous titanium alloys and their surface modification techniques are also briefly 
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introduced. The information about biocomposites, including Ti-Mg, is given at the 

end of Chapter 2. The properties of materials used in the present study, the details of 

the composite production methods and coating techniques are given in Chapter 3. 

Furthermore, this chapter also includes the details of test methods used to 

characterize the corrosion behaviors (non-electrochemical and electrochemical 

tests), the wettability tests, in-vitro studies, and characterization techniques. The 

results of the work and discussion are presented in Chapter 4, which is subdivided 

into three main sections. In the first section, important findings of the wetting 

behavior of liquid unalloyed Mg, AZ91, and WE43 alloys on the Ti6Al4V alloy is 

given. Subsequently, the structure and mechanical properties of Ti6Al4V-unalloyed 

Mg/AZ91/WE43 composites have been investigated. The second section includes 

the results about the formation and characterization of Na-rich coating layers 

between Ti6Al4V alloy and Mg-Mg alloy in the composites and its effect on the 

wetting behavior of liquid Mg/Mg-alloys. In the last part of Chapter 4, the 

experimental results about the corrosion behaviors, and corrosion mechanisms of as-

cast bulk Mg/Mg-alloys, Ti6Al4V-Mg/Mg-alloy composites, and Na-rich coated 

Ti6Al4V-Mg/Mg-alloy composites have been investigated after immersion in SBF. 

Finally, in Chapter 5, important findings of the current work are listed with the 

proposed future studies
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CHAPTER 2  

2 LITERATURE REVIEW  

2.1 Biomaterials 

The biomaterial is defined as a material that is designed to interact with the body and 

to replace a part of the body in a reliable, economical, and physiologically acceptable 

way [1]. Therefore, biomaterials can be used for replacing a missing part of the body 

part by improving its function or by duplicating the structure that no longer exists. 

Also, the researchers have stated that the main objective of biomaterials is the 

improvement of human health by repairing the function of the tissue in the body [2ï

4]. Therefore, it is essential to understand the relationship between the structure-

property relationships of biomaterials to use them successively in biomedical 

applications. Nowadays, the usage of biomaterials has been growing by 

incorporating the knowledge and ideas from diverse disciplines such as medicine, 

chemistry, biology, material, and engineering sciences.  

For thousands of years, there have been attempts to replace or correct damaged or 

diseased body parts. The first biomaterials used were the linen sutures seen in Egypt, 

which dates back to 3000 BC, and the seashells used as an artificial tooth [5]. 

However, ancient biomaterials had been failed mainly because of the toxicity and 

the lack of knowledge about infection control [1,6]. Witte et al. [4] stated that the 

development of biomaterials has evolved through three generations. The objective 

of the first-generation biomaterials was to obtain a proper combination of functional 

properties to match those of the tissue without considering the tissue response. 
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Therefore, most of the first-generation biomaterials were designed to be bioinert. 

Some of the examples were the joint prosthesis implemented by Charnley in 1958 

[7], vascular graft invented by Vorhess in the early 1950s [8], kidney dialysis 

introduced by Kolff in 1943 [9], and stent and heart valves invented by Hufnagel in 

the early 1950s [5]. In the mid to late 1800s, H.S. Levert [6] examined the various 

metal implants such as silver, gold, and platinum for bone fixation plates in dogs. At 

the end of the 1940s, the number of biomaterials with acceptable medical principles 

had been grown because of the increased life expectancy in developing countries. 

 

 

Figure 2.1. Evolution of biomaterials science and technology [6]. 

 

On the other hand, the second generation of biomaterials mainly consists of 

resorbable biomaterials, which degrades with a specific rate that can be regulated 

according to the need for desired applications. For example, a biodegradable suture 

made up of polyglycolic acid (PGA) has been widely used in clinical applications. 

Another application area is controlled drug delivery, which targets specific tumors, 

blood vessels, etc. [10].  

The third generation of biomaterials aims to support and stimulate the improvement 

of functional tissue at the molecular level [5,6,11]. For instance, bioactive glasses 

and porous foams are being designed to activate genes in order to reconstruct the 

living tissues [12]. As a result, a better understanding of biocompatibility at a 

molecular level can allow the improvement of advanced biomaterials. 
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In recent years, the number of using implantable biomaterials has been growing due 

to the increasing older people population and the desire for maintaining the same life 

quality of patients after surgery [13]. Thus, the need for high performance 

biomaterials has also steadily increased in different areas such as cardiology, 

orthopedics, vascular therapy, and dental implants. The variety of biomaterials that 

can meet the various needs required for different applications allows the selection 

and usage of the materials, such as biodegradable materials for temporary tissue 

healing, bioinert materials used for permanent replacement of lost body parts, and 

the metals with high electroconductivity to be used in artificial organs [1,13]. The 

biomaterials used in all of the aforementioned areas should possess unique properties 

such as excellent biocompatibility, high corrosion/wear-resistant, low toxicity, and 

sufficient mechanical property, which are defined below.  

Biocompatibility: The capability of a material to be accepted by surrounding tissue 

with an appropriate response in the specific applications is defined as 

biocompatibility [5]. Two key factors that determine the biocompatibility of 

biomaterials are the host response induced by the biomaterial and the corrosion of 

the material in the human body [5,14,15]. A biocompatible material is desired to 

behave with a suitable host response leading to minimum disturbance of standard 

body function. Therefore, no toxic and allergic response is expected to occur during 

the healing process if the material used is classified as biocompatible. 

Corrosion and wear resistance: The corrosion and wear resistance affect the 

mechanical integrity of biomaterial and healing time of tissue [2]. Insufficient 

corrosion and wear resistance may induce the release of toxic elements in an 

extended period.  Similarly, in some cases, high corrosion rate may induce formation 

of gas pockets around the tissue and causes loss of mechanical integrity before 

healing process. Although unalloyed magnesium is one of the biodegradable 

materials, it has high degradation rate in the aggressive environment, especially in a 
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biological fluid [15]. Because of its rapid corrosion rate, the large amount of 

hydrogen gas is released around the implant. Although excess hydrogen is removed 

by the blood flow or by the usage of a syringe, a high amount of retained hydrogen 

gas can cause toxicity in the body [16,17]. Another example is plain carbon steel, 

which can corrode and cause allergic reactions because of the high degradation rate 

[18]. Therefore, the selection of suitable biomaterials should be cautiously made. 

Toxicity: A biomaterial should not be toxic on the local and systemic levels [19]. For 

example, the usage of leachable polymers can cause the unintentional release of the 

elements from the substance, which affect the biological system. Besides, most of 

the metallic implant materials like low carbon steel, and Nitinol (Ti-Ni alloy) having 

low corrosion and wear resistance, can cause the release of unwanted metallic ions. 

For example, nickel may be released from Nitinol and may induce local tissue 

damage and also inflammatory reactions. On the other hand, the release of the iron 

oxide, which is the corrosion by-product of iron (Fe) stents, should be controlled 

because iron overdose may cause toxicity and inflammation around the implant [20]. 

Mechanical property: Biomaterials or devices should match sufficient mechanical 

requirements in order to perform a physiological function for a specific application. 

For example, a hip prosthesis, which is desired to carry body load partly, must be 

strong and rigid in order not to fail under heavy loads for long term periods, and it 

should also possess elastic modulus similar to that of bone to lessen stress-shielding 

effect [6]. On the other hand, a leaflet in a heart valve must be flexible and tough 

enough to flex four thousand times per hour without tearing for the life span of the 

patient [6]. Therefore, depending on the type of applications, biomaterials used for 

substituting the human tissue or organ should match the desired specific mechanical 

properties. 

https://tureng.com/en/english-synonym/cautiously
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2.2 Classification of biomaterials 

Depending on the type of materials, biomaterials can be classified into four major 

groups, which are biopolymers, bioceramics, biometals, and biocomposites. 

2.2.1 Biopolymers 

Since the beginning of the twentieth century, a wide variety of polymers have been 

started to be used in biomedical applications. They are mainly preferred for hard and 

soft tissue applications such as vascular prosthesis, intraocular prosthesis, Figure 

2.2(d), catheters, drug delivery aids [5,6,21]. For example, ultra-high molecular 

weight polyethylene (UHMWPE) is used as an acetabular cup in the hip prosthesis, 

Figure 2.2(b).  Although polymeric biomaterials are not appropriate for screws, 

plates, or other fixations devices that require high mechanical strength, they are 

mainly used as fibers for repairing the damaged tissue and wrapping biodegradable 

stents [22]. In addition, smart polymers have been used in order to clarify bio-

separation problems in drug delivery systems. For instance, flexible hydrogels 

having 3D structures and not dissolving in the water help the process of bio-

separation by changing its volume in response to the external stimulus [23]. 

Moreover, polylactide-co-glycolide (PLGA) is another example of degradable 

polymers used for biomedical applications. PLGA has widely used in sutures, tissue 

engineering scaffolds, and drug delivery devices due to its rapid degradation rate 

compared to other polyesters [24]. 

2.2.2 Bioceramics 

Bioceramics have been preferred due to their excellent compressive strength, good 

biocompatibility, high corrosion, and wear resistance. However, they cannot be used 

https://tureng.com/en/english-synonym/appropriate
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in load-bearing applications because they are hard and brittle and prone to fatigue 

failure. Common bio-ceramics are alumina (Al2O3), zirconia (ZrO2), and a form of 

calcium phosphate named as hydroxyapatite (Ca10(PO4)6(OH)2) [25,26]. Bioceramics 

can be utilized in the replacement materials for malfunctioning joints as well as 

bones and teeth due to bioinert characteristic, high resistance to friction, and their 

high hardness. Besides, they are integrated with metals in dentistry, such as teeth 

root, Figure 2.2(a), and orthopedic applications like a hip prosthesis as alumina-

zirconia ceramic femoral head, Figure 2.2 (b), where high wear resistance is required. 

Alumina, which is most widely used as bioceramics in the biomedical applications, 

is used as electrical insulation for pacemakers, and inner ear ossicles due to their high 

lifespan [6,25,27]. Besides, bioactive ceramics such as bio-glass, and sintered 

hydroxyapatite can allow the formation of direct bonding to surrounding tissue. 

These types of ceramics can stimulate healing and are utilized as essential bone 

substitutes in the biomedical field [5].  

 

Figure 2.2. Dental implants with various designs, (b) A hip prosthesis containing 

titanium alloy femoral stem, alumina-zirconia ceramic femoral head, and 

UHMWPE acetabular cup, (c) mechanic metallic heart valve, and (d) intraocular 

lenses [6]. 
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2.2.3 Biometals 

Biometals have an essential role in biomedical applications such that in the last 

decades, around 70 % of implants are made from metallic materials [28]. They have 

a wide range of usages in the human body, such as cardiovascular devices (stents, 

staples, and artificial hearts [13,29]), dental implants (orthodontics [30], dental 

braches [3]), and orthopedic applications (hip and knee joint implants). 

Biometals can be examined in two main groups, which are degradable and permanent 

biometals. 

2.2.3.1 Degradable biometals 

The biodegradable metals are defined as the metals which should dissolve 

completely without any residue and corrode gradually in vivo with a suitable 

surrounding tissue response induced by the released corrosion products [23]. The 

usage of biodegradable metals has various advantages such that secondary surgery 

is not needed after implantation because of their spontaneous degradation in the 

human body environment. In addition, degradable biomaterials are alternative to 

permanent implants, which may induce long-term complications. 

However, biodegradable metals should keep their mechanical integrity during the 

healing of surrounding tissue, and they should dissolve without causing any toxicity. 

However, it is reported that biodegradable metals, for example, metallic stents, have 

a relatively faster degradation rate than expected during the tissue remodeling 

process, Figure 2.3 [31]. For instance, Mg-based stents completely degrade within 

four mounts, which causes the loss of mechanical integrity before complete healing. 

Therefore, there should be an optimum degradation rate that allows sufficient time 

for the healing of the damaged tissue. Surface coating [32ï34] and alloying [35ï37] 
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are two different approaches used to maintain mechanical integrity during healing 

by slowing down the degradation rate of biodegradable metals. 

 

 

Figure 2.3. The schematic diagram of degradation behavior and the change of 

mechanical integrity of biodegradable metallic stents during the vascular healing 

process [31]. 

 

Iron (Fe), zinc (Zn), tungsten (W), and magnesium (Mg) based implant materials are 

commonly used biodegradable metallic materials. Therefore, in the following 

paragraphs, Fe, Zn, and W-based bio metals are described briefly, while magnesium 

and its alloys, which are the subject of the present study, will be explained in detail. 

The first usage of Fe implant was a dental implant, and then Fe wires were used as a 

suture in the seventeenth century; however, infections were observed around the 

implant [38]. In the 1900s, Fe-based plates and screws have been preferred for the 

fracture fixation devices [31]. In recent years, compared to other biodegradable 

metals, they have become more popular from a structural point of view because iron-

based alloys have similar mechanical properties to those of stainless steel. Besides, 

Waksman et al. [39] have shown that the biodegradable iron stent, Figure 2.4(a), is 

safe for implantation in coronary arteries because there is no inflammation around 
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the stent. On the other hand, in vivo test results revealed that a large portion of Fe 

stent remained intact in the blood vessel even after long immersion days [31]. Also, 

it was reported that the Fe implant exhibited a slow degradation rate in the 

preliminary animal test [4]. The ferromagnetic property is another limitation of Fe-

based implant materials, which directly affects the imaging devices like magnetic 

resonance imaging (MRI). As a result, the researchers have focused on the 

modification of the composition, microstructure, and ferromagnetic properties by 

developing new kinds of Fe-based biodegradable metals such as Fe-Mn, Fe-Mn-Si, 

Fe-W and Fe-Fe2O3 [31]. New production methods such as powder metallurgy, 

casting, and inkjet 3D printing have gained attention to obtain Fe-base stents with a 

slower degradation rate and diminished ferromagnetic properties. Besides, alloying 

[40], surface modification [41,42], and heat treatment [20,43] of are the common 

approaches to slow down the degradation and for improvement of the surface 

biocompatibility of Fe-base stents. 

 

 

Figure 2.4. (a) Iron stent, (b) SEM images of Zn-based stent produced by selective 

laser melting method, and (c) tungsten embolization coils. 

 

On the other hand, Zn-based biodegradable metals have become popular due to their 

high biocompatibility and suitable corrosion rate. For example, Vojtech et al. [44] 

have investigated the mechanical properties and corrosion behavior of binary Zn-Mg 
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alloys containing 3% wt. Mg as a bone fixation device. Moreover, Xie et al. [45] 

produced the porous Zn-Ag scaffolds by gas pressure infiltration method. They 

found that Zn-Ag scaffolds showed excellent bioactivity due to high 

biocompatibility and good antibacterial ability of silver (Ag). In addition, the 

corrosion rate of Zn was reduced upon the addition of Ag, which resulted in grain 

refinement. In recent years, by the advancement in additive manufacturing 

technology, Zn cardiovascular stents, Figure 2.4(b), have been produced by the 

selective laser melting method and shown to be replaced by their traditional 

counterparts because of their superior mechanical properties with fine-grained 

microstructure [46].  

Likewise, Tungsten (W) can be considered to be a safe, biodegradable metal since it 

has no toxic effect during dissolution in the human body. Various studies made use 

of tungsten as biodegradable metal. For example, Peuster et al. [19] placed 

embolization tungsten coil into the arteries of rabbits, Figure 2.4(c). They found that 

increased tungsten serum level did not cause any local toxicity, while long-term 

studies are necessary to understand the effect of tungsten levels in the blood. Also, 

Butler et al. [47]  stated that only long-term follow-up would answer this question 

whether elevated levels of tungsten are harmful to health or not. 

2.2.3.1.1 Magnesium 

Magnesium (Mg) is one of the lightest metals with a density of 1.74 g/cm3. It is an 

alkaline earth metal having an atomic number and atomic weight of 12 and 24.305 

g/mol, respectively. It was first recognized as hydrated magnesium sulfate and 

magnesium chloride. Then, Humphry Davy isolated magnesium in 1808 to obtain an 

elemental form entitled as Magnesia of Greek mythology [48].  

Magnesium has a hexagonal closed packed (hcp) structure, and its lattice parameters 

are a: 0.3209 nm, c: 0.5210 nm, and c/a ratio: 1.624 at room temperature, Figure 2.5. 
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Besides, alloying elements can easily dissolve in the magnesium, and magnesium 

tends to form solid solutions with other elements because of its small atomic 

diameter of 0.320 nm [49]. 

Also, positively charged magnesium ions, Mg2+, can bind electrostatically to 

negatively charged molecules like nucleic acids and proteins [50]. Ionized 

magnesium favors the attraction of  water molecules due to the high hydration 

energy, leading to a large ionic radius. The coordination between Mg and H2O 

molecules occurs in octahedral conformation, Figure 2.5(b), with six rigid 

coordination bonds. 

 

 

Figure 2.5. (a) Schematic representation of magnesium HCP showing principal 

planes and directions [49] and (b) Mg ion in octahedral coordination with six water 

molecules [50]. 

 

Two main production methods exist for extraction of Mg named as a thermal 

reduction and electrolysis. The thermal reduction process is conducted at elevated 

temperatures (1200-1600ÁC), in which magnesium oxide is reduced with silicon and 

then produced magnesium vapor is condensed at a lower temperature in the 
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converter. Subsequently, condensed magnesium is then re-melted, refined, and 

poured. This process is called the Pidgeon process, which is one of the least efficient, 

the most straightforward, and oldest production methods [51]. Another production 

method to obtain magnesium in elemental form is the electrochemical technique. 

First, magnesium chloride, MgCl2, is obtained by the precipitation of magnesium 

hydroxide from brine or seawater. Then, MgCl2 is dissolved in the hydrochloric acid 

(HCl) and then melted and electrolyzed. At the cathode, the molten magnesium is 

deposited; on the other hand, the chlorine gas is released at the anode [4]. 

The usage of magnesium has been extensively increased owing to its lightweight, 

excellent biocompatibility, good machinability, good heat dissipation, and high 

damping capacity [35,52ï54]. Several studies have been conducted about the usage 

of magnesium in biomedical applications. Therefore, in the following section, bio-

characteristic and related applications of magnesium and its alloy will be discussed 

in detail. 

2.2.3.1.2 Magnesium as a biomaterial 

Mg is the fourth most abundant cation in the human body, and it is naturally found 

in bone tissues, which contains approximately 67% of the magnesium found in the 

body. 

Moreover, Mg is widely distributed throughout the world only as a divalent cation 

(Mg2+) or in salt or mineral form because of its high level of reactivity. Therefore, it 

took time for magnesium to be found in its elemental form, and it was discovered in 

1755 by Joseph Black [55]. The first usage of magnesium in the biomedical 

application was in 1878 by Edward C. Huse, who used magnesium wire successfully 

to stop bleeding vessels [4]. Then, in 1900, the Australian-German physician Erwin 

Payr believed that Mg wires were brittle to be a suture; therefore,  Mg was used in a 

thin-walled cylinder form as a bone fracture fixation device [56,57]. Mg sheets were 
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also used for restoring joint motion in both animals and humans [4,56]. In the 

following years, magnesium and magnesium alloys have been used as a plate, 

screws, wire, and sheets to heal fractured bone for orthopedic applications, Figure 

2.6(a-b). In recent years, commercial Mg alloys are preferred as cardiovascular stents 

because of their controllable degradation rate. BIOTRONICÈ performed successful 

implantation of a commercial magnesium alloy containing 93 wt. % Mg and 7 wt. % 

RE metals, Figure 2.6(c), in a coronary artery [57]. In addition, Eggebrecht et al. [58] 

believed that Mg stents possessed excellent biocompatibility and good mechanical 

properties compared to those of conventional stainless steel. Both chemical and 

physical properties make magnesium the most functional cation and lead to the 

interaction of Mg ion in a broad range of enzymatic reactions and biological 

functions [50]. 

Mg has a high strength to weight ratio, low density of 1.74 g/cm3, and it can be easily 

cast. Although its high corrosion rate seems to be a disadvantage, degradable 

characteristics in an aqueous environment, together with its low density, enable Mg 

and its alloys to be used for orthopedic applications. Moreover, lightweight Mg 

implants have elastic moduli closer to that of bone than commercially used titanium 

alloys and stainless steel, Table 2.1 [55]. The comparatively low elastic moduli make 

possible reducing the stress-shielding problem observed in load-bearing metallic 

implants. For example, for temporary orthopedic devices, magnesium alloys match 

the elastic moduli of bone better than other metallic alloys (like titanium and stainless 

steel). Therefore, they can be used not only as temporary orthopedic fixtures but also 

as stents, where a high strength to weight ratio is necessary [59]. 
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Figure 2.6. Biodegradable magnesium alloys; (a) headless screw, (b) compression 

screw, and (c) BIOTRONIK stent [60]. 

 

Table 2.1 Properties of various metallic biomaterials and natural bone [50]. 

 Density (g/cm3) Elastic Modulus (GPa) 

Natural bone 1.8-2.1 3-20 

Magnesium-magnesium alloys 1.74-2.0 41-45 

Titanium alloys 4.4-4.5 110-117 

Stainless Steels 7.9-8.1 189-205 

 

The main drawback of using magnesium is the evolution of hydrogen gas and its 

rapid corrosion in an aqueous environment. Since the primary function of 

biomaterials is to maintain its mechanical stability during the healing period, it is 

essential to control the corrosion rate of magnesium alloy by understanding its 

corrosion mechanism and corrosion products when exposed to an aqueous solution 

like in the body fluid. 
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2.2.3.1.3 Corrosion of Mg and its alloys  

Magnesium dissolution in aqueous environments occurs via an electrochemical 

reaction with water to produce magnesium hydroxide and hydrogen gas. The overall 

corrosion reaction of magnesium in aqueous environments is given below: 

 ὓὫ ςὌὕ ᴾὓὫὕὌ  Ὄ  (2.1) 

This overall reaction includes the following partial reactions: 

 ὓὫ ᴾὓὫ ςὩ ὥὲέὨὭὧ ὶὩὥὧὸὭέὲ (2.2) 

 ςὌὕ ςὩ ᴾ Ὄ ςὕὌ  ὧὥὸὬέὨὭὧ ὶὩὥὧὸὭέὲ (2.3) 

 ὓὫ ςὕὌ ᴾὓὫὕὌ ὴὶέὨόὧὸ ὪέὶάὥὸὭέὲ (2.4) 

During the dissolution of magnesium, magnesium hydroxide, Mg(OH)2, Eq. 2.4, 

accumulated on the magnesium substrate, forming a protective corrosion layer. 

However, corroding of magnesium continues when metallic impurities or aggressive 

electrolyte species like Cl- exist in the environment. In the physiological environment 

(pH: 6.8-7.4), magnesium hydroxide starts to dissolve and convert into highly 

soluble magnesium chloride, Eq.(2.5), when the concentration of Cl- ion is above 30 

mmol/l [15,31]. As a result, the surface of a magnesium substrate can undergo severe 

pitting corrosion [61]. 

 ὓὫὕὌ ςὅὰP ὓὫ ςὅὰ ςὕὌ (2.5) 

Moreover, the corrosion of Mg-alloys, which is a kinetic phenomenon, depends on 

the alloy composition, impurity content, distribution and amount of the phases in the 

alloy, and the environmental factors like temperature and pH of the aqueous 

environment are also effective on the corrosion of Mg-alloys. 
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Magnesium and its alloys can undergo various forms of corrosion, such as galvanic 

corrosion, intergranular, and localized corrosion [62], which are explained in the 

following sections of the thesis. 

 

1) Galvanic Corrosion 

Galvanic corrosion is an electrochemical reaction of two dissimilar metals in the 

presence of an electrolyte and electrical continuity [63]. When two different types of 

metals are in contact, and the difference in their electrical potential is at least 100 

mV, galvanic corrosion occurs  [64]. The metal with an electronegative potential 

becomes an anode, while more noble metal acts as a cathode.  

Galvanic corrosion is commonly seen as severe local corrosion of the magnesium 

adjacent to the cathode [63,65]. For example, galvanic corrosion can occur when 

stainless steel bone plates are connected to degradable magnesium screws in the body 

fluid because magnesium is located in the most active metal in the galvanic series, 

Figure 2.7.  

There are two kinds of galvanic corrosion observed for magnesium and its alloys. 

The first one is the macro-galvanic corrosion in which cathodes can be externally in 

contact with magnesium, Figure 2.8(a). In micro-galvanic corrosion, on the other 

hand, the second phase or impurities present in Mg and its alloys could be internally 

in contact with magnesium,Figure 2.8(b). 
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Figure 2.7. Galvanic series of some metals in the seawater environment [66]. 

 

Figure 2.8. Schematic representation of (a) macro-galvanic and (b) micro-galvanic 

corrosion [65]. 
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- Macro-galvanic corrosion 

Figure 2.8 shows the galvanic series for metals in the order of their relative activities 

in ambient seawater [66]. The list starts with the noble metal (cathode) and reaches 

the most active metals (anode). It is seen that magnesium is at the bottom of the list, 

meaning that it is the most active metal among alloys listed, Figure 2.7. Therefore, 

when coupled with one of the metals listed,  magnesium becomes the anode and 

corrodes preferentially in any galvanic couple. 

Figure 2.8(a) shows the schematic illustration of macro-galvanic corrosion of 

magnesium coupled with a less active metal. Severe galvanic corrosion occurs when 

the magnesium is in contact with less active metals such as stainless steel, Ni-Cr-Mo 

alloy, and titanium, Figure 2.7. Because these metals have low hydrogen 

overpotential and act as cathodes. Therefore, the potential difference between Mg 

and other metals can produce galvanic current, I, which causes the magnesium 

dissolution at the anode and hydrogen evolution at the cathodic site, Figure 2.8(a). 

 

- Micro -galvanic corrosion 

Micro galvanic corrosion takes place between the Ŭ-Mg matrix having a lower free 

corrosion potential and second phases or metallic impurities (Fe, Ni, and Cu) with a 

higher free corrosion potential [67]. Therefore, the anodic Ŭ-Mg matrix is corroded 

preferentially, and hydrogen evolution is observed at the cathodic secondary phase, 

Figure 2.8(b). Secondary phases such as and Al8Mn5 and Mg17Al 12 are cathodic to 

Ŭ-Mg matrix [68,69], while the other types of secondary in the rare earth (RE) 

containing magnesium Mg alloys like WE43 (Mg-Y-Nd), GW93 (Mg-Y-Gd), are 

found to be more active than Mg matrix [70]. 
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2) Pitting Corrosion 

Magnesium undergoes pitting corrosion when exposed to chloride ions in neutral or 

alkaline solution [53]. The reasons for the formation of pits may be related to several 

reasons, such as the chemical composition, surface condition, and grain size of Mg 

alloy, and the environmental conditions (i.e., pH, temperature) [53,63,71]. For 

example, the discontinuous oxide film on the AM60 alloy causes the adsorption of 

Cl- anion in the Ŭ phase. Therefore, after the dissolution of Ŭ-phase, the passivation 

film is collapsed, and subsequently, pitting corrosion takes place [71]. 

3) Intergranular Corrosion  

Magnesium and its alloy are not susceptible to intergranular corrosion. Grain 

boundaries are always cathodic relative to the grain interior; therefore, corrosion 

does not penetrate the grain along the grain boundaries [63]. Accordingly, grains are 

anodic to grain boundary so that corrosion focuses on an area adjacent to grain 

boundaries [65]. 

4) Stress Corrosion Cracking 

Stress corrosion cracking (SCC) of magnesium alloys results from the combined 

effect of electrochemistry and the tension forces. SCC is expected to occur when Mg 

alloy is exposed to stress in wet conditions. In the presence of hydrogen, SCC 

initiation stress decreases below the operation value so that catastrophic failure 

occurs. Although the addition of aluminum and zinc enhance the SCC, alloying with 

tin decrease the stress corrosion sensitivity of Mg alloy [72]. 

2.2.3.1.4 Proposed corrosion models for Mg and its alloys 

The negative difference effect (NDE) is an extraordinary phenomenon affecting 

especially magnesium and its alloy dissolution. Generally, electrochemistry 

categorizes corrosion reactions in either anodic or cathodic [73]. By increasing 
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applied potential or current density, the anodic reaction rate increases and 

simultaneously a decrease is observed in the cathodic hydrogen evolution for 

traditional metals like copper, steel, and zinc. However, the hydrogen evolution 

behavior of magnesium appears to be different from the basics of the electrochemical 

theory. Figure 2.9 shows a schematic illustration for the NDE, in which solid lines 

labeled as Ia and Ic, the normal anodic and the cathodic partial reactions, respectively, 

are assumed to obey Tafel kinetics [65]. At the corrosion potential, Ecorr, the rates of 

both reactions are equal to Io. Typically, increasing the applied potential from Ecorr 

to Eappl causes a decrease in cathodic rate from Io to IH,e, and an increase in anodic 

reaction rate from Io to IMg,e. However, it is experimentally found for Mg and its alloy 

that increasing the potential leads to an increase in the dissolution rate and hydrogen 

evolution rate, shown by dashed lines, IMg and IH, Figure 2.9. Therefore, for an 

applied potential, Eappl, the actual hydrogen evolution rate (HER), corresponds to the 

IH,m, which is higher than the expected current IH,e. Also, the anodic Mg dissolution 

current can increase faster than expected from the polarization curve, IMg, meaning 

that the actual dissolution rate, IMg,m is significantly higher than the expected current, 

IMg,e. 
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Figure 2.9. Schematic representation of the negative difference effect (NDE) [65]. 

 

Several authors have tried to explain the NDE phenomena via developing four 

different models described below: 

i. Partially protective surface film 

This model purposed that NDE is referred to as the breakdown of the partially 

protective layer on the surface during the dissolution of magnesium. Divalent 

magnesium ions, Mg2+, dissolve into the solution near the metal/electrolyte interface, 

experience hydrolysis, resulting in lowering the pH of the solution and enhance the 

corrosion rate. Also, the thickness of the protective film decreases as the 

potential/current is increased [65], as given in Figure 2.10(a-b). 
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Figure 2.10. Model of the partially protective surface film; (a) low E or I and (b) 

high E or I nad (c) Mono-valent magnesium ion model [65]. 

 

ii. Mono-valent magnesium ion model 

In this model, Mg+ monovalent ion may be involved in the NDE as schematically 

given in Figure 2.10(c). It is believed that the Mg+ monovalent ion is produced 

electrochemically, according to Eq. 2.6:  

 ὓὫO ὓὫ Ὡ  (2.6) 

Then, intermediate mono-valent Mg+ ion chemically reacts to evolve hydrogen gas 

by the following Eq. 2.7. 

 ςὓὫ ςὌ  ᴼςὓὫ  Ὄ  (2.7) 

Song et al. [65] stated that this mechanism is consistent with the experimental results 

in which the hydrogen evolution rate increase with an increase of applied anodic 

potential. 

iii. Particle undermining model 

This model proposes the NDE in terms of the undermining and falling away of 

second phase particles, especially at high anodic current potential or current,Figure 

2.11 (a-b). Also, this model can be explained by the micro-galvanic corrosion 
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mechanism [63].  Second phase particles (i.e., impurities in pure Mg or Mg12Al 17 

phase in Mg-Al alloys) are more cathodic to surrounding magnesium matrix so that 

local galvanic corrosion occurs at the particle boundary [65,74]. Also, a particle can 

be undermined by corrosion of the adjoining Mg matrix, resulting in particles fall 

out and increased mass loss. Also, more undermining of particles can occur at the 

higher current densities, Figure 2.11(a-b). 

 

Figure 2.11. Schematic representation of particle undermining model at (a) low and 

(b) high current density/potential and (c) magnesium hydride model [65]. 

 

iv. Magnesium hydride (MgH2) model 

This model suggests that the NDE can be explained by the formation of magnesium 

hydride, MgH2, layer on the specimenôs surface [65,74], as shown in Figure 2.11(c). 

MgH2 is quite reactive in water and produces H2 by the following reaction: 

 ὓὫὌ ςὌὕᴼὓὫ  ςὕὌ ςὌ  (2.8) 

Although this model is based on thermodynamics, predicting the stability of MgH2, 

it is a contradiction to basic electrochemistry. Because Eq. (2.8) is a cathodic 

reaction, HER should decrease with an increase of potential or current. However, 

there is still debate on the existence of the NDE for Mg and its alloy. Maker et al. 

[75]  stated that there was no NDE for corrosion of the as-cast AZ61 alloy. In 

contrast, Chen et al. [76] concluded that magnesium hydride, partially protective 
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film, monovalent magnesium ion model, and particle undermining model were the 

primary mechanism for the NDE as-cast AZ91 alloy. Also, Zhang et al. [77] showed 

that HER increased with increasing potential for AZ91 alloy based on the partial 

breakdown of the passive film. 

Furthermore, the NDE is associated with the corrosion performance of the 

magnesium alloy. An alloy having a higher degradation rate performed a severe 

NDE. If magnesium can form a stable surface film, NDE can be prevented, and 

corrosion resistance of the alloy can be enhanced. 

2.2.3.1.5 Factors that affect the corrosion of Mg alloy  

Several parameters affect the corrosion of magnesium alloys, which are chemical 

composition (impurities, alloying elements), microstructure (second phase, grain 

size), and environment (solution, temperature, atmosphere). In the following section, 

the effect of impurity elements, alloying elements, and the role of the second phase 

in the microstructure will be discussed in detail. 

- The impurity content 

The type and concentration of the impurities have various effects on the corrosion 

characteristics of magnesium. Hanawalt et al. [78] studied the effect of different 

impurity elements on the corrosion rate of magnesium alloy in the saltwater. They 

have divided 14 elements into three main groups. The first group includes Fe, Ni, 

Cu, and Co elements, which are extremely detrimental to the corrosion when their 

concentrations are below 0.2 wt. %. The second group of elements was containing 

Ag, Ca, and Zn, which do not have a significant influence on corrosion between the 

concentrations of 0.5 and 5 wt. %. On the other hand, the last group (Al, Sn, Cd, Mn, 

Si, and Na) had rarely effect on the corrosion of Mg at the concentration below 5 wt. 

%. Moreover, recent studies have also revealed that the most critical issue in the 
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dissolution of Mg is its purity. Especially, Fe, Ni, and Cu elements have detrimental 

effects because of their low solid-solubility limit. They become the active cathodic 

sites and accelerate the corrosion rate because of micro galvanic coupling with 

anodic Mg-matrix. For example, the FeAl3 intermetallics acts as a cathodic site so 

that they cause degradation of magnesium [79]. Therefore, it is essential to control 

the quantity and types of impurity elements to control the corrosion of magnesium. 

- Types of alloying elements 

Magnesium alloys are usually alloyed to get the desired mechanical property and 

corrosion rate for specific applications. The first step in the designing of magnesium 

with a lower corrosion/degradation rate is the careful selection of alloying elements. 

Various alloying elements like Al, Zn, Mn, Ca lead to the formation of the different 

microstructures and enhance the corrosion behavior of resultant magnesium alloy. 

Commercial Mg-alloys used as biodegradable materials in biomedical applications 

includes mainly AZ (Mg-Al -Zn), WE (Mg-RE), and ZK (Mg-Zn-Zr) series alloys 

[80], Figure 2.12. 

 

 

Figure 2.12. Development of magnesium with various alloying elements [80]. 
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Aluminum (Al)  

Aluminum (Al) has been mostly preferred alloying element for magnesium with a 

maximum solubility of 12.7 wt. %, Figure 2.13 [81]. Various Mg-Al based alloy 

systems, such as AZ and AM alloys, have been developed for various applications 

to understand the corrosion mechanism of Mg alloys [82ï86]. Aluminum addition 

results in ɓ-phase (Mg17Al 12) precipitation, which enhances the corrosion resistance 

by acting as a corrosion barrier. Moreover, aluminum contributes to solid solution 

strengthening and precipitation of the second phase in the form of Mg17Al12 along 

grain boundaries as a continuous phase [87] and the formation of a lamellar structure 

[65].  

Gusieva et al. [37], on the other hand, believed that Al with an amount of above 3 

wt. % raises the degradation rate of Mg-Al alloy by the formation of Mg17Al 12 phase. 

Esmaily et al. [88] stated that the amount and distribution of Al are responsible for 

the increase in the corrosion rate. Moreover, Lunder et al. [89] found that 8 wt. % 

aluminum accelerates anodic dissolution, while aluminum improves the corrosion 

resistance when its content is above 10%. According to Winzer et al. [72], Mg17Al 12 

phase has two different influence on the corrosion of Mg and Mg alloy. It is believed 

that it acts either as a corrosion barrier or as a galvanic cathode depending on its 

amount and distribution. When Mg17Al 12 has a lower volume fraction compared to 

Ŭ-matrix, it acts as a galvanic cathode and increases the dissolution rate of 

magnesium. On the other hand, if the volume fraction of ɓ- Mg17Al 12 is relatively 

high and it has an interconnected network layer, the overall corrosion of the alloy 

can be reduced since Mg17Al12 phase acts as a barrier. The effect of the quantity and 

distribution of the second phase on corrosion of magnesium behavior will be 

discussed in detail in the following sections. 
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Figure 2.13. Phase diagram of the Mg-Al system [81]. 

 

Manganese (Mn) 

The addition of Mn to the Al-containing magnesium alloy causes the formation of 

Al -Mn intermetallic phases. Accordingly, these intermetallics can control the 

corrosion of Mg alloy by picking up iron (Fe), which has a detrimental effect on the 

corrosion resistance of magnesium alloy [65].  

Calcium (Ca) 

The human body needs calcium to maintain growth and healing of the bones, and 

therefore, it has been extensively used as an alloying element for biodegradable Mg 

alloys. Although Ca has a limited solubility of about 1 wt. % in Mg, the formation 

Mg2Ca secondary phase in the grain boundaries and grain interior improve the 

corrosion resistance of Mg and its alloy [74]. Bornapour et al. [17] found that the 

corrosion resistance of magnesium enhanced by the addition of a small amount of 

Ca and Sr (0.3 wt. % Sr and 0.3 wt. % Ca). 
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Zinc (Zn) 

Zinc, one of the most abundant nutrients in the body, is essential alloying elements 

with relatively high solubility of 6.2 wt. % in Mg [31]. Increasing the mass fraction 

of Zn in magnesium alloy enhances the corrosion resistance of Mg. Even a small 

amount of zinc (Zn) can provide a solid solution and precipitation strengthening that 

can lessen the dissolution rate of Mg alloy. Cai et al. [90] believed that the corrosion 

resistance improved with increasing Zn content by grain boundary, solid solution, 

and secondary phase strengthening.  

 

Rare Earth (RE) Elements 

The RE group contains 17 different elements that can be divided into two groups 

according to their solid solubility in magnesium. The first group includes elements 

having high solid solubility in Mg, which are yttrium (Y), Dysprosium (Dy), 

Gadolinium (Gd), Terbium (Tb), Thulium (Tm), Holmium (Ho), Erbium (Er), 

Ytterbium (Yb), and Lutetium (Lu). On the other hand, the second group contains 

elements with limited solid solubility in Mg (Neodymium (Nd), Lanthanum (La), 

Cerium (Ce), Samarium (Sm) and Europium (Eu)) [15,31,91]. In recent years, Mg-

RE-based alloys have been gained attention due to their controllable degradation 

rate.  

Rare earth elements can form complex intermetallic phases with Al and Mg. These 

intermetallic phases may enhance the corrosion resistance of magnesium alloy by 

solid solution strengthening. Zhang et al. [92]  found that the degradation of 

magnesium alloys having Y can be slowed down because of the formation of the 

Mg24Y5 intermetallic phase. Moreover, Chen et al. [91] believed that the Nd element, 

with limited solubility of 3.6 wt. %, forms the Mg12Nd phase, thereby lowering the 

corrosion rate of the alloy [91]. Additionally, Peron et al. [74] stated that the 

improved corrosion rate of EV31A (2.8 Nd-1.3 Gd-0.56 Zr-0.29 Zn-other RE in wt. 
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%) is due to the formation of mixed oxides of Nd and Gd on the surface, which is 

more stable than that of RE free magnesium alloy.  

However, Feyereband et al. [93] stated that the addition of the small amount of La 

and Ce elements in WE43 alloy (Mg-3.5Y-2.3Nd-0.5Zr in wt. %) caused the 

formation of the gas bubbles and the high cytotoxicity effect. Besides, Chino et al. 

[94] conducted showed that La and Ce elements localized in a small area around the 

implant, although they improved the corrosion resistance of WE43 alloy.  

On the other hand, Willbold et al. [95] investigated the corrosion behavior of WE43 

and LAE442 (Mg-4%Li-3.6%Al-2.4%RE, in wt. %) and conducted in-vitro 

experiments by inserted the implants into the bodies of rabbits. They revealed that 

hydrogen gas bubbles existed around both implants and subsequently disappeared 

after two weeks. Finally, the surgical sites were recovered four weeks later, and there 

was no adverse effect of gas bubbles [95].  

Moreover, Niu et al. [96] implanted Mg-Nd-Zn-Zr screws in the rabbit mandible. 

They observed the formation of new bone around the screw, and there was no 

inflammation around the implant after 18-month implantation, Figure 2.14(a). The 

degradation process of Mg-Nd-Zn-Zr implants is shown in  Figure 2.14(b) [96]. They 

stated that the screw did not lose its integrity after four mounts, while; a large part 

of the screw has degraded, and only a small piece remained in the center after 18 

mounts. As a result, new bone tissues, such as osteoblasts and osteocytes, were 

observed around Mg-alloy screws in the rabbitôs mandible [96]. 
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Figure 2.14. (a) ÕCT images of the vertical section of a screw and (b) the schematic 

images of the original screw and residual screw after 1, 4, and 18 months after 

implantation. [96]. 

 

- Second Phases 

The amount and the distribution of the second phase may have a pronounced effect 

on the degradation characteristics of magnesium alloys. Because the second phases 

act as cathodic centers, which are known to be less active than anodic Ŭ-Mg matrix 

when immersed in the aqueous environment. This type of corrosion is called micro 

galvanic corrosion, in which Ŭ-matrix dissolved preferentially.  

If the volume fraction of the intermetallic phase, i.e., ɓ-intermetallic phase in AZ91 

alloy, is relatively low compared to Ŭ-matrix, the undermining of the second phase 

occurs. The preferential dissolution of Ŭ-matrix occurs at or along the grain boundary 

so that the second phase is undermined (fall out), causing an increase in the corrosion 

rate. On the other hand, the high-volume fraction of the secondary intermetallic 

phase can enhance the corrosion resistance by acting as a barrier against the 

corrosion of the alloy. For instance, Song et al. [65] believed that AZ91 alloy was 

improved when it contained homogenously distributed Mg12Al 12 intermetallic 

phases along the grain boundary, which acted as a corrosion barrier. Therefore, 

secondary phases with the homogenous distribution in the microstructure contribute 

to the decrease of the corrosion rate. 
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In the study of  Cao et al. [97], they investigated the corrosion rate of WE43 alloy by 

an in-vitro test using simulated body fluid (SBF). They realized that the coarse, 

secondary particles were undermined, leaving the deep holes after immersion of 12 

h, Figure 2.15(b), although there was no sign of falling out the intermetallics after 

six hours of immersion, Figure 2.15(a). This phenomenon was due to the low amount 

of the second phase and its discontinuous distribution in the microstructure, leading 

to a severe increase in the corrosion rate of WE43 alloy. 

 

 

Figure 2.15. Surface morphologies of WE43 alloy samples after immersion in SBF 

for (a) 6 h and (b) 12 h [97]. 

2.2.3.1.6 Corrosion rate measurement for Mg  

Corrosion of magnesium and its alloys is a complex process so that the combination 

of various techniques should be conducted to support the results of different tests 

used for revealing the corrosion kinetics and mechanism of Magnesium alloys. 

Kirkland et al. [98] and Esmaily et al. [54] provide a summary of the main advantages 

and drawbacks of various corrosion rate measurement techniques. This section 

includes the test methods used to determine the corrosion resistance and the 
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degradation rate of magnesium and its alloys, which are categorized into two groups: 

(i) non-electrochemical and (ii) electrochemical techniques. 

i) Non-electrochemical techniques 

- Weight loss measurement 

In the weight loss experiments, only a sample, corrosion medium, and a precision 

balance are needed to assess the corrosion behavior of magnesium. Firstly, the 

sample is immersed in the corrosive medium for a while and then removed from the 

aqueous solution. Before measuring the resultant change in mass and mass loss, a 

cleaning solution like chromic acid (Cr3O) is preferred to remove corrosion products 

(i.e., magnesium hydroxide, Mg(OH)2) from the surface. Different acid solutions 

such as chromic acid, CrO3 [86,99ï101], a mixture of CrO3 and AgNO3 solution 

[102], and a mixture of nitric acid and CrO3 [103] can be used as cleaning solutions. 

The corrosion rate of magnesium is calculated according to ASTM G31-72 [104] as 

given in Eq. (2.9); 
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(2.9) 

 

Where CR is the corrosion rate, æW is the difference between the initial and final 

weight of the sample (after removal of the corrosion products), Ao is the initial 

surface area, t is the exposure time , and ɟ is the density of the sample. 

- Hydrogen evolution measurement 

The rate of the magnesium dissolution directly corresponds to the amount of H2 

evolution, Eq. (2.1). According to H2 evolution tests, the evolution of 1 mole of 

hydrogen gas directly proportional to the dissolution of 1 mole of magnesium, 
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meaning that measuring the volume of H2 gas is equivalent to measuring the weight 

loss of the Mg. 

Numerous studies have been performed to determine the in-vitro performance of 

magnesium alloy by hydrogen evolution experiments [54,67,71,73,82,105ï109]. 

Figure 2.16 shows the typical experimental setup, which contains a collector, an 

inverted funnel, and a burette. Initially, a sample is immersed in the corrosion 

medium, i.e. simulated body fluid, and a collector is placed in the medium directly 

above the sample to capture evolved H2 gas during Mg corrosion. The hydrogen gas 

accumulates as bubbles that detach from the surface. H2 bubbles are collected at the 

top of the burette by displacement of the solution in it. Subsequently, the volume of 

the H2 gas is measured by noting the level of the solution in the burette at different 

time intervals [54,98].  

 

Figure 2.16. Schematic representation of H2 evolution test setup [54]. 

 

However, similar to weight loss experiments, H2 evolution experiments do not 

provide any information about the corrosion mechanism. Besides, Esmaily [54] et 

al. stated that H2 bubbles usually attached to the walls of the inverted funnel and the 
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burette; therefore, they were not added to the gas volume at the top of the funnel. 

Thus, it causes misleading results in the calculation of the hydrogen evolution rate. 

Also, Kirkland et al. [98] stated that the H2 evolution technique is not a suitable 

method for the study of alloys with high corrosion resistance and the study of 

corrosion in time intervals less than one hour because there is an insufficient volume 

of evolved gas at the early stage of corrosion.Figure 2.17 displays the representative 

graph of the hydrogen evolution test, in which the y-axis shows the amount of 

hydrogen gas evolved with respect to immersion time (x-axes). 

 

 

Figure 2.17. Comparison of hydrogen gas evolution in the SBF for bare and HA-

coated magnesium [110]. 

 

ii) Electrochemical techniques 

- Potentiodynamic polarization (PDP) test  

Potentiodynamic polarization (PDP) test is an electrochemical technique that can be 

used to study in vitro corrosion of Mg alloys. The PDP test gives information about 
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corrosion potential, Ecorr (in volt), corrosion current density, icorr (mA/cm2) and, 

relative anodic and cathodic reactions at a specific time. Figure 2.18 shows the 

schematic representation of a three-electrode electrochemical cell containing counter 

electrode (CE), reference electrode (RE), working electrode (WE), and the 

electrolyte. 

 

Figure 2.18. Schematic representation of a three-electrode electrochemical cell. 

 

A reference electrode provides information about the potential applied to the 

working electrode. The suitable reference electrodes for specific applications are 

saturated calomel electrode (SCE) [32,111], the silver-silver chloride (Ag/AgCl) 

[112] and the copper/copper sulfate [113,114] electrodes. Besides, the counter 

electrode provides the applied current to the system and should be made up of 

corrosion-resistant materials such as platinum [33,62,114ï116] and graphite 

[61,117] because the dissolution of the electrode changes the solution chemistry and 

may cause complication during measurement. Also, the size of the counter electrode 

is an important parameter such that it should be equal or larger than that of the 

working electrode as the size of the electrode directly related to the amount of current 

formed [118].  
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Before starting the PDP test, open circuit potential (OCP) is recorded for a while. 

Then, potential is increased with the controlled rate (i.e., 0.5 mVs-1) via adjusting the 

current flowing between two electrodes. Usually, the initial voltage is set to start at 

values more negative than the OCP, and subsequently, the scan continues to increase 

more positive values [98]. 

Figure 2.19 shows the schematic plot of current density (I) versus potential (E) 

curves, which are named as a Tafel plot. The Ecorr and icorr values can be estimated 

by using the Tafel extrapolation method. Also, anodic (ɓa) and the cathodic (ɓc) 

Tafel slopes are the other important parameters, which can be found from the slopes 

of the anodic and cathodic branches, Figure 2.19. Then, the corrosion rate (CR) can 

be calculated using icorr value according to Eq. (2.10) in ASTM G102-89 as follow: 
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(2.10) 

Where CR is given in mm/yr, icorr is in ÕA/cm
2, K is a constant and equal to 3.27 x 

10-3  mm g/ÕA cm.yr, ɟ is the density of the sample in g/cm3. 

 

Figure 2.19. Schematic plot of current density (I) versus potential (E) curves 

obtained from the Tafel extrapolation method [119]. 
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- Electrochemical impedance spectroscopy (EIS) 

EIS is one of the useful techniques for understanding the electrochemical corrosion 

process and surface film formation on the surfaces of metals in corrosive 

environments. Besides, EIS is a non-destructive technique that characterizes the bulk 

and interfacial properties of materials. In recent years, EIS has been widely used in 

the characterization of coatings, batteries, and fuel cells and the determination of 

corrosion behavior of the materials due to its simplicity and relative ease of use 

[59,62,98,120ï122]. 

In this technique, the response of AC polarization, as a function of the frequency, 

can be monitored, when an excitation signal with a small amplitude is applied to the 

system [98,123]. The impedance, Z(ɤ), of the system is a complex quantity with a 

magnitude and a phase shift which depends on the frequency of the signal [124,125]. 

Moreover, the impedance of the system can be obtained by changing the frequency 

of the applied signal. For the electrochemical cells, a frequency range of 100 kHzï

0.1 Hz has been widely preferred [124]. Besides, the impedance, Z(ɤ), is a complex 

quantity that can be described in Cartesian coordinates and it is represented by Z(ɤ)= 

Z(ɤ)- j. Z (ɤ). Z(ɤ) and Z(ɤ) are the real and imaginary parts, respectively, and j 

equals to ã-1 [124,126]. 

The characterization of electrochemical systems with impedance spectroscopy 

requires an understanding of the data by using a suitable equivalent circuit model. 

The model predicts parameters that can describe the experimental data adequately 

and estimate the behavior of the system under different conditions [127]. 

The circuit model for EIS consists of electrical circuit elements which are resistors 

(R), capacitors (C) and inductance (L). The various elements of the equivalent circuit 

are then assigned a specific physical meaning [124,126]. The resistance, R, has an 

impedance that is independent of frequency, while the capacitance, C, has an 

impedance, which is a function of frequency. Also, the double-layer capacitance, 
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Cdl, forms at the electrode/electrolyte interface when oppositely charged ions 

separated from each other at the electrode surface [128]. While it behaves like the 

non-ideal capacitor due to inhomogeneities in the electrode or the electrolyte. Thus, 

the non-ideal behavior of the capacitor can be compensated by using the concept of 

a constant phase element (CPE) in the modeling of an electrical double layer. The 

CPE is usually defined by the n value, which is a dimensionless constant between -

1 and +1. When n is equal to +1, CPE is identical to a capacitor [59]. As a result, 

these circuit elements can be combined in series and parallel to yield complex 

equivalent circuits. 

For a simple parallel R-C circuit, the Nyquist plot and equivalent circuit model are 

given in Figure 2.20. The impedance spectrum can be shown by the Nyquist diagram 

having real (Zreal) and imaginary (Zimg) parts of Z(ɤ) using cartesian coordinates, 

respectively. The diameter of semicircle along the x-axes (Zreal) represents the 

resistance of R1, and the capacitance value can be found from the maximum point of 

the semicircle in the Nyquist plot in Figure 2.20(a) and shown as C1 in the equivalent 

circuit in Figure 2.20(b). 

 

 

Figure 2.20. (a) Nyquist plot (b) Equivalent circuit of a parallel R-C circuit  [128]. 
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The simplified Randles circuit has been commonly used to model the corrosion 

processes by EIS. In Figure 2.21(a), the polarization resistor, R1, is connected in 

series with the bulk resistor, R2, and at the same time in parallel with the double layer 

capacitor, C1 [128]. In the Nyquist plot of a simplified Randles cell, Figure 2.21(b), 

the starting point of the semicircle is shifted to a higher value of Zreal, which is called 

as R2 and the diameter of the semicircle equals to R1. 

 

 

Figure 2.21. (a) Nyquist plot (b) Equivalent circuit of a simplified Randles cell 

model [128]. 

 

On the other hand, the Nyquist plot of pure Mg, Figure 2.22, consists of three 

different loops named as capacitive loop at the high and low-frequency region and 

inductive loop at the low-frequency region. The capacitive loop at the high-

frequency region, Figure 2.22 is related to the charge transfer process due to the 

degradation of the sample [61,129]. On the other hand, the low-frequency region, 

Figure 2.22, is associated with the mass transport in the solid electrode because of 

the diffusion of ions to the metal surface from the electrolyte [130]. Moreover, the 

existence of the inductive loop at low frequencies may result from the intense 

microgalvanic corrosion between magnesium matrix and intermetallic phases [123] 

or the relaxation process of intermediate Mg+ species [59]. 
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Figure 2.22. Schematic representation of typical Nyquist plots [114]. 

2.2.3.2 Permanent biometals 

Stainless steel, titanium and titanium alloys, cobalt-chromium (Co-Cr) alloys and 

titanium-nickel (Ti-Ni) alloys are some of the examples of the bioinert metallic 

materials that remain as a permanent fixture by conserving their structures [131]. 

They have been extensively used in load-bearing applications because of their 

excellent combination of high mechanical strength and fracture toughness compared 

to ceramic and polymeric counterparts. 

Stainless steel is an iron-based alloy consisting minimum of 11 % chromium (Cr) 

that prevents iron from rusting [132]. Conventional stainless steel and Ni-free 

stainless steel are preferred for biomedical applications because possible Ni ion 

release causes allergic reactions in the human body [133]. Most of the stainless-steel 

implants used routinely in hip and knee replacement, Figure 2.23(a) and stents that 

sustain the flow of blood in an artery [13].  

Co-based implant alloys have higher wear resistance compared to other permanent 

biometals, which warrants their extensive use in artificial hip joints. Generally, Co-

Cr-Mo alloys are the most commonly used alloy owing to their great combination of 
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high strength and high ductility  [13,133,134]. Besides, they exhibit a high cyclic 

fatigue resistance and modulus of elasticity, which are an essential requirement for 

dental implants. They have been extensively used as a metal framework for removal 

dental partials, Figure 2.23(b), which is a well-known brand called Vitallium (65% 

Co, 30% Cr, and 5 % Mo) [135]. However, the possible release of Cr and Co ions 

through corrosion or wear processes cause inflammation and toxicity in the human 

body [13]. Besides, in vivo studies reported that Co ion release from Co-Cr alloy 

could cause carcinogenicity [52,134]. 

The use of Ti-Ni (Nitinol) shape memory alloys has grown over the last years, 

especially in the dentistry area. One of the examples that made up of Ti-Ni alloy is 

the endodontic root canal files, Figure 2.23(c), which was developed by Harmeet D. 

Walia [136]. Another example of Ti-Ni alloy used in dentistry is the dental braces, 

Figure 2.23(d), which is used to align and straighten teeth. 

 

 

Figure 2.23. (a) Stainless steel knee and hip implant [133], (b) Co-Cr removable 

partial dentures [137], (c) Ti-Ni root canal files [136], and (d) Ti-Ni dental braces 

[30]. 


















































































































































































































































































































































































