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Chapter 1 

Introduction 

 

1.1 Overview of the Problem 

Magnesium (Mg) and its alloys have gained significant attention as potential 

biodegradable implant materials in recent decades. Mg is an essential for the human body, 

with adults requiring a daily intake of 240-420 mg. Mg alloys as orthopaedic implants are 

advantageous as they can prevent the stress shielding effect often associated with 

permanent metallic implants. This is due to magnesium's Young’s modulus (E = 45 GPa) 

and density (ρ = 1.7 g/cc), which closely resemble those of human bone (E = 15-25 GPa 

and ρ = 1.8-2.1 g/cc) (1–3). Additionally, Mg has demonstrated the ability to promote bone 

formation when utilized as a bone-regenerative material. Its biodegradable nature in the 

body makes it a suitable alternative to permanent implants, eliminating the need for a 

secondary surgery to remove the implant. The degradation products of Mg alloys are 

generally bio-absorbable and can be excreted through the kidneys. However, due to its 

highly active nature (-2.37 V vs SHE), Mg tends to degrade rapidly in the presence of 

chloride ions in bodily fluids, which can lead to the alloy dissolving before bone healing is 

completed. Rapid degradation may also result in gas pockets forming in surrounding 

tissues, potentially delaying bone healing. Consequently, research is focused on developing 

Mg alloys with enhanced degradation resistance and mechanical strength, ensuring they 

maintain their integrity until bone healing is achieved (4–7).  

Although different methods like alloying, secondary processing or providing a 

surface coating can enhance the degradation resistance of Mg, alloying is always given the 

priority as the choice of alloying elements can also influence the biocompatibility. In this 

regard, Mg alloys containing rare earth (RE) elements offer several benefits, including 

improved melt purification and enhanced properties. Rare earth elements (REEs) act as 

nucleation sites for non-metallic inclusions such as oxides, sulfides, and nitrides. These 

elements form compounds with the inclusions, which are denser than the surrounding Mg 

matrix, causing them to settle and be removed more effectively from the melt by 
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gravitational forces. This purification process obviously increases the degradation 

resistance. Furthermore, REEs refine the microstructure of Mg alloys, leading to improved 

mechanical strength, ductility and overall performance of Mg alloys (8,9). Although certain 

rare earth elements like cerium, praseodymium, and holmium have been reported to exhibit 

toxicity, elements such as gadolinium (Gd) and neodymium (Nd) are considered safe within 

specific limits (8–10).  

 

1.2 Origin of the problem 

 Mg based alloys have been extensively studied over the past few decades for their 

potential use in biodegradable implants. For instance, a biodegradable product called 

“Resomet” (Mg-Zn-Ca alloy screws) was introduced in South Korea, where case studies 

involving 53 patients with hand fractures showed that the screws were completely replaced 

by newly formed bone (3,5). High purity Mg based screws are by Eontech company in 

China and were already clinically approved (11). Also, WE43 (Mg-4Y-3Nd) screws 

(MAGNEZIX) developed by Syntellix AG, and PLLA-coated WE43 stents (Magmaris) by 

Biotronik Germany, were designed for bone fixation and cardiovascular applications, 

respectively (12–14). Although, WE43 alloy, garnered attention due to their superior 

mechanical properties and biocompatibility, concerns surrounding the long-term safety of 

certain rare-earth elements (e.g., yttrium, with an LD50 of 88 mg/kg) prompted the search 

for alternative systems with reduced toxicity risks (15–17).  

The Mg-Gd/Nd-Zn alloy systems offer a promising solution. These alloys have 

shown potential for improved mechanical strength, elongation, and controlled degradation 

rates, essential for supporting bone regeneration while gradually degrading in physiological 

environments. Unlike WE43, these systems aim to utilize Gd and Nd as the primary rare-

earth elements, which may present lower toxicity concerns. Studies show that, Gd-based 

particles are commonly used as contrast agents in magnetic resonance imaging (18,19). Gd 

has also been shown to possess anti-inflammatory and immunomodulatory properties, 

which can help minimize adverse tissue reactions and support the healing process (20,21). 

Despite ongoing challenges, such as controlling the degradation rate and managing the 

release of alloy constituents, Gd-containing alloys show promise for developing safer and 

more effective biodegradable implants, though a thorough investigation into the toxicity 

and long-term effects of RE elements, released as ions into tissues, is still lacking (22,23). 
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Furthermore, the properties of Mg-Zn-Gd alloys can be tailored by varying the Zn/Gd ratio, 

leading to the formation of different ternary phases, such as the W phase (Mg3Zn3Gd2) with 

a cubic structure, the I phase (Mg3Zn6Gd) with an icosahedral quasicrystalline structure, 

and the X phase (Mg12ZnGd) with a long-period stacking order (LPSO) structure (24,25). 

Regarding medical applications, the daily allowable limits of Zn and RE in the human body 

are around 15 mg and 4.2 mg, respectively (5). Despite these advantages, only limited 

studies are reported on Gd/Nd containing Mg alloys for biomedical applications in 

comparison with conventional WE43 and Mg-Zn-Ca alloys. In view of this, the present 

research work systematically investigated the corrosion behavior, microstructural 

evolution, mechanical properties, and biocompatibility of Mg-Zn-RE (RE = Gd, Nd) alloys 

to assess their potential for biodegradable implant applications.  

1.3 Structure of the Thesis 

The thesis was structured into seven chapters. The Chapters 1 and 2 provided the 

introduction and an in-depth literature review, focusing on the biodegradation, mechanical 

performance, and biocompatibility of magnesium-rare earth alloy systems, respectively. 

Chapter 3 furnished the details of the experimental techniques applied to generate the 

results presented in subsequent chapters. The corrosion behaviour of Mg-Zn-RE (RE = Gd, 

Nd) alloys in 1 wt.% NaCl, highlighting the role of rare earth elements and the grain refiner 

Zr was discussed in Chapter 4. The alloys were designed such a way that they replicated 

the composition of ZE41 alloys (Mg-4Zn-1RE, wt.%), which have potential applications 

across industries such as aerospace and biomedical. Chapter 5 illustrated the influence of 

varying Zn/Gd ratios on the formation of secondary phases, along with their implications 

for mechanical properties, biodegradation, and biocompatibility. Chapter 6 focused on the 

extrusion process of Mg-Zn-Gd-Zr alloys to enhance their properties for biodegradable 

implant applications. The final chapter, Chapter 7, summarized the synthesis of the thesis 

findings, and suggestions for future research opportunities. 
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Chapter 2 

Literature Review 

 

2.1 Magnesium as Biodegradable Implant 

The conventionally used permanent metallic, non-degradable implants, such as Ti-6Al-

4V, SS316L, and Co-20Cr-15Ni-7Mo alloys, often require surgical removal after fulfilling 

their purpose within the body. This additional procedure not only increases healthcare costs 

but also poses additional inconvenience as well as severe discomfort to the patient. In 

contrast, biodegradable implants naturally dissolve in the body over time [Figure 2.1(a)], 

eliminating the need for revision surgeries and reducing associated complications. In 

addition, permanent metallic implants come with inherent drawbacks. For instance, they 

can cause a stress shielding effect [Figure 2.1(b)], where the implant bears the load instead 

of the surrounding bone, leading to bone resorption and weakening. Additionally, they may 

trigger inflammatory responses, affecting long-term biocompatibility [1–4]. Also, non-

metallic materials, such as bioceramics and polymers, have been used as implant materials. 

Bioceramics, like hydroxyapatite (HAP), are highly biocompatible, non-immunogenic, and 

non-toxic, making them suitable for specific applications. However, their extreme 

brittleness limits their use in load-bearing applications [5–7]. Similarly, polymers, though 

biodegradable, have inferior mechanical properties compared to metals and bioceramics, 

restricting their applications to low-load-bearing conditions [8–10].  

Due to these challenges, metallic materials such as magnesium (Mg), zinc (Zn), iron 

(Fe), and their respective alloys have garnered significant attention for use as biodegradable 

implants. Among these: 

 Iron-based implants degrade very slowly in physiological conditions, which 

may delay the healing process. To address this, manganese (Mn) is often alloyed 

with Fe to create micro-galvanic corrosion sites, enhancing the degradation rate 

[12–15].  

 Zinc-based implants exhibit an ideal biodegradation rate due to their standard 

electrode potential (-0.763 V), which lies between the highly active Mg (-2.363 

V) and Fe (-0.44 V). However, Zn is limited by its poor plasticity (strain, ɛ < 

0.25%) and high elastic modulus, which may cause stress shielding [16–19].  



Chapter 2 
 

8 
 

 Magnesium and its alloys stand out as exceptional candidates among 

degradable metallic implants. Mg offers an elastic modulus closely matching 

that of natural bone, minimizing stress shielding. Furthermore, its 

biodegradability aligns well with the body’s healing process, providing 

temporary mechanical support while gradually resorbing into the body [20–23].  

 

Figure 2.1. (a) Degradation behaviour of biodegradable implant vs permanent implant, (b) 

Stress shielding effect observed in permanent implants [11]. 

Table 2.1 highlights the mechanical and physical properties of various metallic and 

non-metallic materials relative to those of natural bone. Among the explored materials, 

magnesium exhibits properties most similar to bone, making it the preferred choice for 

developing next-generation biodegradable implants. 
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Table 2.1. Mechanical properties of various bio implants 

  Non degradable metals Non 

degradable 

Ceramics 

Degradable 

polyesters 

Degradable 

Metals 

Material Cortical 

bone 

Ti-

6Al-

4V 

SS 

316

L 

Co-20Cr-

15Ni-

7Mo 

Synthetic 

hydroxy-

apatite 

PLA PG

A 

Fe Zn Mg 

Density (g/cm3) 1.8-2.1 4.43 7.9 7.8 3.15 1.8 1.3-

1.34 

7.7 5.79 1.74 

Elastic 

modulus (GPa) 

15-25 113.8 200 195-230 70-120 3.7 1.69 207 90 41-

45 

Yield strength 

(MPa) 

104-121 880 190 240-450 - 70 3.8-

26.6 

420 171 65-

100 

Ultimate tensile 

strength (MPa) 

110-130 950 490 450-960 40-200 59 13.9

-

16.7 

700 210 90-

190 

Elongation to 

break (%) 

0.7-3 14 40 50 - 7 5.7 8 1 2-

10 

Reference [24] [25] [26] [27] [28] [29] [30] [31] [32] [22] 

 

Mg is not only a promising material for biodegradable implants but also an essential 

nutrient vital for various physiological functions in the human body. It plays a critical role 

in enhancing bone growth, promoting the biomineralization of osteoblasts (bone-forming 

cells), and reducing the risks associated with conditions such as osteoporosis and coronary 

artery disease. Importantly, the biodegradation products of magnesium are typically non-

toxic, causing no physical irritation or allergic reactions in vivo. This inherent 

biocompatibility makes Mg a highly favourable material for biomedical applications 

[11,33–35]. The average daily dietary intake of Mg for an adult is approximately 360 mg, 

of which around 120 mg is absorbed in the intestine. Figure 2.2 (a) illustrates this daily 

magnesium intake, emphasizing its significance in maintaining bodily functions. Within 

the body, Mg is distributed such that about 52% is stored in bones, 27% in muscles, and 

20% in non-muscular soft tissues, as shown in Figure 2.2 (b). These statistics underscore 

the natural compatibility of magnesium with bone and its role in skeletal health [36–38]. 
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Figure 2.2. (a) Daily intake of Mg in humans, (b) Distribution of Mg in the human body 

[11]. 

Despite its benefits, magnesium and its alloys face significant challenges due to 

their high reactivity. In physiological conditions with a pH range of 7.2 to 7.4 and an 

environment rich in aggressive ions (e.g., chloride ions), Mg degrades rapidly. This 

accelerated biodegradation poses challenges for maintaining mechanical integrity during 

the required healing period [39].  

2.2 Corrosion/Biodegradation mechanism of Mg alloys 

The overall corrosion reaction in Mg and alloys in aqueous medium can be expressed 

as follows: [40–42]. 

Mg → Mg 2+ + 2e- (Anodic reaction);             (2.1) 

2H2O + 2e-→ H2 + 2OH- (Cathodic reaction);                     (2.2) 

Mg 2+ + 2 OH-  →   Mg(OH)2 (Product formation);           (2.3) 

Mg+ 2H2O → Mg(OH)2 + H2 (Overall corrosion reaction).                 (2.4) 

[The biodegradation of a material within the human body or under laboratory 

conditions is commonly referred to as biodegradation. Therefore, throughout this thesis, 

the terms corrosion and biodegradation will be used interchangeably, depending on the 

context of the discussion]. However, the biodegradation behaviour of Mg based materials 

in the human body is significantly more complex than the simplified chemical reactions 

typically described. This complexity arises from the dynamic and multifaceted nature of 

the physiological environment, which includes water, ions, proteins, cells, and various 

biomolecules. 
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2.2.1 Role of Plasma Ions in Biodegradation:  

Blood plasma, the medium in which implants are often exposed, contains a range of 

ions such as Na+, K+, Ca2+, Cl‒, HCO3‒, HPO4
2‒, PO4

3‒, SO4
2‒, and Mg2+ ions. Among these 

ions: 

 Chloride ions (Cl‒): These are particularly aggressive and compromise the 

protective oxide layer (MgO) that forms on Mg. Chloride ions react with this layer, 

leading to the formation of soluble magnesium chloride (MgCl2), which accelerates 

the biodegradation process [43–45]. 

 Phosphates and carbonates: In contrast to chloride ions, these contribute to forming 

protective layers, such as magnesium phosphate or carbonate films, which improve 

the biodegradation resistance of Mg-based alloys [46]. 

2.2.2 Influence of Biological Components 

Beyond ions, several biological factors influence the biodegradation of Mg alloys: 

 Cells and Osteoblasts: The attachment and proliferation of cells, especially 

osteoblasts, on the Mg surface can slow the biodegradation rate. These cells form a 

biological barrier that reduces direct exposure to the surrounding environment 

[47,48]. 

 Proteins and Biomolecules: Proteins adhered to the Mg implant surface play a dual 

role. On one hand, they facilitate cell attachment and proliferation; on the other, 

they may interact with the surface, potentially altering the local chemical 

environment and influencing biodegradation behaviour [47,48]. 

 Bacteria: The presence of bacteria and their biofilms can either accelerate or retard 

the biodegradation rate, depending on the nature of their interaction with the Mg 

surface [47,48]. 

2.2.3 Hydrodynamic and Physical Factors 

 Blood Flow Dynamics: The rate of blood flow varies across different implantation 

sites. Higher flow rates increase the transport of aggressive ions to the implant 

surface and accelerate the biodegradation process. For example, Mg-based stents in 

arterial blood flow corrode faster than Mg scaffolds implanted in areas with 

minimal blood flow [49]. 
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 Temperature: Biodegradation typically accelerates with increasing temperature. At 

the human body temperature (37 °C), Mg corrodes faster than at room temperature, 

highlighting the importance of environmental control in laboratory experiments 

[50]. 

 pH of the Surrounding Medium: The pH value plays a critical role in Mg 

biodegradation. According to Pourbaix's diagrams: Mg degrades faster in acidic, 

neutral, and slightly alkaline conditions. As the pH becomes more alkaline, the 

biodegradation rate decreases due to the stabilization of the protective Mg(OH)2 

layer, which is more resilient at higher pH values [50,51]. 

2.2.4 Synergistic Effects 

The biodegradation behaviour of Mg in the human body is not governed by a single 

factor but rather the synergistic interplay of these chemical, biological, and physical 

influences. The interaction of plasma ions, biological entities, hydrodynamic 

conditions, and pH variations dictates the overall biodegradation behaviour, making 

it essential to consider all these aspects in the design of Mg-based biodegradable 

implants. Figure 2.3 provides a schematic representation of the interactions 

between Mg-based materials and the human body, illustrating the interplay of the 

various factors influencing biodegradation behaviour. This holistic understanding 

is crucial for optimizing Mg alloys for biomedical applications. 

Figure 2.3. Schematic illustration of the biodegradation behaviour of biodegradable 

magnesium biomaterial in physiological conditions and  several possible chemical 

reactions [49]. 
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2.3 Adverse effect of severe biodegradation of Mg in the body 

2.3.1 Hydrogen Gas Evolution 

 The biodegradation of Mg is accompanied by the production of hydrogen gas, with 

approximately 1 mL of H2 generated for every 1 mg of Mg degraded (Equation 2.4). This 

rapid release of hydrogen can lead to the accumulation of hydrogen gas in surrounding 

tissues can form gas pockets, causing necrosis and potentially entering the bloodstream, 

where it may result in life-threatening conditions [52–54]. If the hydrogen release rate is 

maintained below 0.01 mL/cm²/day, the gas can diffuse away from the site, preventing the 

local accumulation of large bubbles and minimizing adverse effects. However, it is also 

reported that H2 gas possess antioxidant and anti-inflammatory properties, which may aid 

in reducing reactive oxygen species (ROS) and promoting healing in conditions such as 

ischemia-reperfusion injuries [55–57]. However, the overall effects of continuous 

hydrogen evolution during Mg biodegradation remain a topic of debate [58–60]. 

2.3.2 Increase in the pH of the surrounding environment 

Due to the release of OH- ions, the pH of the surrounding environment of the implant 

will rise which can cause local alkalinity that may disrupt cell functions and lead to cell 

death. On the other hand, a Mg(OH)2 layer will be stable in this alkaline environment with 

a pH greater than 10, which slows further biodegradation. Also, OH- ions released during 

biodegradation have antibacterial properties. For instance, Robinson et al. [61] reported 

that increased OH⁻ concentrations inhibited the growth of bacteria such as Escherichia coli, 

Pseudomonas aeruginosa, and Staphylococcus aureus.  

2.3.3 Release of Biodegradation Products 

Rapid biodegradation releases Mg and alloying elements into the body at rates that 

may cause severe toxicity [62–64]. The biodegradation products must be biocompatible 

and safe for host tissues [65,66]. Released ions from alloying elements can affect the 

biocompatibility of Mg alloy biomaterials; some alloying elements may cause toxicity and 

adverse tissue reactions, while others are only harmful in excessive amounts [67,68].  
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2.4 Strategies to Mitigate Biodegradation in Magnesium Alloys 

The rapid biodegradation of magnesium (Mg) alloys poses a significant challenge, 

but several strategies such as alloying, secondary processing and surface treatment can 

mitigate this issue. 

 Alloying: Although pure magnesium demonstrates superior resistance to 

biodegradation compared to most Mg alloys, its application is restricted by poor 

mechanical strength. The severe biodegradation in Mg alloys arises primarily 

from the formation of micro-galvanic couples between secondary phases and 

the α-Mg matrix. However, the addition of specific elements has been shown to 

enhance corrosion resistance by facilitating the formation of stable surface 

oxide films and secondary phases that have lower Volta potential differences 

with the α-Mg matrix, thereby minimizing micro-galvanic corrosion [46,49]. 

The choice of alloying elements is particularly critical for biomedical 

applications, where biocompatibility is paramount. For instance, while 

aluminium can improve biodegradation resistance, its neurotoxic effects make 

it unsuitable for implants [69,70]. Instead, elements naturally present in the 

body, such as calcium (1100 g in the body), zinc (2 g in the body), manganese 

(12 mg in the body), strontium (0.3 g in the body), lithium (2–4 ng/g in blood 

serum), zirconium (<250 mg in the body) are preferable due to their 

compatibility and ability to improve biodegradation resistance [71,72]. 

 Secondary Processing: Another method to mitigate biodegradation is secondary 

processing, which includes heat treatments or deformation-based techniques. 

These processes modify the distribution, size, and morphology of precipitates, 

as well as the grain size and texture of the material. A uniform distribution of 

secondary phases can significantly improve biodegradation resistance, and 

grain refinement may enhance the formation of uniform protective surface 

films. However, the effect of grain refinement on biodegradation resistance is 

not always straightforward. Some studies suggest that finer grains may reduce 

biodegradation resistance, possibly due to increased dislocation density in 

deformed materials, which creates high-energy sites prone to biodegradation. 

Nevertheless, deformation processing can produce ultrafine-grained (UFG) 

materials with enhanced mechanical properties without requiring additional 
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alloying elements, providing an attractive alternative for controlling 

biodegradation. Different deformation processes widely used are extrusion, 

rolling, friction stir processing (FSP), equal channel angular processing 

(ECAP), multi axial deformation (MAD), rotary swaging (RS) and high 

pressure torsion (HPT) [73,74]. 

 Surface treatments/coatings: surface treatments and coatings play a vital role in 

influencing both the biodegradation behaviour and biocompatibility of Mg 

alloys [75]. The surface characteristics of degradable implants, such as 

roughness, wettability, and surface energy, significantly affect biodegradation 

rates and biological interactions. For instance, smooth, hydrophilic surfaces 

promote better cell adhesion compared to rough, hydrophobic ones [76,77]. 

Surface modification can be achieved by applying protective coatings, altering 

the surface microstructure or composition through treatments, or employing a 

combination of these methods. These modifications not only enhance 

biodegradation resistance but also optimize the biological response, making 

them particularly relevant for biomedical applications [78,79]. 

2.5 Magnesium Alloys Currently Being Explored for Bio-implant 

Applications 

Among the various strategies employed to enhance biodegradation resistance, alloying 

stands out as a primary focus. This approach involves intentionally modifying the chemical 

composition of the base material, which fundamentally alters its intrinsic properties. By 

incorporating specific alloying elements, the material's microstructure can be tailored to 

achieve homogeneity, a critical factor in resisting biodegradation effectively. Furthermore, 

alloying offers the advantage of precise control over a wide range of material properties. 

These include not only enhanced biodegradation resistance but also improved mechanical 

strength and an optimized biological response. This versatility makes alloying a highly 

effective and adaptable method for developing advanced materials tailored to specific 

applications. 
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 Mg-Al Alloys 

Aluminium (Al) serves as both a solid solution and a precipitate 

strengthening element in magnesium alloys. When the Al content increases, it 

lowers the temperatures at which the alloy transitions from liquid to solid, thus 

enhancing the castability of magnesium alloys [80]. However, the normal 

concentration of Al in the human body is very low, ranging between 2.1 and 4.8 

µg/L [81]. Elevated levels of Al can have detrimental effects, particularly on 

neurons and osteoblasts. It has been associated with conditions such as dementia 

and Alzheimer’s disease, as well as causing muscle fiber damage and reducing 

osteoblast viability [82–84].  

In Al-containing Mg alloys, the biodegradation layer often includes both 

Mg(OH)₂ and Al₂O₃. Mg(OH)₂ is slightly soluble in water and can transform into 

soluble MgCl₂ through interaction with chloride ions. In contrast, Al₂O₃ is water-

insoluble and resistant to chloride ion biodegradation, thus contributing to enhanced 

biodegradation resistance when Al is present in the alloy. Al₂O₃ naturally forms on 

the surface of the alloy and remains more stable than Mg(OH)2 in environments 

containing chloride ions, further improving biodegradation resistance. However, 

higher Al concentrations can lead to the formation of the Mg₁₇Al₁₂ phase, which 

increases susceptibility to pitting corrosion [85]. Although the AZ-series alloys 

(AZ31, AZ91 etc.,) have been studied for their short-term use as implants, with no 

toxicity observed in the short term, concerns about long-term Al toxicity have 

prompted a shift towards Al-free magnesium alloys for medical applications 

[86,87].  

 Mg-Ca Alloys 

Calcium plays a critical role in magnesium alloys, contributing to solid 

solution and precipitate strengthening. It also acts as a grain refining agent, 

enhancing grain boundary strength in these alloys. However, larger amounts of 

calcium (>1 wt.%) can lead to issues such as hot tearing or sticking, which can 

compromise the material’s performance during processing [88,89]. As the most 

abundant mineral in the human body, with approximately 1–1.1 kg stored primarily 

in bones and teeth, calcium is tightly regulated by the homeostatic mechanisms of 



Chapter 2 
 

17 
 

the skeleton, kidneys, and intestines. Normal serum levels of calcium range from 

0.919 to 0.993 mg/L [90].  

Li et al. [91] investigated the impact of calcium on the mechanical and 

biodegradation properties of binary Mg-xCa (x=1–3 wt.%) alloys. They found that 

the ultimate tensile strength and elongation of as-cast Mg-1Ca alloy were 71.4 MPa 

and 1.87%, respectively. During in-vivo implantation, the biodegradation of Mg-1 

wt.% Ca alloy pins occurred gradually over 90 days, with a biodegradation rate of 

1.27 mm/year. Erdmann et al. [92] studied the in-vivo degradation and 

biomechanical properties of Mg-0.8Ca alloy screws. They observed a significant 

reduction in the mechanical integrity of the screws after six weeks of implantation. 

Krause et al. [93] focused on the initial mechanical strength and biodegradation 

behaviour of Mg-0.8Ca, LAE442 Mg-4Li-4Al-2RE), and WE43 (Mg04Y-3Nd-

0.5Zr) alloys used in osteosynthesis implants. It was found that Mg-0.8Ca implants 

exhibited the least initial strength and the highest loss in volume after six months. 

 Mg-Zn alloys 

Zinc (Zn) is nearly as effective as Al in enhancing the properties of 

magnesium alloy, particularly in terms of strengthening [94,95,95]. For example, 

Mg-6 wt.% Zn alloy shows a tensile strength of approximately 279.5 MPa and an 

elongation of 18.8% after solid solution treatment and hot working [96]. In addition, 

Zn is a vital trace element in the human body, with a normal blood serum 

concentration ranging from 12.4 to 17.4 µmol/L. It plays a crucial role in the 

immune system and serves as a co-factor for enzymes involved in bone and cartilage 

development. Nevertheless, excessive Zn levels can cause neurotoxicity [88]. Mg-

6 wt.% Zn alloy was implanted into the femoral shaft of rabbits, where they 

degraded gradually over time at a rate of 2.32 mm/year. This biodegradation was 

accompanied by new bone formation around the implant, demonstrating good 

biological integration [96].  

 Mg-Li Alloys 

Lithium (Li) is unique among alloying elements for magnesium as it can 

alter the lattice structure of Mg from hexagonal close-packed (h.c.p) to body-
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centered cubic (b.c.c), resulting in improved ductility and formability. However, 

this transformation does not contribute to enhanced strength [97]. Li is present in 

trace amounts in the human body, with normal blood serum levels ranging from 2 

to 4 ng/g [88]. It is commonly used in compounds for treating psychiatric disorders, 

but excessive levels can lead to severe health issues such as kidney or lung 

dysfunction and potential birth defects [98]. Additionally, due to the high chemical 

reactivity of Li, the corrosion and biodegradation behaviour of Mg-Li alloys 

remains a subject of ongoing debate [99,100]. Lithium (Li) has been observed to 

stimulate the release of nitric oxide (NO) in brain vascular cells [101,102]. Alloys 

such as Mg-Li-Ca and Mg-Li-Al-RE have shown great potential as biodegradable 

materials, particularly for stent applications. In the case of Mg-9.29Li-0.88Ca alloy, 

its dual-phase structure has been linked to the formation of a multi-layered surface 

film. This unique surface film causes a distinct biodegradation behaviour in Hank’s 

solution, where one phase is selectively attacked while the other remains protected 

[103]. Additionally, Mg-Li-based alloys containing rare earth elements (REE), 

designed for stent applications, have demonstrated excellent biodegradation 

resistance during static immersion tests along with promising cytocompatibility 

[104].  

 Mg-RE alloys 

Rare earth (RE) elements encompass a group of 17 elements in the periodic 

table, comprising the 15 lanthanides along with scandium and yttrium [105]. These 

elements are typically categorized into two groups: the heavy rare earth metals (e.g., 

Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) exhibits significant solid solubility in 

magnesium, while the light rare earth metals (e.g., Nd, La, Ce, Pr, Sm, and Eu) 

demonstrates limited solid solubility [99]. The inclusion of RE elements enhances 

both the mechanical and biodegradation resistance of magnesium alloys. Those 

with high solubility contribute to solution and precipitation strengthening, while RE 

elements with limited solubility often form intermetallic phases at grain boundaries 

during solidification. These intermetallics effectively stabilize grain boundaries at 

elevated temperatures, improving creep resistance and raising the service 

temperature of magnesium alloys [71]. For instance, yttrium, with its high solubility 

in magnesium, is frequently used alongside other RE elements to enhance creep 
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resistance and improve biodegradation properties at elevated temperatures. Notable 

RE-containing magnesium alloys such as WE43, Mg–8Y, Mg–10Gd, and LAE442 

have been proposed for biomedical implants [106–108]. Research by Witte et al. 

demonstrated the in-vivo degradation and biocompatibility of LAE442 and WE43 

alloys, with implanted rods degrading completely within 18 weeks [63,109]. 

Heublein et al. [110] reported linear biodegradation behaviour of AE21 (Mg-2Al-

1RE) alloy in coronary arteries, suggesting that magnesium-based vascular implants 

could serve as viable alternatives to permanent implants. These findings highlight 

the potential of non-toxic Mg-RE alloys as biomaterials for medical applications. A 

significant milestone in the clinical use of Mg-RE alloys was reported by Peeters et 

al., [111] where absorbable magnesium stents were used to treat 20 patients 

undergoing suboptimal angioplasty. The procedure achieved a 100% limb salvage 

rate with no amputations required. However, in a six-month study involving 60 

patients, the stents degraded rapidly, leading to restenosis within six months 

[111,112]. Mg stents were also used to treat recoarctation in a newborn, 

demonstrating biocompatibility as no pathological Mg levels were detected in the 

serum [112]. A larger multicenter non-randomized study by Erbel et al. [113] 

revealed that magnesium stents provided immediate angiographic results 

comparable to other metallic stents and safely degraded within four months [113].  

2.6 Current status on the Mg based biodegradable implants  

1. Orthopaedic Implants 

 MAGNEZIX Compression Screws (Germany): Developed by Syntellix AG, 

MAGNEZIX screws were the first commercial Mg-based devices to receive CE 

mark approval in 2013 [114]. Made from Mg-Y-RE-Zr alloy, they have been used 

primarily for hallux valgus surgery. By 2021, MAGNEZIX screws had gained 

regulatory approval in 58 countries for treating various fractures [115]. 

 K-MET Screws (South Korea): These screws, made from Mg-Ca-Zn alloys by U&I, 

were approved in 2015 for distal radius fractures. Clinical studies have 

demonstrated successful healing with minimal inflammation and no adverse effects 

during the biodegradation process [116]. 
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 HP Mg Screws (China): Produced by Eontech Ltd., these screws were approved for 

multicenter clinical trials in 2019. They have been used in vascularized bone flap 

fixation for treating femoral head necrosis. Patients demonstrated effective bone 

regeneration and complete implant biodegradation [117]. 

 JDBM (Mg-Nd-Zn-Zr) Screws with Ca-P Coating (China): A recent study on 

medial malleolus fractures showcased the successful use of JDBM screws coated 

with calcium-phosphate (Ca-P). All patients achieved proper alignment and 

complete fracture healing without screw breakage [118]. 

2. Cardiovascular Implants 

 Lekton Magic AMS Stent (WE43): The stent was implanted in a preterm infant’s 

pulmonary artery. The study demonstrated complete stent degradation within five 

months, with sustained lung reperfusion throughout the follow-up period. Serum 

magnesium levels briefly increased but normalized within 48 hours [113]. 

 DREAMS AMS (WE43) Stents: The PROGRESS-AMS clinical trial (2007), 

involving 63 patients, established the safety of these stents. No cases of myocardial 

infarction or thrombosis were reported after the implantation of 71 stents. 

Subsequent trials, such as BIOSOLVE-1 (2013), further validated their efficacy, 

with no cardiac deaths or scaffold thrombosis at the 12-month mark [119]. 

 DREAMS-2G (Magmaris) Stents: Magmaris stents represent the next generation of 

Mg-based cardiovascular devices, combining WE43 alloy with a PLLA drug 

carrier. This innovation enables extended biodegradation times (9-12 months) and 

controlled drug release, reducing restenosis rates [120–122]. Figure 2.4 shows the 

various Mg alloys clinically approved in different countries.  
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Figure 2.4. Mg alloy based degradable biomaterial products currently available in the 

market (a) MAGNEZIX tightening screw (b) AMS cardio vascular stent (c) High Purity 

Mg screws by Eontec, China (d) Cardiovascular stents of JDBM (e) K-wire pin and screws 

by U & I Corporation South Korea [114,115]. 

2.7 Potential Mg-RE based alloys for implant applications 

 Mg-RE alloys are promising candidates for biodegradable implant 

applications due to their biocompatibility, controlled degradation, and superior mechanical 

properties compared to other Mg-based systems. The clinical success and widespread 

adoption of Mg-RE systems, such as MAGNEZIX screws and DREAMS-2G stents, 

underscore their superiority over other Mg-based implants discussed. MAGNEZIX screws, 

made from Mg-Y-RE-Zr alloy, have achieved regulatory approval in 58 countries by 2021, 

far surpassing the reach of Mg-Ca-Zn-based K-MET screws, as well as high purity Mg 

screws. Similarly, the DREAMS-2G stents, combining WE43 alloy with a PLLA drug 

carrier, are now utilized in over 50 countries, showcasing a significant advantage in global 

clinical relevance compared to earlier-generation AMS stents. The key to Mg-RE systems' 

success lies in their superior mechanical properties, controlled biodegradation profiles, and 

broader application range.  
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2.7.1 Mechanical Properties 

 The mechanical properties of a biodegradable implant play a crucial role in ensuring 

structural stability, load-bearing capability, and compatibility with natural bone during the 

healing process. An ideal implant should possess sufficient strength and ductility to support 

physiological loads while gradually degrading at a rate that allows for tissue regeneration 

without premature failure. Therefore, tailoring mechanical properties is key to the 

successful performance of biodegradable implants. 

2.7.1.1 Factors influencing mechanical properties  

 Grain refinement: The reduction in grain size is accompanied by an increase in 

YS of the material. According to the Hall-Petch relation, yield strength (σ) is given 

by  

                σ = σ₀ + k * d⁻¹/²                                                                                                      (2.5) 

where σ₀ is a material constant, d is the average grain diameter, and k is the 

strengthening coefficient [89,123,124]. Grain refinement can occur due to both 

alloying as well as secondary processing processes. In Mg-RE alloy system, during 

solidification RE atoms move to the solid-liquid interface due to the solute 

redistribution. This leads to constitutional undercooling and thus enhances the 

nucleation of α-Mg grains [125–129]. For example, 1 wt.% Nd addition in AZ80 

alloy resulted in grain refinement from 448 μm to 125 μm [130], 2 wt% Er addition 

in Mg-9Zn-0.6Zr resulted in grain size reduction from 102 μm to 32 μm [131].   

 Solid solution strengthening:  

The factors that govern the solubility of elements are atomic size difference, 

crystal structure, electronegativity and valency, which are compiled in Table 2.2. 

The atomic size of most of the rare earth elements are with in ±15% range to form 

a solid solution in Mg except Eu. Also, the crystal structure of the rare earths is 

HCP (same as Mg) except Ce, Eu and Yb. The electronegativity values of the rare 

earth elements are much different compared to Mg and the valency of almost all of 

the rare earth elements are different except a few RE. Thus most of the REs have 

limited solubility in Mg thus promoting the formation of intermetallics. However, 

the addition of elements within the solubility limit allows for the formation of solid 
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solutions [132,133]. The dissolution of RE in α-Mg matrix results in lattice 

distortion which leads to RE-dislocation interactions. This interaction primarily 

impedes the dislocation movement and enhances the strength [134,135]. Solid 

solution strengthening is evaluated by the following equation: 

 σ = CX2/3,                                                                                                           (2.6)   

where, C is binary alloy strengthening rate and X is the atomic fraction of 

the solute [136,137]. Yang et al. [138] compared the effects of dysprosium (Dy) 

and gadolinium (Gd) on the properties of magnesium alloys and found that the solid 

solubility of Dy in magnesium (approximately 10 wt.%) is higher than that of Gd 

(approximately 3 wt.%) at 200 °C. It was determined that all of the Dy dissolved in 

the magnesium alloy, thereby improving the alloy's mechanical properties primarily 

through solid solution strengthening. Conversely, Gd mainly precipitated from the 

alloy, enhancing its strength through second-phase strengthening.  

 Precipitation strengthening: The formation of intermetallic phases in an alloy 

depends on the solubility of the corresponding element in Mg. The addition of 

elements beyond the solubility limit results in the precipitation of intermetallics 

along the grain boundaries. The intermetallics are generally effective in pinning 

down the dislocations and thus enhances the strength [139–142]. The increase in 

strength due to the presence of precipitates is governed by the following equation 

[143] 

              𝜎 =
𝑀𝐺𝑏

2𝛱√(1−𝜈)
∗
1

𝜆
∗ ln⁡(

𝐷

𝑟
)⁡                                                                (2.7) 

Where, 𝜎 is the increase in critically resolved shear stress due to dispersion 

strengthening, G is the shear modulus, b is the burgers vector, D is the planar 

diameter of point obstacles, 𝜈 is poisons ratio, 𝜆⁡is the inter obstacle spacing, r is 

the radius of dislocations. Age hardening is also usually done as a secondary 

processing in Mg alloys to improve mechanical properties. The age hardening 

involves three steps: (1) solutionizing the material at an elevated temperature to 

dissolve the intermetallics into α-Mg, (2) water quenching to produce a super 

saturated solid solution, (3) aging at relatively low temperature to form precipitates. 

These precipitates formed may be under aged, peak aged or over aged depending 

on the aging time and temperature, which decides whether the phase is metastable 

or equilibrium phase. The ability of different precipitates to pin down the 
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dislocations vary and the dislocation arrest leads to improvement in mechanical 

properties [144–146]. 

 

Table 2.2 Solubility limit, atomic radius, crystal structure, electronegativity and  

valency of rare earth elements [147,148]. 

Element Solubility 

limit (wt.%) 

Atomic 

radius (A) 

Crystal 

Structure  

Electronegativity Valency 

Mg - 1.6 HCP 1.31 +2 

Sc 24.5 1.64 HCP 1.36 +3 

Y 12.5 1.8 HCP 1.22 +3 

La 0.23 1.88 HCP 1.1 +3 

Ce 0.5 1.84 FCC 1.12 +3, +4 

Pr 0.6 1.82 HCP 1.13 +3 

Nd 3.6 1.81 HCP 1.14 +3 

Sm 6.4 1.8 HCP 1.17 +2, +3 

Eu 0 2.04 BCC 1.2 +2, +3 

Gd 23.49 1.8 HCP 1.2 +3 

Tb 24 1.79 HCP 1.22 +3, +4 

Dy 25.8 1.78 HCP 1.22 +3 

Ho 28.08 1.77 HCP 1.23 +3 

Er 33.8 1.76 HCP 1.24 +3 

Tm 31.8 1.75 HCP 1.25 +2, +3 

Yb 8 1.92 FCC 1.1 +2, +3 

Lu 41 1.74 HCP 1.27 +3 

 

The solubility of REEs in Mg decreases with temperature (Figure 2.5) and this is 

more prominent in heavy rare earth elements (HREs). Gadolinium (Gd) is one of 

the most used HRE in age hardening treatment as its solid solubility is 4.53 at.% at 

548°C, which drops to just 0.35 at.% at 200°C  [147,148].  
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Figure 2.5. (a) REEs of high solid solubilities in Mg (b) REEs of low solid 

solubilities in Mg (c) REEs of no solid solubilities in Mg (d) Peritectic system [148]. 

 Dislocation Strengthening: Plastic deformation is accompanied with the 

generation of dislocation and as the deformation process progresses an increase in 

dislocation density occurs. This leads to dislocation interactions, cross overs and 

entanglements which leads to resistance in dislocation movement and thus 

enhancing the mechanical strength at the expense of ductility. The governing 

equation for dislocation strengthening is as follows [149]:  

                                                 𝜎 = ⁡𝛼𝑀𝐺𝑏√𝜌                                                       (2.8) 

Where 𝜶 is the Taylor constant, M is the Taylor factor, G is the shear modulus of 

magnesium, b is the Burgers vector, and ρ is the dislocation density [150].  

 Texture Weakening: Texture refers to the preferred orientation of crystals within 

the material, and a strong texture can significantly limit the material's ability to 

deform, leading to brittleness. Achieving good ductility in magnesium alloys is 

dependent upon weakening the crystallographic texture [150–152]. The most 
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effective strategy for weakening texture in magnesium alloys utilizes a combination 

of rare earth (RE) elements alongside non-rare earth elements such as zinc (Zn) and 

calcium (Ca). This approach has proven highly successful in reducing texture 

intensity, thereby enhancing the overall ductility of the magnesium alloy. 

Additionally, these alloying combinations promote alternative deformation 

mechanisms beyond deformation twinning, which can weaken the material. By 

encouraging these alternative mechanisms, the combination of RE and non-RE 

elements leads to a stronger and more ductile magnesium alloy [153–156]. 

2.7.1.2 The mechanical properties of Mg-RE alloys  

 Mg-RE binary alloys 

Liu et al. [148] compared the effects of different REEs on the mechanical properties 

of magnesium alloys. Increase in La from 1 to 3 wt.% improved its yield strength but 

due to the formation of brittle secondary phases ductility was reduced. Mg-1Er alloys 

exhibited higher yield strength compared to Mg-1Y alloys despite having a larger grain 

size (7.3 μm vs. 3.4 μm). The lower strength of Mg-1Y alloys was attributed to a weaker 

solid-solution strengthening effect of Y in comparison to Er [148]. The introduction of 

Ho into Mg-1Zr-2Sr alloy leads to the enhancement of mechanical strength owing to 

the precipitation of stable secondary phases such as MgHo3, Mg2Ho, and Mg17Sr2 [157].  

 Mg-Li/Al-RE alloys 

The suppression of brittle intermetallic β- Mg17Al12 phase in Mg-Al alloys with the 

addition of RE is reported by various researchers. For example, addition of RE (La, 

Ce/La mixed RE, Ce, Pr or Nd) in high pressure die cast Mg-4Al-4RE-0.4Mn alloy 

resulted in the suppression of Mg17Al12 phase and promoted the formation of 

strengthening phases like Al11RE3 and Al2RE. The proportion, morphology, content 

and stability of Al-RE phase varied with the specific RE. The grain refinement and Al-

RE phase precipitation followed by the RE addition resulted in the enhancement of 

mechanical properties in the alloys  [145,146]. Rzychoń et al. [160] found out that it is 

effective to maintain a RE/Al ratio greater than 0.5 to suppress Mg17Al12. The 

suppression of Mg17Al12 also improves the thermal stability of the alloy as Al-RE 

phases have higher melting point compared to Mg17Al12 phase. Zhang et al. [161] 
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credited the high structural stability and strength of the Mg-3.0Al-1.8Ce-0.3Y-0.2Mn 

alloy to the presence of Al11(Ce,Y)3 intermetallic compounds at the dendrite 

boundaries.  

 Mg-Zn-RE alloys 

The incorporation of zinc (Zn) alongside specific rare earth elements (REEs), 

particularly yttrium (Y), gadolinium (Gd), erbium (Er), and holmium (Ho), leads to the 

formation of various ternary secondary phases. These phases significantly enhance the 

mechanical properties of magnesium (Mg) alloys. In both Mg-Gd-Zn and Mg-Y-Zn 

alloy systems, the type of secondary phases formed is dependent on the ratio of Zn to 

RE. When the Zn/RE ratio falls between 1 and 1.5, W phase (Mg3Zn3RE2, Cubic 

structure) is formed, if the ratio is greater than 1.5 an I (Mg3Zn6RE, Icosahedral) phase 

forms and if it is less than 1 then X (Mg12REZn, Long period stacking order phase, 

LPSO) phase forms. This trend is similar in both Mg-Gd-Zn and Mg-Y-Zn alloys 

[135,162,163]. Zhang et al. [164] reported that the varying Zn/Y ratio in Mg-Zn-Y 

alloys resulted in a change in mechanical properties according to the different 

secondary phases. The alloys containing, I phase showed superior strength compared 

to alloys having both I and W phase or only W phase. This is due to the fact that I phase 

is coherent with the Mg matrix and it is effective in hindering the dislocation movement.  

The addition of 1 wt.% Zn in Mg-8Er alloy showed an increase in YS (153 to 207 MPa) 

and UTS (260 to 318 MPa) while the ductility decreased (44 to 21%). The increase in 

the tensile strength of the alloy was attributed to the presence of stacking faults (SF) in 

Mg-8Er-1Zn alloy. The SFs acts as obstacles for dislocation movement and also 

accumulates dislocations leading to strain hardening. The SFs generated due to the 

addition of Zn to Mg-Er alloy is shown in Figure 2.6 (marked in box A) [165]. 

Similarly, Srinivasan et al., [162] observed that alloys with LPSO phase containing 

alloy had superior mechanical strength and reduced ductility compared to alloys with I 

or W phase (Figure 2.7). Chen et al. [166] observed that the increase in Nd content 

from 0.5 to 2 wt.% in Mg-2Zn-xNd-0.5Zr alloy resulted in the grain refinement from 

60 to 40 µm and the increase in volume fraction of T phase (Mg7Zn3Nd) along the grain 

boundaries. These two factors resulted in the better mechanical strength with increase 

in Nd content.  
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Figure 2.6. SEM micrographs of (a) Mg-8Er alloy, (b) Mg-8Er-1Zn alloy  [165]. 

 

Figure 2.7. Tensile properties of Mg alloys tested at different temperatures (a) YS (b) UTS 

(c) % Elongation [162]. 

2.7.1.3 Mechanical properties of secondary processed Mg-RE alloys 

The mechanical properties of the secondary processed alloys exhibit superior 

mechanical properties owing to the significant grain refinement, dislocation density and 

precipitation of new secondary phases during the processing. The Yield Strength (YS), 

Ultimate Tensile Strength (UTS), and Elongation (EL) of the FSPed Mg-1Zn-2Dy alloy 

showed enhancements of 60%, 55%, and 53%, respectively, compared to the as cast 
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specimen [167]. Mechanical properties of the Mg-10Gd alloy show significant improvement 

post-ECAP treatment, YS increasing from 123 MPa to 211 MPa, UTS from 185 MPa to 258 

MPa, and elongation from 13.2% to 18.0% owing to the grain refinement from 70.8 µm to 1-2 

µm. The combined effect of grain refinement and precipitation of intermetallic phases, such as 

Mg5Gd, contributes to strengthening of the alloy [168]. Similarly, an increase in mechanical 

properties is observed in ECAP processed Mg-2.9Gd-1.5Nd-0.3Zn-0.3Zr alloy as UTS 

increased from 161.4 MPa to 267.8 MPa, YS increased from 85.8 MPa to 217.3 MPa and 

% elongation increased from 11.8 to 18 [169]. Martynenko et al. [170] reported that the 

WE43 alloy, processed through various deformation routes (ECAP, MAD, RS), exhibited 

nearly identical grain sizes, despite showing significant differences in mechanical 

properties. The superior mechanical strength (UTS = 416 MPa) observed in the RS 

processed alloy attributed to the existence of deformation twins. Conversely, the improved 

ductility (17.2%) observed in the alloy processed through the multiple axial deformation 

(MAD) route was attributed to the heightened activity of pyramidal slip mechanisms.  

Chen et al. [171] reported that with an increase in the number of extrusion passes, 

the mechanical properties of Mg–2Zn–xGd–0.5Zr (x = 0, 0.5, 1, 2 wt%) alloys exhibited 

noticeable enhancement primarily due to grain refinement. The grain refinement of the 

alloys is evident from the optical microstructure images as shown in Figure 2.8. In the case 

of the 1Gd alloy, compared to two-pass extrusion, the UTS, YS and % elongation after four 

passes of extrusion increased by approximately 17%, 30%, and 60%, respectively. 

However, when subjected to the same number of extrusion passes (four passes), there were 

no significant differences in mechanical properties among the 0.5Gd, 1Gd, and 2Gd alloys. 

This suggests that while both the Gd content and the number of extrusion passes influence 

the mechanical properties of the alloys, the extrusion pass plays the dominant role. 

Furthermore, it indicates that grain refinement strengthening is more effective than second-

phase strengthening during severe plastic deformation [171].  
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Figure 2.8. Optical microstructure of extruded Mg-xGd-2Zn-0.5Zr alloys [171]. 

Du et al. [172] reported that increasing the extrusion ratio from 7 to 14 results in 

larger grain size, weakening of the basal texture, and refinement of secondary phases in the 

Mg–4Zn-1.2Y-0.8Nd alloy, consequently reducing strength but enhancing ductility. On the 

other hand, raising the extrusion pass refines grains and secondary phases while 

strengthening the basal texture, thereby improving both strength and ductility [172].  With 

more no of secondary passes, the grains get refined resulting in the increase of mechanical 

strength at the expense of ductility owing to higher dislocation density. Certain processes 

adopted by researchers have the ability to increase both the mechanical strength as well as 

ductility. For example, Zhang et al. [173] observed that the microstructure of the Mg-Nd-

Zn-Zr (Mg–2.25Nd–0.11Zn–0.43Zr and Mg–2.70Nd–0.20Zn–0.41Zr ) alloys subjected to 

double extrusion is significantly finer and more uniform compared to those subjected to 

single extrusion. This is due to the fact that following double extrusion of the alloys, a 

sufficient amount of stored plastic energy is present to initiate Dynamic Recrystallization 

(DRX). Consequently, the elongated grains dissipate, and the matrix grains become finer 

and more uniform. Additionally, the precipitated grains in the alloys subjected to double 
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extrusion exhibit greater homogeneity compared to those in alloys subjected to single 

extrusion only. The yield strength, ultimate tensile strength, and elongation of the alloys 

subjected to double extrusion were superior compared to single pass extrusion and is 

credited to two main factors: the refinement of grain size and the formation of fine 

precipitated Mg12Nd during hot extrusion. Moreover, it has been noted that in double 

extruded fine-grain magnesium alloys, both basal and non-basal slip systems are activated 

due to the grain-boundary compatibility effect, resulting in the enhanced ductility [173]. 

Also, in comparison with one pass extruded and aged Mg–2Nd–0.1Zn–0.4Zr alloy, the 

double extrusion followed by aging resulted in a 27% increase in yield strength, 16% 

increase in ultimate tensile strength and 121% increase in elongation [174]. The tensile 

properties of different Mg-RE based alloys considered for biodegradable implant 

applications are summarised in the Table 2.3 below.  

Table 2.3. Mechanical properties of Mg-RE based alloys 

Alloy Processing 

Route 

Y.S UTS % Elongation Mechanism Reference 

Mg-0.6Zr-

0.5Sr-3Sc 

As cast 74 95 5.9 Sc inhibited the growth 

of Mg17Sr2 along the 

grain boundaries leading 

to thinner grain 

boundaries 

[175] 

Mg–2Dy–

8Gd–0.2Zr 

Heat treated 

(T6) 

210 350 7.5 β’ precipitates arrests 

dislocation movement 

[138] 

Mg-2Gd-

2Zn-0.5Zr 

As cast 43 107 6 Weak interface between 

secondary phase and 

matrix 

[176] 

Mg-2Dy-

2Zn-0.5Zr 

As cast 62 119 10 Low bonding strength 

between matrix and 

Mg8ZnDy 

Mg-2Gd-

2Zn-2Nd-

0.5Zr 

As cast 65 131 12 Eutectic phase along the 

grain boundaries arrests 

dislocation movement 

Mg-9Gd-

1Zn-0.2Ca 

As cast 88 165 6.2 Solution strengthening 

and the formation of 

divorced eutectic phase  

[177] 

ZE41 (Mg-

4Zn-1RE) 

FSP 83.5 187.6 8.3 Grain boundary 

strengthening 

[178] 
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Mg-2.9Gd-

1.5Nd-

0.3Zn- 

0.3Zr 

ECAP 217.3 267.8 18.5 Grain refinement 

strengthening 

[169] 

Mg-10Gd ECAP 123 185 13.2 Grain refinement and 

precipitation of fine 

Mg5Gd phases 

[168] 

Mg-15Gd Aged 200 250 0.74 Precipitation hardening 

by Mg5Gd phases 

[108] 

Mg-1Zn-

2Y-0.17Zr 

Extruded 150 280 25 Grain refinement due to 

dynamic recrystalisation 

and the alignment of 

LPSO phase along the 

extrusion direction 

[179] 

Mg-2Y-

0.6Nd-

0.6Zr 

Rolled  216 246 3.75 Grain  refinement and 

work hardening 

[180] 

Mg-2Y-

0.6Nd-

0.6Zr 

Rolled + 

ECAP 

- 225 10.5 Grain refinement and 

texture weakening 

[180] 

WE43 ECAP 260 300 13.2 Activation of prismatic 

slip enhanced ductility 

[170] 

WE43 MAD 210 300 17.2 [170] 

WE43 RS 287 416 7.9 Grain refinement and 

large number of 

deformation twins 

[170] 

WE43 ECAP + Ex 340 390 10.9 Activation of prismatic 

slip and grain 

refinement 

[181] 

Mg–6Ho–

1.5Zn 

Extruded 210 322 31 Stacking faults 

accumulates 

dislocations and 

enhances strain 

hardening 

[182] 

ZK60-2Yb 

(Mg-6Zn-

0.5Zr-2Yb) 

Heat treated 

(T6) 

146.4 297.5 8.9 Nanoscaled precipitates [183] 

Mg–2Zn–

0.4Mn–

0.1Sr–1Gd 

alloys 

Extruded - 248.5 22.4 grain refinement and 

second-phase 

strengthening. 

[184] 
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ZE20 (Mg-

2Zn-

0.8RE) 

Extruded 213 264 13.2 Grain refinement [185] 

GZ60K 

(Mg-6Gd-

0.4Zn-

0.5Zr) 

Extruded 186 252 24.5 Formation of stacking 

faults and dynamically 

recrystallized 

precipitates 

[186] 

Mg-4Zn-

1.2Y-0.8Nd 

Extruded 297 320 17 Uniform grain 

formation 

[172] 

Mg-1Mn-

2Zn-1.5Nd 

Extruded 212 287 26.6 Solid solution 

strengthening and work 

hardening 

[187] 

Mg-9Gd-

0.5Mn 

Extruded 164 268 22.9 Mn and Gd addition 

results in improved 

recrystallization without 

grain growth 

[188] 

Mg-3Nd-

0.5Zn 

Extruded 250 270 2.6 Presence of very fine 

secondary phases 

resulted in the better 

mechanical properties in 

WE43  

[189] 

Mg-2Y-

1Zn 

Extruded 260 300 2.4 [189] 

WE43 Extruded 250 300 4 [189] 

Mg-2Zn-

5.7Y 

Extruded 364 430 4.6 Uniformly distributed 

LPSO phase and grain 

refinement 

[190] 

Mg-10Gd Extrusion + 

ECAP  

 

189 255 20.9 Combined effect of 

grain refinement and the 

increased probability of 

basal and pyramidal 

glides  

[168] 

WE43 Extruded + 

ECAP 

260 380 10 Grain refinement [191] 

Mg-2Zn-

2Gd-0.5Zr 

ECAP  

 

230 280 33 Disintegrated secondary 

phases along and within 

the grain boundaries 

inhibits dislocation 

movement 

[171] 

Mg-2Zn-

1Gd 

Extrusion 284 338 24 Grain refinement, fine 

secondary phases, and 

weakened texture 

[192] 
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Mg-1Zn-

2Dy 

FSP  120 242 28 Combination of grain 

refinement and 

precipitation 

strengthening 

[167] 

WE43 FSP 

 

250 280 19 Grain refinement and 

prismatic slip activation 

[193] 

Mg-2Zn-

0.5Gd-

0.5Zr 

ECAP 

 

250 280 19 Grain refinement and 

prismatic slip activation 

resulted in excellent 

combination of strength 

and ductility 

[194] 

Mg-2Zn-

0.5Nd-

0.5Zr 

270 300 22 

Mg-2Zn-

0.5Y-0.5Zr 

295 315 17 

Mg-1.8Zn-

0.2Gd 

Rolling  300 14 Presence of twins acted 

as dislocation barriers 

[195] 

Mg–

2.25Nd–

0.11Zn–

0.43Zr 

Double 

extrusion 

276 309 34.3 Uniformly refined 

grains and fine Mg12Nd 

secondary phases 

[173] 

WE43 ECAP + 

Extrusion 

350 398 9.45 Grain refinement and 

increased dislocation 

density 

[181] 

Mg-2Zn-

0.5Nd-

0.5Zr 

Extrusion  238 281 22.4 Refined grains 

uniformly distributed 

secondary phases 

[196] 

Mg–2Nd–

0.1Zn–

0.4Zr 

Double 

extrusion + 

aging 

304 320 27.4 Fine grains and 

homogenous 

microstructure 

[174] 

Mg-2Zn-

0.5Nd 

Extrusion  136 245 19.3 Fine grain size and 

uniformly distributed 

secondary phases 

[197] 

 

2.7.2 Biodegradation behaviour  

The biodegradation behaviour of Mg alloys is primarily governed by their 

microstructure, secondary phases, and surface oxide formation. Achieving an optimized 

degradation rate is crucial for biomedical applications to ensure that the implant maintains 

structural integrity while gradually resorbing in sync with tissue healing. 
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2.7.2.1 Factors influencing corrosion/biodegradation behaviour of Mg based alloys 

 High reactivity of Magnesium: Magnesium has a very low standard electrode 

potential (-2.37 V vs. Standard Hydrogen Electrode), making it highly reactive 

compared to many other metals. This high reactivity means magnesium readily 

participates in oxidation-reduction reactions, leading to rapid corrosion. The 

electrode potentials of REEs (For example: Y: −2.37 V, La: −2.37 V, Gd: −2.40 V, 

Nd: −2.44 V, Ce: −2.48 V) are similar to that of magnesium (-2.37 V), and their 

compounds have low electrode potentials. This similarity helps to lower the overall 

potentials of the cathode phase, reducing corrosion rates [198–200]. 

 Effect of Secondary Phases: The corrosion behaviour of Mg alloys is impacted by 

the formation and distribution of secondary phases. The secondary phases can 

influence the corrosion of Mg alloys in two contrasting ways. 1. Micro-galvanic 

corrosion: The volta potential difference between secondary phase and the 

surrounding α-Mg matrix leads to the formation of a micro galvanic couple. The 

anodic phase (usually the α-Mg matrix) will start to corrode and the intensity will 

depend on the difference in volta potential difference between secondary phase and 

α-Mg matrix. 2. Barrier effect: The uniformly distributed secondary phases can 

eventually prevent the spread of corrosion into the grain interior by acting as a barrier 

[201,202]. REEs are effective in forming secondary phases that are less cathodic and 

can thus minimize micro-galvanic corrosion. The Table 2.4 shows the volta 

potential difference of different secondary phases and α-Mg matrix. The positive 

volta potential difference indicates that the secondary phases are cathodic and vice 

versa. It can be observed that very few secondary phases are anodic in nature. For 

example, Liu et al. [203] showed that the addition of RE (Ce, La) to AM60 (Mg-

6%Al-0.6%Mn) alloy improved its corrosion resistance. The enhanced corrosion 

resistance was due to the reduction in volume fraction of β-Mg17Al12 and the 

formation of γ-AlRE. The γ-AlRE phase is more active thus reducing the galvanic 

corrosion effect. The corrosion barrier effect of continuously distributed secondary 

phases in ZK60-3.6Nd (Mg-6Zn-0.4Zr-3.6Nd) enhanced its corrosion resistance 

compared to ZK60 (Mg-6Zn-0.4Zr) and ZK60-1.8Nd (Mg-6Zn-0.4Zr-1.8Nd) [204].  
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Table 2.4. Volta potential difference of secondary phases with respect to Mg matrix 

in different Mg-RE alloys. 

Alloy Phase Volta potential 

difference (mV) 

Reference 

Mg-6Zn-1Ce-0.5Zr MgZn2Ce -90 [205] 

Mg-5Nd Mg41Nd5 35 [206] 

ZE41 (Mg-4Zn-1Ce) Mg7Zn3Ce 100 [207] 

WE43 Mg12(RE,Y) 25 [207] 

WE43 Y rich 50 [207] 

Mg-8.9Gd-2.8Y-1.8Zn-0.4Zr-

0.2Ca 

Block shaped LPSO 50 [208] 

Mg-8.9Gd-2.8Y-1.8Zn-0.4Zr-

0.2Ca 

Lamellar LPSO -100 [208] 

Mg-8.9Gd-2.8Y-1.8Zn-0.4Zr-

0.2Ca 

RE rich phase 200 [208] 

Mg-1.2Y-1.2Ho-0.6Zn-0.1Zr 

(at.%)  

(As cast) LPSO 90 [209] 

 (Heat treated) LPSO 37 

Mg-2Zn-0.6Zr-0.2Nd T3 phase -400 [210] 

Mg-15Gd-2Zn-0.39Zr (Mg,Zn)3Gd as cast 290 [211] 

Mg-15Gd-2Zn-0.39Zr LPSO (T4) 243 [211] 

Mg–2Zn–0.4Mn–0.1Sr–1Gd Gd rich phase 137 [184] 

Mg-5.0Y-7.0Gd-1.3Nd-0.5Zr RE phases -35 [200] 

Mg-4.23Zn-9.27Gd-0.44 Zr W phase 120 [202] 

Mg- 

6.87Zn-4.91Gd-0.42 Zr 

I phase 25 

Mg-2.77Zn-11.40Gd-0.45 Zr X phase 60 

 

 

 Formation of Corrosion Product Films: The corrosion product film or the oxide 

film forming on the surface of the alloy can inhibit the corrosion depending on their 

protective capability in corrosive environments [41,212]. The effectiveness in 

protective nature of the oxides can be evaluated using the Pilling-Bedworth ratio 

(PBR) [213] 

PBR = Molecular volume of the oxide layer/Molecular volume of the metallic 

substrate 
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According to PBR theory, oxide layers with PBR < 1 will be porous and will not 

offer protection, like wise oxide layers with PBR > 2 will be susceptible to breakage 

due to stress and also does not offer protection. Whereas, the oxide layers with PBR 

between 1 and 2 have the capability to protect the material from further corrosion 

[41]. For instance, the PBR of MgO is 0.81 which does not offer any protection to 

the surface. However, certain RE oxides like Sc2O3 (PBR = 1.1), Y2O3 (PBR = 1.19), 

Nd2O3 (PBR = 1.02) will offer protection to the otherwise porous MgO layer and 

thus enhancing the corrosion resistance [214–216] [217]. For example, Liu et al. 

[218] showed that the formation of Y2O3, Gd2O3, and Nd2O3 in the Mg–5Y–7Gd–

1Nd–0.5Zr alloy enhanced the corrosion resistance [218]. Similarly, Zhang et al. 

[150] found that the formation of a stable and compact Nd2O3 film on the surface, 

along with Mg(OH)2 resulted in its superior corrosion resistance. Also, elements 

such as La, Ce, Er, Y, and Gd have been reported to increase the compactness of 

corrosion films of oxides or hydroxides [203,218–222].  

 Role of impurities: Common impurity elements like Fe, Ni and Cu are highly 

detrimental to corrosion resistance in Mg alloys. They have limited solubility in Mg 

which results in the formation of highly active cathodic phases which accelerates 

corrosion [223]. In addition, impurities react with major alloying elements thus 

reducing their effectiveness as alloying elements [224]. Thus, it is important to 

control the number of impurities in the alloy systems. The threshold limits for 

impurities Fe, Ni and Cu are 50 ppm, 5 ppm and 300 ppm respectively [212,225]. 

Alloying elements like RE have the ability to scavenge these impurities by forming 

stable intermetallic phases with them. Thus the micro-galvanic corrosion due to the 

impurities can be reduced to a great extent [219,226]. 

 Grain size: The reduction in grain size leads to an increase in the number of grain 

boundaries. The high density of grain boundaries facilitates the formation of a more 

uniform and protective surface oxide layer, thereby enhancing its corrosion 

resistance. In addition, the higher number of grain boundaries will lead to a 

reduction in the disorder and mismatch between the metal surface and oxide layer. 

This reduction ensures a better adherence of protective films. However, there are 

contradicting reports suggesting that grain refinement occurring during deformation 

processing has led to a decrease in corrosion resistance. However, this might be due 

to the fact that other microstructural parameters such as internal stress, texture and 
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secondary phase distribution also play a role in the corrosion behaviour of the 

material [227,228]. The collective impact of grain boundaries can be summarized 

as follows. Grain boundaries play a role in increasing the rate of diffusion and 

electron activity while decreasing atom coordination. This reduction in atom 

coordination results in a lower work function of the surface, facilitating the removal 

and adsorption of species and potentially increasing the rate of charge transfer. The 

heightened reactivity associated with grain boundaries supports the idea that they 

can have an adverse effect on corrosion resistance, serving as initiation sites for 

corrosion. However, magnesium presents a unique case due to the instability of its 

oxide layer in aqueous solutions. This instability arises from a significant 

geometrical mismatch between the oxide layer and substrate. Furthermore, in 

aqueous solutions, cubic magnesium oxide transforms into hexagonal magnesium 

hydroxide upon hydration, with a volume approximately double that of magnesium 

oxide. This transformation leads to disturbances in the film, causing compressive 

rupture and initiating a continual corrosion process. A fine-grained microstructure 

is likely a means of relieving this stress, primarily through a high fraction of grain 

boundaries, thereby reducing the degree of oxide cracking [229].  

 Texture: The crystallographic texture has a significant influence on the corrosion 

behaviour of Mg based alloys. The basal plane {0001} in magnesium alloys exhibits 

lower surface energy in comparison to the prism planes {1010} and {1120}. 

Orientations closer to the basal planes have demonstrated lower corrosion rates 

compared to atomic planes with less packing density [230,231]. Grains with 

orientations near the basal planes, characterized by higher work function values 

than grains with non-highly packed planes, require more energy to remove atoms 

from their surfaces [232–234]. The closely packed nature of basal planes makes it 

challenging to remove atoms from them, hindering the perpendicular propagation 

of corrosion in the direction of the basal plane. Thus, the basal planes are more 

resistant to biodegradation in comparison with the prism planes. The theoretical 

corrosion rate of the prism planes is significantly higher than basal planes 

[235,236]. For example, Zhang et al. [169] observed that the presence of a dominant 

basal plane in Mg-2.9Gd-1.5Nd-0.3Zn-0.3Zr alloy contributed to its superior 

biodegradation resistance. Similarly, FSPed EZ33 (Mg-3Nd-3Zn-0.5Zr) showed 

better biodegradation resistance owing to a strong basal texture [237]. 



Chapter 2 
 

39 
 

 Dislocation density and twins: The dislocation sites have higher energy and act as 

anodic sites compared to the matrix thus accelerating corrosion. Thus, a significant 

increment in dislocation density during deformation processing usually leads to an 

increase in corrosion rate. Also, the formation of twins during deformation process 

accelerates corrosion rate as atoms in twin planes are more active than those in 

normal crystallographic plane.  

Martyneko et al. [170] studied the influence of different processes such as 

ECAP, Multi axial deformation (MAD) and rotary swaging (RS) on the properties 

of a bioresorbable WE43 alloy. It was reported that although lowest grain size of 

0.61 µm was observed for WE43 processed by RS technique, large number of 

deformation twins associated with the processing caused a deterioration in its 

biodegradation resistance. Koleini et al. [238] reported that despite the grain 

refinement induced by rolling, it was revealed that the corrosion resistance of Mg–

1Ca decreased due to an escalation in the number of twinning planes. The 

heightened density of twinning and dislocation altered the anodic polarization 

behaviour, with untwinned samples exhibiting self-passivation characteristics, 

while twinned ones demonstrated active dissolution in the electrolyte.  

 

2.7.2.2 Biodegradation behaviour of as cast Mg-RE based alloys  

 Mg-RE binary alloys  

Yang et al. [239] observed that the biodegradation layer of Mg-10Dy alloy was 

rich in Dy and this resulted in the suppression of pitting corrosion. Mao et al. [240] 

observed that the formation of Nd2O3 in the biodegradation layer of  Mg–2.5Nd–0.2Zn–

0.4Zr alloy inhibit the release of Mg2+, thus hindering further biodegradation. Munir et 

al. [175] reported that Sc addition in Mg-Sr-Zr alloy resulted in an enhancement in 

biodegradation resistance owing to the suppression of the growth of Mg17Sr12 at grain 

boundaries and the formation of Sc2O3 on the biodegradation layer. Similarly, Brar et 

al. [241] demonstrated the effectiveness of Y and Sc in forming protective oxide films 

on the surface of Mg alloys. Further, Brar et al. [242] found that the surface film of Mg-

Gd alloy consisted of MgO and Gd2O3, Mg-Y alloy had MgO and Y2O3 oxide layers, 

and Mg-Sc alloys had MgO and Sc2O3 oxide layers. However, the kinetic speed of 

formation of oxide in Mg-3Gd was the highest and that of Mg-3Sc was the lowest. But, 
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the formation of a rare earth oxide need not always protect the alloy from severe 

biodegradation. For example, Zhang et al. [206] observed that although Nd2O3 formed 

on the biodegradation layer of Mg-2Nd alloy, the presence of Mg41Nd5 phase 

accelerated the micro galvanic corrosion. The increment in the addition of Nd (5%) 

resulted in the uniform distribution of Mg41Nd5 phase and a more compact surface film 

ensured the better biodegradation resistance.  

 Mg-Li/Al-RE 

Geng et al. [243] reported that the addition of Gd to Mg-17Al-3Zn-7Cu shifted 

the corrosion potential to a more noble direction, thus enhancing its biodegradation 

resistance. Liu et al. [244] observed that Y incorporation into AZ61 alloy suppressed 

the formation of Mg17Al12 phase and enhanced the formation of Al2Y phase. The Al2Y 

phase has a higher corrosion potential, which inhibits the micro-galvanic corrosion.  

 Mg-Zn-RE 

As mentioned in section 2.7.1.2 the different Zn/RE ratios result in the 

formation of different ternary phases such as I, W and LPSO phases. These secondary 

phases have significant effect on the biodegradation behaviour of the alloys. Zhang et 

al. [245] observed that the enhanced biodegradation resistance in Mg-2Zn-0.2Mn-

0.62Nd was due to reduced micro galvanic biodegradation and the formation of stable 

surface oxide. However, the presence of secondary phases such as Mg3Zn6Nd and 

Mg2Zr in Mg-2Zn-0.8Nd-0.2Zr alloy accelerated the degradation rate [246]. There are 

also reports of anodic secondary phases in Mg-Zn-RE alloy systems that preferably 

corrodes rather than the matrix. For example, the addition of 0.2-1 wt.% Nd in Mg-

2Zn-0.6Zr alloy resulted in the formation of Mg60Zn32Nd8 (T2) and Mg35Zn40Nd25 (T3) 

phases. T2 and T3 phases, with a relative Volta potential of approximately -400 mV, 

served as micro-anodes, leading to their preferential corrosion rather than the Mg matrix 

[210]. Although cathodic or anodic secondary phases accelerate the biodegradation 

process, the uniform distribution of secondary phases are effective in slowing down the 

biodegradation. For instance the LPSO structure in Mg-3Gd-1Zn-0.4Zr alloy acted as 

a corrosion barrier and enhanced the biodegradation resistance  [247]. Similarly, Xie et 

al. [209] observed that the lamellar structure containing LPSO and stacking faults (SF) 

effectively impedes the biodegradation propagation. Also, the authors observed that 

severe micro galvanic corrosion is observed with the cathodic LPSO phase than the 
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anodic SF. This is evident from the Figure 2.9 [209]. Similarly, the uniform corrosion 

observed in Mg–6Ho–0.5Zn was due to the presence of SF. SFs are parallel within a 

grain and are arranged in different orientations across the grains. Thus, due to the 

different orientations in the adjacent grains, the corrosion spreading can be impeded 

[182] 

 

Figure 2.9. Schematic diagrams of the corrosion mechanism of (a-c) as-cast, (d-f) heat-

treated, (g-i) as-extruded Mg96.9Y1.2Ho1.2Zn0.6Zr0.1 (at.%) alloy [209]. 

2.7.2.3 Biodegradation behaviour of secondary processed Mg-RE alloys 

The secondary processing of the material refines the grains, distributes secondary 

phases, changes the texture as well as introduces internal stress and increases dislocation 

density. All these factors have a definite influence on the biodegradation behaviour of Mg 

alloys. However, during biodegradation of secondary processed alloys, all these factors 

come into play and that makes the biodegradation behaviour a bit unpredictable [167,248]. 

As it is well reported that the grain refinement usually leads to a better biodegradation 

resistance owing to the formation of a passivation film over the grain boundaries. For 

instance, Friction stir processing (FSP) of WE43 resulted in the grain size reduction from 

53 to 2.7 µm and which led to biodegradation rate declining from 38.41 to 15.12 mm/y and 

the authors have attributed this to the improved passivation kinetics of the fine-grained 

microstructure [248]. Similarly grain refinement of ZE41 alloy subjected to 60 ECAP 

passes also resulted in a better biodegradation resistance [230,249]. However, there are 
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reports suggesting that although grain refinement occurred the biodegradation resistance 

deteriorated. This is due to the fact that other factors played a major role in the 

biodegradation behaviour. For example, the grain refinement enabled enhanced 

biodegradation resistance was observed for the 8 pass ECAP processed Mg-1Y-0.5Zn 

alloy. However, although the grains continued to get refined till 12 pass, the biodegradation 

resistance declined owing to the complete breaking up of LPSO phase accelerating the 

dissolution of Mg [250]. Similarly, after two ECAP passes, the Mg-2Zn-1Gd-0.5Zr alloy 

exhibited improved biodegradation resistance due to uniform fine grains and the 

transformation of bulk secondary phases into smaller particles. However, increasing the 

passes to four created a bimodal microstructure with high-energy grain boundaries, 

accelerating biodegradation. The change in the microstructure of the alloys is shown as a 

schematic in Figure 2.10 [171]. Straumal et al. [168] reported that a significant reduction 

in grain size was observed with ECAP of Mg-10Gd alloy from 70.8 to 1-2 µm with the 

biodegradation rate increasing from 0.l5 to 2.19 mm/y owing to the accumulation of 

increase in dislocation density. Similarly, the dispersion of the secondary phase plays a 

more crucial role than grain size in biodegradation behaviour of ECAP processed WE43 

alloys. The samples till 3 ECAP pass showed increased biodegradation resistance owing to 

the grain refinement as well as the uniform distribution of secondary phases. Conversely, a 

further decrease in grain size observed with 4 pass, but the coarse spherical phase grew 

which resulted in the decline of biodegradation resistance [251].  

 

Figure 2.10. (a) The as-cast Mg-2Zn-1Gd-0.5Zr alloy features large grains and second 

phases, (b) two extrusion passes result in smaller grains and uniform distribution of second 

phases, (c) four passes produce finer grains and strip-shaped ultrafine grains [171]. 

However, these reports may not accurately convey the adverse impact of grain 

refinement on biodegradation resistance. Extrusion, as an example, leads to a wide range 

of grain size values due to non-homogeneous strain. To address this issue, alternative 
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processing routes such as cyclic extrusion and compression (CEC) [252] and double 

extrusion [173] have been explored by researchers. An increase in extrusion ratio from 7 to 

14 in Mg-4Zn-1.2Y-.8Nd resulted in 100% dynamic recrystallization and the authors have 

reported that biodegradation rate was reduced owing to the distribution of uniform grains 

[172]. These modifications resulted in the formation of a homogeneous fine grain structure 

and demonstrated improved biodegradation resistance. Also, for designing a biodegradable 

implant, uniform biodegradation should be preferred rather than achieving lower 

biodegradation rate. Zhang et al. [186] reported that extruded GZ61K (Mg-6Gd-1Zn-0.5Zr) 

alloy had lower biodegradation rate compared to GZ60K (Mg-6Gd-0.6Zn-0.5Zr) alloy 

owing to the finer grain size. But the uniform biodegradation observed in GZ60K alloy 

attributed to its longer retention of mechanical integrity over GZ61K alloy.  

Similar to the deformation processing, heat treatment alone or the combination of 

heat treatment along with deformation processing has also proved effective in reducing the 

biodegradation rate. The size, distribution, morphology, and volume fraction of the 

precipitates after the heat treatment play a key role in the biodegradation behaviour of these 

alloys. Maier et al. [253] observed that aging of Mg-2.78Y-1.43Nd-0.43Gd-0.41Dy 

(WE32) and Mg-3.05Y-1.81Nd-0.50Gd-0.43Dy (WE33) alloys at 200 °C for 45 hours lead 

to the formation of a passive layer leading to a reduction in biodegradation rate. The 

solution treatment of Mg-1.59Nd-2.91Zn-0.05Zr-0.35Mn (NZKM) alloy at 480 °C for 10 

hours resulted in the alteration of continuously distributed β phase [(MgNd)₄Zn₇] to 

discontinuous necklace type distribution. This led to a decrease in the micro-galvanic 

couples and thus increasing the biodegradation resistance [254]. Similarly, solution 

treatment of Mg-2.7Nd-0.2Zn-0.4Zr alloy at 475 °C for 1 hour, resulted in  the enhanced 

biodegradation resistance owing to the lower volume fraction of secondary phases [255]. 

However, there are reports of a decline in biodegradation rate owing to the heat treatment. 

For instance, solution treatment of Mg-2.5Nd-0.3Zn-0.1Sr-0.4Zr alloy led to a decrease in 

biodegradation resistance due to grain growth and the presence of a discontinuous 

intermetallic phase. The as cast alloy showed superior biodegradation resistance because 

of the barrier effect offered by the continuous distribution of secondary phase [256]. Also, 

solution treatment of as-cast Mg-5Y-1.5Nd alloys at 535 °C for 20 hours, followed by aging 

at 225 °C for different durations (6, 14, and 24 hours), deteriorated biodegradation 

resistance owing to the increase in micro-galvanic couples. The T6-24 h (overaged) alloy 

exhibited the highest amount of bulky secondary phases and the highest biodegradation 
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rate, while the T6-14 h (peak-aged) alloy showed a more uniform distribution of 

precipitates, forming a corrosion barrier and improving biodegradation resistance [257]. 

Table 2.5 summarizes the biodegradation behaviour of as cast and secondary processed 

Mg-RE based alloys. 

Table 2.5. Biodegradation rates of Mg-RE based alloys 

Aloy code Process 

Parameters 

Solution  Biodegradation 

rate 

Mechanism reference 

Mg-1.27Ce As cast SBF 9.6 Reduced volume fractions of 

Mg12Nd resulted in the smallest 

ratio of cathode-to-anode area 

[258] 

Mg-0.69La As cast SBF 14.7 [258] 

Mg-2.13Nd As cast SBF 4.1 [258] 

Mg-3Gd-

1Zn 

As cast SBF 0.61 Presence of LPSO phase along 

the grain boundaries  

[177] 

Mg–6Ho–

0.5Zn 

Extruded SBF 0.25 Presence of Ho(OH)3 stabilises 

the corrosion film. 

[182] 

Mg-10Dy Heat treated 

(T4) 

DMEM + 

FBS 

0.56 Dy2O3 and Dy(OH)3 in the 

biodegradation layer offers 

protection 

[239] 

Mg-6.0Gd-

1.2Cu- 

1.2Zr 

Heat treated 

(T4) 

SBF 60  Barrier effect of LPSO and 

reduced microgalvanic 

corrosion post heat treatment  

[259] 

Mg-10Gd-

0.5Zr 

Heat treated 

(T4) 

DMEM + 

FBS 

0.79 Dissolution of secondary 

phases and Gd enhances the 

passivation film  

[260] 

Mg-4Y-

1Ag 

Heat treated 

(T4) 

DMEM + 

FBS 

0.2 Homogenised microstructure 

and reduced microgalvanic 

corrosion owing to the 

dissolution of Mg24Y5 phase 

[261] 

Mg–2Dy–

8Gd–0.2Zr 

Heat treated 

(T6) 

DMEM + 

FBS 

0.3 Protective oxide layer [138] 

Mg-5Nd Extruded + 

Solutionized 

+ aged 

DMEM + 

FBS 

1.2 Uniformly distributed Mg41Nd5 

acted as barriers for corrosion 

propagation  

[262] 

Mg-5.8Zn-

2Yb-0.5Zr 

Heat treated 

(T4) 

SBF 1.49 Corrosion barrier effect induced 

by dispersed nanoscale 

precipitates 

[183] 

Mg–2Zn–

0.4Mn–

0.1Sr–1Gd  

Extruded Hanks 0.48 Gd2O3 in the corrosion layer [184] 
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Mg-2Zn-

0.72Ce 

Extruded  MEM + 

10% FBS  

0.38 Refined grains [185] 

GZ60 Extruded SBF 0.45 Presence of high density 

stacking faults 

[186] 

Mg-5Nd Extruded DMEM + 

FBS 

0.15 The combination of uniformly 

distributed Mg41Nd5 phases and 

the protection offered by Nd2O3 

and Nd(OH)2 

[206] 

Mg-0.6Gd-

0.3Dy-

0.2Zr 

Extruded Hanks 

solution 

0.36 Few secondary phases resulting 

in the reduction of galvanic 

couples 

[263] 

Mg-4Y-

3Nd 

Extruded SBF 0.3 Formation Y2O3 and Y(OH)3 

enhances the stability of the 

corrosion layer 

[189] 

Mg-3Nd-

0.5Zn 

Extruded SBF 1.25 Mg-Nd binary phases have very 

low potential difference with 

Mg matrix  

Mg-2Y-

1Zn 

Extruded SBF 2.25 LPSO phases induce micro 

galvanic corrosion 

Mg-2Zn-

5.7Y 

Extruded SBF 2.3 Bimodal microstructure and 

low induced strain 

[190] 

Mg-10Gd Extruded + 

ECAP  

 

DMEM 2.19 Increased dislocation density 

increased the biodegradation 

rate 

[168] 

Mg-2.9Gd-

1.5Nd-

0.3Zn- 

0.3Zr 

ECAP 

 

SBF 0.126 Grain refinement and strong 

basal structure 

[169] 

Mg-2Zn-

1Gd-0.5Zr 

ECAP  

 

Hanks` 0.5 

 

 

Grain refinement and uniform 

distribution of secondary 

phases 

[171] 

Mg-2Zn-

1Gd 

Extruded Hanks 0.24 Uniformly distributed 

secondary phases leads to 

suppression of micro galvanic 

corrosion  

[192] 

LAE442 

 

Extruded + 

ECAP 

MEM + 

FBS 

0.25 Formation of compact surface 

layer 

[264] 

Mg-Y-Zn ECAP SBF 2.35 

 

Uniform grain refinement,  [250] 
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EZ33 FSP 

 

HBSS 0.35 

 

 

Uniform distributed secondary 

phases, grain refinement and 

basal texture 

[237] 

WE43 FSP 

 

SBF 15.12 

 

 

Uniformly fine grained 

microstructure 

[248] 

Mg-1Zn-

2Dy 

FSP  DMEM 0.72 

 

grain refinement, uniform 

distribution of secondary 

precipitates and strong basal 

texture 

[167] 

Mg-2Zn-

0.5Gd-

0.5Zr 

ECAP 

4 pass 

hanks  0.48 Presence of large secondary 

phases proved detrimental to 

corrosion 

[194] 

Mg-2Zn-

0.5Nd-

0.5Zr 

 0.35 Large amount of calcium 

phosphate deposition 

Mg-2Zn-

0.5Y-0.5Zr 

 0.63 High volume fraction of 

secondary phases causes more 

micro galvanic corrosion 

Mg-1.8Zn-

0.2Gd 

Rolled Hanks 0.16 Single α Mg phase was 

predominant thus eliminating 

the formation of galvanic 

couples 

[195] 

Mg-2Zn-

0.2Mn-

0.62Nd 

Rolling  Kokubo 0.92 Presence of Nd2O3, Nd inhibits 

the Cl- penetration into the 

oxide film,  

[245] 

Mg-

2.73Nd-

0.16Zn-

0.45Zr 

Cyclic 

extrusion and 

compression 

Hanks 

solution 

1.25 Uniformly distributed 

secondary phases and refined 

grains 

[246] 

Mg–2Nd–

0.1Zn–

0.4Zr 

Double 

extrusion + 

aging 

SBF 1.2 Fine grains and homogensou 

microstructure 

[174] 

Mg-

1.84Zn-

0.5Nd 

FSP Simulated 

intestinal 

fluid 

1.5 Fine grain size, strong basal 

texture and  

[265] 
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2.7.3. Biocompatibility of Mg-RE based alloys 

Along with biodegradation as well as sufficient mechanical strength the implant 

must be non-toxic, non-genotoxic, and not irritating to the human body. Although Mg is a 

highly biocompatible element, the alloying element added to Mg to improve its 

biodegradation resistance as well as mechanical strength can influence the biological 

properties of the alloys. Therefore, it is important to know that that REEs are not typically 

involved in biochemical processes, and thus the body has limited mechanisms for their 

handling. However, the ionic radius of REEs are similar to that of Ca2+ which facilitates 

them to interact with various biological pathways [266–268]. Although, certain REEs find 

suitability to be used in the body, they are primarily added into Mg to enhance the 

mechanical as well biodegradation properties. Thus, the focus should be to use those REEs 

as alloying element in Mg having an excellent combination of biocompatibility, mechanical 

strength as well as biodegradation resistance. However, selection of REEs on the basis of 

biocompatibility should be given the utmost priority as the LD50 values of almost all of 

the REEs fall well short of the biocompatible elements like Mg and Ca [Table 2.6]. LD50, 

or Lethal Dose 50%, is a term used in toxicology to measure the acute toxicity of a 

substance. It represents the dose required to kill 50% of a test population (usually lab 

animals like rats or mice) within a specified period. The value is typically expressed in 

terms of milligrams of the substance per kilogram of body weight (mg/kg) [269].  

Table 2.6. LD50 values of various elemental chlorides (given as oral dosage to rats) 

 

 

Also it should be noted that certain REEs do not necessarily show any toxicity at 

lower dosage, at higher dosage they may severely harm the biological functions [286]. For 

example, a study on the effect of different RECl3 (RE = Y, Nd, Dy, Pr, Gd, La, Ce, and Eu) 

Element Sc Y La Ce Pr Nd Sm Lu 

LD50 755 88 372.4 353 358 600 585 315 

Reference [270] [271] [272] [269] [273] [274] [275] [276] 

Element Eu Gd Tb Dy Ho Er Tm Yb 

LD50 550 550 550 585 560 535 485 395 

Reference [277] [278] [279] [280] [280] [280] [281] [282] 

Element Mg Ca Zn       

LD50 3450 2000 1100      

Reference [283] [284] [285]      
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on the cytocompatibility of MG63, human umbilical cord perivascular (HUCPV), and 

RAW 264.7 cell lines proved that La and Ce had the highest toxicity [287]. Similar 

observation was made by Grillo et al. [288], La exhibited a more detrimental effect on the 

cell lines in comparison to Gd and La even exhibited toxicity at lower concentrations (≥200 

μM RE) when exposed to longer times (more than six days) [288]. However, there are also 

reports of LaCl3 and CeCl3 behaving as inhibitors of leukemic cells and resulting in 

apoptosis of cells which suggests they have anticancer capabilities [289]. Also, REEs 

shows antimicrobial properties and they are also used in burn treatments [277–279]. For 

instance, Wakabayashi et al. [293] showed that REEs have the potential to show 

antibacterial as well as antifungal properties similar to Cu, which is usually used as an 

antibacterial metal. In addition, unlike Cu which is toxic to lymphoblastoid cells, REEs 

does not affect the cells in an alarming manner. The antibacterial and antifungal properties 

of REEs can be seen from the Figure 2.11.  

  

 

 

Figure 2.11. Antibacterial effects against E.coli and S. aureus and antifungal effects against 

A. niger and P. citrinum of RE ions (Sc, Pr, Gd and Er ions), Cu and Ag ions [293]. 
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2.7.3.1 Influence of individual rare earth elements on the biocompatibility  

Scandium (Sc) 

In-vitro studies have highlighted the benign impact of Sc on cell viability, 

particularly in human osteosarcoma and vascular smooth muscle cells. Sintered scandium 

oxide (Sc2O3) has demonstrated non-toxicity and, notably, the ability to stimulate cell 

growth, suggesting its potential as a biocompatible biomaterial [294]. In-vivo 

investigations have shown similarly encouraging results. Acute toxicity assessments in 

mice have reported relatively high median lethal doses for scandium chloride, indicating 

low acute toxicity. Additionally, long-term studies in rats, involving dietary incorporation 

of Sc, revealed no signs of chronic toxicity over a 90-day period [270,273].  

Yttrium (Y) 

Y compounds, such as yttrium chloride (YCl3), exhibit notable biological 

interactions and potential health implications. Intraperitoneal (I.P.) administration in 

murine models has shown similarities with iron and chromium chlorides (FeCl2 and CrCl3

), while intravenous (I.V.) injections of YCl3 demonstrate a strong affinity for the liver and 

spleen, causing significant calcium ion displacement [271]. Chronic oral exposure to 

yttrium raises concerns about potential hepatic injury, despite some reports of enhanced 

rodent longevity and improved in-vitro cell viability under specific conditions [295]. 

Additionally, yttrium oxide nanoparticles (Y2O3) have been identified as neuroprotective 

agents, offering protection to nerve cells against oxidative stress [296]. However, animal 

studies have linked YCl3 to acute hepatic injury, highlighting the need for comprehensive 

research to fully understand its toxicity profile and therapeutic potential 

Lanthanum (La) 

La demonstrates severe toxicity, mostly when administered as a chloride salt via 

intraperitoneal (I.P.) or intravenous (I.V.) routes. Acute and chronic exposure to La has 

been associated with neurological impairments, including memory deficits, as well as 

adverse hepatic effects such as lipid accumulation, necrosis, and hemorrhage. In-vitro 

studies corroborate its cytotoxicity, with notable inhibition of cell viability. However, 

contrasting evidence suggests that La ions can stimulate the growth of human dermal 

fibroblastic cells, highlighting its complex biological interactions. Despite these concerns, 
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lanthanum carbonate [La2(CO3)3] is clinically used to treat hyperphosphatemia in patients 

with renal failure undergoing dialysis. Nonetheless, reports of genotoxicity and its potential 

to induce cellular mutations and carcinogenesis emphasize the need for further 

investigation into its safety and therapeutic applications [272,297,298]. 

Cerium (Ce) 

Ce exhibits a strong affinity for the liver, leading to significant uptake by liver cells 

and hepatotoxic effects such as lipid accumulation, hepatic necrosis, hemorrhage, and 

increased vascular permeabilization. Conflicting findings regarding the genotoxicity and 

mutagenicity of cerium compounds have been reported. While some studies found no 

mutagenic effects with cerium oxide or chloride, cerium nitrate [Ce(NO3)] has been linked 

to chromosomal breaks in rat bone marrow cells. Further research on nanoparticulate ceria 

(CeO2) revealed genotoxic and mutagenic effects following oral exposure in rats, 

emphasizing the need for more comprehensive investigations. Despite these concerns, 

cerium compounds also exhibit beneficial properties. Nanoparticles of CeO2 have shown 

neuroprotective effects by shielding nerve cells from oxidative stress, and Ce(NO3)3 has 

demonstrated potential as an antiseptic treatment for burns. However, excessive doses of 

Ce(NO3)3 can lead to toxicity and methemoglobinemia, highlighting the importance of 

cautious administration. These findings underscore the dual nature of cerium’s biological 

interactions, necessitating further research to balance its therapeutic potential against its 

toxicity [296,297,299].  

Praseodymium (Pr) 

Similar to other light rare earth elements (REEs), it has been associated with 

hepatotoxicity and demonstrates a notably slow clearance from the liver. Evidence of 

hepatic damage and potential long-term effects on liver function highlights the need for 

further investigation into its biological impact and safety profile. The biological role of 

praseodymium remains controversial. While some studies suggest that Pr may protect liver 

cells against phalloidin-induced toxicity in-vivo, others report hepatotoxic effects, raising 

questions about its potential suitability for biomedical applications. These contrasting 

findings emphasize the necessity for more detailed research to clarify the biological 

interactions and therapeutic potential of praseodymium salts [289,300]. 
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Neodymium (Nd) 

Nd demonstrates a relatively higher LD50 compared to other rare earth elements, 

suggesting a less severe biological impact. However, exposure to Nd salts has been linked 

to adverse effects such as fever, headaches, muscle pain, nausea, and vomiting, indicating 

potential hepatotoxicity. Typical application of neodymium chloride (NdCl3) can irritate 

abraded skin and eyes, while its nitrate salt exhibits mild embryotoxicity. Studies have also 

highlighted genotoxic effects, including chromosomal aberrations in bone marrow cells, 

raising concerns about its safety. Nd demonstrates a relatively higher LD50 compared to 

other rare earth elements, suggesting a less severe biological impact. However, exposure to 

Nd salts has been linked to adverse effects such as fever, headaches, muscle pain, nausea, 

and vomiting, indicating potential hepatotoxicity. Topical application of neodymium 

chloride (NdCl3) can irritate abraded skin and eyes, while its nitrate salt exhibits mild 

embryotoxicity. Studies have also highlighted genotoxic effects, including chromosomal 

aberrations in bone marrow cells, raising concerns about its safety [274,289,301]. 

Samarium (Sm) 

The application of solid samarium chloride (SmCl3) to abraded skin in rabbits 

caused severe adverse effects, including deep ulcers penetrating muscle tissue, with 

minimal healing observed over a two-week period. Intraperitoneal exposure to SmCl3 also 

resulted in acute symptoms such as lethargy, cramping, diarrhoea, and muscle spasms. 

Additionally, the nitrate form of samarium [Sm(NO3)3]) has been associated with moderate 

liver effects, including alterations in RNA synthesis. Despite these toxicological concerns, 

radioactive samarium-153 (Sm-153) is effectively used in the treatment of cancers such as 

osteosarcoma. However, ingestion of Sm(NO3)3 has been linked to pathological changes in 

various organs, particularly the liver, highlighting the need for cautious use and further 

investigation into its safety profile [274,282,302] 

Europium (Eu) 

Eu has limited clinical applications, with its primary use as an MRI sensor in the 

form of an Eu DOTA-tetraamide complex. Toxicity studies suggest that europium exhibits 

mild biological effects, supporting its potential for biomedical applications. In animal 

studies, intraperitoneal administration of europium hydroxide nanorods at doses ranging 

from 1.25 to 125 mg/kg/day over seven days showed no significant changes in blood 
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hematology or serum clinical chemistry, aside from slight elevations in liver enzymes. At 

higher doses (1000 mg/kg), mice exhibited localized irritation, including hyperkeratosis in 

the forestomach and eosinocyte infiltration in the stomach submucosa. Europium 

accumulation was dose-dependent, with small amounts detected in the liver, kidneys, 

spleen, and femurs. Additionally, administration of EuCl3⋅6H2O to increased serum iron 

levels in males and altered total iron binding capacity in both sexes, while cholinesterase 

activity decreased in females at high doses. These findings highlight the need for further 

investigation into the safety and long-term effects of europium exposure in biomedical 

contexts [277,303–305] 

Gadolinium (Gd) 

Gd has no known natural biological role, and its biocompatibility remains a topic 

of debate [270,273]. Toxicity studies have reported an intraperitoneal median lethal dose 

(LD50) of 550 mg/kg for GdCl3 in mice, while Gd(NO3)3 caused acute toxicity at doses of 

300 mg/kg in mice and 230 mg/kg in rats [270,306]. High levels of Gd have been shown 

to compromise biocompatibility, as excessive release of Gd ions can induce toxic effects. 

For example, elevated Gd content in Mg-10Gd alloys disrupted bone remodeling and led 

to significant accumulation of gadolinium in major organs of SD rats [147,307]. However, 

despite the potential toxicity of free Gd ions, gadolinium-chelated compounds have been 

widely used as contrast agents in magnetic resonance imaging (MRI) [308,309]. 

Additionally, Gd compounds have shown promise in oncology, where they can generate 

reactive oxygen species to induce DNA damage and apoptosis in tumor cells [310]. Phase 

II clinical trials of motexafin gadolinium have suggested its potential as an adjuvant therapy 

for metastatic renal cell carcinoma [311]. Gd-loaded nanoparticles are also being 

investigated for targeted radiation therapy [312], while selective gadolinium-based agents 

are under exploration for photodynamic therapy in cancer treatment [313]. 

Terbium (Tb) 

Tb is recognized for its moderate acute toxicity relative to other rare earth elements, 

yet it presents remarkable irritation potential to both eyes and abraded skin. Notably, it 

induces intense irritation even on intact skin, hinting at possible adverse effects upon 

contact. Furthermore, intravenous administration of terbium has been linked to pulmonary 

edema and heightened lipid peroxidation. Acute hepatic effects encompass perinuclear 

vacuolization, minor enlargement of cells, focal necrosis, and mild fibro genic potential. 
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Chronic oral exposure to terbium has resulted in growth suppression, implying potential 

long-term consequences. The document underscores the necessity of considering terbium's 

adverse effects in the development and application of biomedical magnesium alloys. 

Additionally, radioactive Tb could find utility in phantom studies and radiolabelling. 

Notably, Tb exhibits delayed acute toxicity, and specific doses of terbium chloride have 

been shown to suppress the growth of mice [273,279,314]. 

Dysprosium (Dy) 

Dy has been studied for its acute in-vivo toxicity, which manifests as symptoms like 

writhing, ataxia, and excessive lacrimation at high doses. Typical application of 

dysprosium chloride has been associated with scar formation on abraded skin and ulcerative 

conjunctivitis upon eye exposure. Despite these findings, its chronic toxic effects appear 

minimal, with reports indicating moderate to low hepatotoxicity. Dysprosium chelate 

complexes have shown potential as contrast agents for magnetic resonance imaging. 

However, dysprosium-based shift reagents have demonstrated nephrotoxic effects at 

concentrations exceeding 5 mM, highlighting the need for careful dose management in 

biomedical applications [315,316].  

Holmium (Ho) 

Ho exhibits toxicity profiles similar to dysprosium, with both acute and chronic 

effects reported. Acute exposure has been linked to focal liver necrosis, though without the 

formation of fatty deposits. Additionally, studies suggest potential associations with 

nephrogenic systemic fibrosis (NSF) and genetic damage in mouse bone marrow cells, 

raising concerns about its hepatic and genotoxic effects. Despite these risks, holmium has 

been employed in biomedical applications, such as YAG surgical lasers for procedures like 

laparoscopic partial nephrectomy. Notably, delayed acute toxicity has been observed in 

cats, emphasizing the need for careful evaluation of holmium's safety in medical use 

[280,317–319].  

Erbium (Er) 

Er is considered moderately more toxic in-vivo compared to most other lanthanides. 

While it shows no notable impact on the proliferation of human vascular cells in-vitro, it 

shares acute toxic effects with dysprosium and holmium, including symptoms such as 

writhing, ataxia, and laboured breathing. However, studies have not indicated significant 
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chronic effects. Pharmacological and toxicological assessments reveal that erbium exhibits 

delayed acute toxicity, similar to dysprosium and holmium, aligning with its relatively 

higher toxicity profile observed in-vivo. However, erbium is effectively utilized in medical 

applications, such as YAG lasers for procedures like YAG lithotripsy, where it 

demonstrates efficacy in stone fragmentation [280,317–319]. 

Thulium (Tm) 

Tm is recognized as one of the more toxic lanthanide ions in mice, although its 

toxicity is notably reduced in rat studies. In rats, chronic exposure to thulium chloride has 

been associated with growth inhibition and the development of perinuclear vacuolization 

in parenchymal liver cells. However, studies have not identified significant genotoxic 

effects or related concerns. In medical applications, Tm serves as an efficient laser medium 

for procedures such as nephrectomy and superficial tissue ablation. Additionally, it is 

employed as an X-ray source in brachytherapy for cancer treatment. Despite its therapeutic 

potential, Tm demonstrates delayed acute toxicity and growth suppression in animal 

models, emphasizing the importance of assessing its safety for biomedical use 

[281,320,321].  

Ytterbium (Yb) 

Yb exhibits both acute and chronic toxic effects that share similarities with those of 

Tm, though some distinctions are observed, particularly in its chronic effects when 

administered as the chloride salt. Compared to most other rare earth elements, Yb has lower 

LD50 values, indicating higher in-vivo toxicity. However, it is notable for having one of 

the lowest levels of hepatotoxicity among rare earth elements, with a stronger affinity for 

osseous tissue than its lighter counterparts. Although Yb remains relatively understudied, 

it is recognized for its fibro genic potential and possible teratogenic effects. The 

radioisotope 175Yb has been utilized in the palliative treatment of bone metastases as a 

tracer for polyaminophosphonates. Additionally, YbF3 is employed as a non-toxic and inert 

material for dental fillings. Despite these applications, ytterbium exhibits delayed acute 

toxicity and has been associated with stomach haemorrhages, particularly in females, 

highlighting the need for further investigation into its safety and long-term effects 

[273,282,320,322].  
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Lutetium  (Lu) 

Lu, while not extensively researched, shows moderate toxicity similar to some other 

rare earth elements. Animal toxicity studies, particularly in rats, indicate that chronic 

exposure to lutetium leads to growth suppression and changes in liver cell structure, such 

as perinuclear vacuolization. Despite these adverse effects, Lu has promising applications 

in the medical field. The radionuclide 177Lu is used in radio immunotherapy and SPECT 

imaging, offering potential for cancer treatment. Furthermore, Lu has been explored as a 

photosensitizer in photodynamic therapy. However, it is important to note that lutetium 

chloride (LuCl3) can have a depressant effect on organisms, highlighting the need for 

further safety evaluations in its biomedical uses [276,323,324].  

However, rare earth elements (REEs), when incorporated as alloying elements into 

magnesium, tend to exhibit significantly reduced toxicity compared to their ionic forms, 

such as chlorides, oxides, or nitrates. This is because, in the alloyed state, REEs are bound 

within the metal matrix, limiting their direct interaction with biological systems and 

reducing their bioavailability. In contrast, ionic forms of REEs are more reactive and can 

readily interact with cells and tissues, potentially causing toxic effects. Therefore, it is 

crucial to evaluate the biocompatibility of Mg-RE alloy systems to better understand their 

actual biological behaviour and safety for biomedical applications. 

2.7.3.2 In-vitro biocompatibility of Mg-RE alloy systems 

In-vitro biocompatibility studies typically involve assessing key parameters such as 

cytotoxicity, hemocompatibility, cell adhesion, alkaline phosphatase (ALP) activity, and 

biomineralization to determine the toxicity and viability of a biodegradable material. These 

parameters provide comprehensive insights into how the material interacts with cells, 

tissues, and blood, serving as a foundation for evaluating its potential for biomedical 

applications. 

 Cytotoxicity is a primary indicator of biocompatibility that evaluates whether a 

material releases substances harmful to cells. Cytotoxicity tests involve exposing 

cells to material extracts or culturing them directly on the material’s surface to 

measure their viability and metabolic activity using assays like MTT or LDH. A 
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low cytotoxic response is crucial for ensuring that the material does not harm 

surrounding tissues when implanted. 

 Haemocompatibility, or the compatibility of a material with blood, is vital for 

implants interacting with the circulatory system, such as vascular stents. This 

parameter evaluates platelet adhesion, aggregation, and activation, along with 

haemolysis (red blood cell destruction). Excessive platelet aggregation can lead to 

thrombosis (blood clot formation), posing significant risks, while high haemolysis 

rates indicate red blood cell damage. Materials with minimal platelet aggregation 

and haemolysis rates within acceptable limits (less than 5%) are considered 

haemocompatible. 

 Cell adhesion is essential for tissue integration. A material that supports strong 

adhesion allows cells to attach, spread, and proliferate on its surface, facilitating 

tissue regeneration and implant stability. Poor adhesion can compromise integration 

and lead to implant failure. Microscopy techniques are often used to assess cell 

morphology and distribution on material surfaces. 

 Alkaline phosphatase (ALP) activity is a marker of osteoblast differentiation and 

is particularly important for materials intended for bone applications. Osteoblasts 

are cells responsible for bone formation, and higher ALP activity indicates that the 

material can promote their differentiation and enhance bone regeneration. In-vitro 

ALP assays help determine whether a material actively supports bone tissue 

development [272]. 

 Bio-mineralization is another critical parameter for biodegradable materials, 

especially those used in orthopaedic applications. It refers to the material’s ability 

to support the deposition of calcium-phosphate minerals, mimicking natural bone 

formation. Bio-mineralization tests typically involve immersing the material in 

simulated body fluid (SBF) and observing the formation of apatite layers on its 

surface. The presence of these layers indicates the material's potential to integrate 

with bone tissue and promote healing. 

With these parameters, various in-vitro studies have been conducted on 

magnesium-rare earth (Mg-RE) alloy systems to evaluate their biocompatibility. For 

instance, Liu et al. [148] studied platelet adhesion on Mg-RE alloys using scanning electron 

microscopy (SEM) and observed significant platelet aggregation on alloys such as Mg-3Ce, 

Mg-0.5Pr, and Mg-1Pr, suggesting reduced haemocompatibility for these compositions due 
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to a higher risk of thrombosis (Figure 2.12). Wang et al. [325] investigated the 

biocompatibility of REEs in WE alloys (Y: 2.5, 5.0, 6.5, 7.5 wt.%, Nd: 1.0, 2.5, 2.6, 4.2 

wt.%, Zr: 0.8 wt.%) and discovered that Nd addition resulted in the enhanced cell viability 

as well as hemocompatibility in comparison with pure Mg. Song et al. [286] investigated 

the cytotoxicity of Mg-Zn-Y-Nd alloys and found that they not only exhibited low 

cytotoxicity but also enhanced ALP activity, indicating their potential to promote osteoblast 

differentiation and bone regeneration. Zhou et al. [326] conducted haemolysis and 

cytotoxicity tests on Mg-Al-Li-RE alloys, showing acceptable haemolysis rates and 

encouraging results for endothelial cell activity, except for Mg-8.5Li-2Al-2RE, which 

slightly reduced cell viability. Yang et al. [239] examined Mg-10Dy alloy and observed 

that its Dy-rich oxide layer exhibited no cytotoxicity, supporting the biocompatibility of 

dysprosium-containing alloys. Sc added Mg-1.5Zn-xSc-0.6Zr alloys enhanced ALP 

activity and biomineralization but negatively impacted hemocompatibility at higher 

concentrations [327]. The biocompatibility study using endothelial assay on MgZnCaY-

1RE (RE = Dy and Gd), MgZnCaY-2RE (RE = Nd and Gd), and MgYZr-1RE (RE = Gd 

and Dy) alloys showed that Nd and Gd significantly enhanced cell adhesion and 

proliferation [328]. These findings highlight that alloy composition and the specific rare 

earth elements used play a significant role in determining in-vitro biocompatibility. While 

in-vitro studies provide valuable insights, discrepancies between in-vitro and in-vivo 

results emphasize the need for comprehensive research. For example, Mg-1.27Ce alloy 

extracts exhibited cytotoxic effects on MC3T3-E1 cells in-vitro, but implantation in rabbits 

showed no adverse effects. Such inconsistencies highlight the complexity of biological 

systems and the importance of combining in-vitro and in-vivo studies to fully evaluate the 

biocompatibility of Mg-RE alloys [258]. The in-vitro cell viabilities of different Mg-RE 

based alloys are compiled in Table 2.7.  
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Figure 2.12. SEM micrograph showing typical platelet adhesion of Mg-RE model alloys 

and pure Mg [148]. 

Table 2.7. In-vitro cell viability of different Mg-RE alloys 

Alloy code Processing 

conditions 

Cell line Remarks reference 

Mg-1.27Ce As cast MC3T3E1 100% REE was 

toxic to cell line 

due to high pH and 

osmolality 

[258] 

Mg-1.8Zn-0.2Gd Rolled  L929, MG63 and 

VSMC cells 

No cytotoxicity [195] 

Mg-0.6Zr-0.5Sr-

3Sc 

As cast SaOS2 No cytotoxicity [175] 

Mg-2Zn-1Gd Extruded MC3T3E1 100% extract was 

cytotoxic but 50 

and 10% extracts 

were grade 0~1,  

[192] 
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good 

biocompatibility 

Mg-1Mn-2Zn-

1Nd 

Extruded SaOS2 Good viability [187] 

WE43 Extruded VSMC, HUVEC No cytotoxicity, 

excellent platelet 

adhesion 

[325] 

Mg-10Gd ECAP PC-3 Suppressed the 

proliferation of PC-

3 tumor cells 

[329] 

LAE442 Extrusion + ECAP L929 No cytotoxicity [264] 

EZ33 FSP NH3T3 Grade 0 

cytotoxicity 

[237] 

Mg-1Zn-2Dy FSP MC3T3E1 80% viability [167] 

Mg-2Zn-0.5Gd-

0.5Zr 

ECAP MC3T3E1 grade 1 

cytotoxicity within 

the range of 75–

99%. M 

[194] 

Mg-1.5Zn-1Sc-

0.6Zr 

As cast L929, SP2/0 Greater than 90% 

viability  

[327]  

Mg-Y-Zr-1RE 

(RE= Dy and Gd) 

As cast HAEC  No significant 

cytotoxicity 

observed up to 7 

days and non-

haemolytic 

[328] 

Mg-Zn-Y-Zr-

1RE (RE= Dy and 

Gd) 

MgZnCaY-1RE 

(RE= Dy and Gd) 

MgZnCaY-2RE 

(RE= Nd and Gd) 

 

2.7.3.3 In-vivo performance of Mg-RE based alloys 

Although in-vitro studies provide valuable insights into the behaviour of 

magnesium-rare earth (Mg-RE) alloys, they cannot fully replicate the complex and 

dynamic biological interactions occurring in living organisms. In-vitro experiments 

typically involve controlled laboratory environments with simplified conditions, such as 

stable pH, temperature, and fluid composition. In contrast, in-vivo conditions are far more 

complex, involving a range of factors like immune responses, tissue interactions, varying 
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oxygen concentrations, fluid dynamics, and mechanical stresses. These elements can 

accelerate or inhibit the biodegradation of Mg-RE alloys in ways that cannot be predicted 

in-vitro. For instance, the buffering capacity of body fluids, the presence of proteins and 

cells, and the localized anatomy of implantation sites significantly influence how these 

materials behave once inside the body [64,330–332]. For example, Simulated Body Fluid 

(SBF), widely used as a biodegradation medium during in-vitro biodegradation analysis of 

Mg alloys, mimics physiological conditions with buffers such as HEPES, Tris-HCl, and 

HCO3
−/CO2. These systems profoundly impact the biodegradation of Mg and its alloys. 

HEPES and Tris-HCl actively buffer pH fluctuations by neutralizing hydroxide ions (OH−), 

influencing the nature of biodegradation products formed and potentially accelerating Mg 

dissolution. The bicarbonate-carbon dioxide buffer (HCO3
−/CO2), which mirrors a natural 

physiological system, not only mitigates pH shifts by consuming OH− ions but also 

promotes the formation of magnesium carbonate (MgCO3). This carbonate layer acts as a 

protective barrier, reducing the rate of biodegradation. The impact of inorganic ions in 

physiological fluids adds another layer of complexity. For instance, chloride ions (Cl−), 

present in high concentrations under physiological conditions, can aggressively attack the 

protective passivation layer on Mg, leading to pitting corrosion. Conversely, anions such 

as HPO4
2−/PO4

2− and HCO3
−/CO3

2−, together with calcium ions (Ca2+), facilitate the 

deposition of calcium phosphate and carbonate salts. These deposits reinforce the 

protective passivation layer, reducing susceptibility to localized corrosion [341–343]. 

 In-vivo Biodegradation Dynamics 

Studies comparing in-vitro and in-vivo biodegradation conditions have revealed 

notable differences. For example, research by Willbold et al. [258] highlighted the 

contrasting biodegradation susceptibilities of Mg-Ce and Mg-La alloys under laboratory 

and biological conditions, observing that while Mg-Ce alloys exhibited lower 

biodegradation rates in biological environments compared to Mg-La alloys, the trend was 

reversed under laboratory conditions, where Mg-La alloys showed better biodegradation 

resistance. A similar divergence was observed with LAE442, the alloy exhibited slower 

degradation in biological environments compared to its behaviour in controlled laboratory 

settings, emphasizing the complexity of predicting real-world performance solely based on 

laboratory data [109]. The Mg-2.0Zn-1.0Gd alloy exhibited a higher in-vivo 

biodegradation rate of 0.31 mm/year compared to its in-vitro rate of 0.24 mm/year. This 
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was attributed to extensive exposure to physiological fluids and proteins in cranial defect 

models [192]. Conversely, MAD-processed WE43 alloys demonstrated superior in-vivo 

biodegradation resistance compared to in-vitro findings [333]. Similarly, the in-vivo 

biodegradation rate of Mg-2Y-1Zn, as assessed through volume loss, was observed to be 

significantly slower (up to 49 times) when compared to its in-vitro biodegradation rate 

[334]. The anatomical placement of an implant also plays a crucial role in its 

biodegradation. Implants located within bone environments typically experience slower 

biodegradation rates due to limited fluid exposure and reduced oxygen levels. Conversely, 

implants placed in subcutaneous or intramuscular sites degrade more rapidly because of 

increased fluid dynamics and oxygen availability. For example, Willbold et al. [335] 

observed varying biodegradation rates for Mg-6Zn-1Y-0.6Ce-0.6Zr implants, with the 

highest rate occurring subcutaneously (5.29 mm/year), followed by intramuscular (4.18 

mm/year) and bone environments (3.82 mm/year).A study on rabbits investigated the 

magnesium alloy WE43 for its suitability as an implant in anterior cruciate ligament 

reconstruction. The results showed no clinical cases of tendon rupture or loosening and the 

implant was intact till 24 weeks. Furthermore, a significant reduction in gas accumulation 

near the implant was observed within the first 24 weeks post-implantation (Figure 2.13) 

[336].  

The type of implant and the implant design also plays a role in the biodegradation 

behaviour of an alloy. For instance, the interaction between WE43 in the plate-and-screw 

system significantly impacts the overall biodegradation process. The configuration 

promotes crevice corrosion, which intensifies material biodegradation in contact areas. 

Notably, biodegradation was most evident at the screw shafts beneath the head and around 

the borehole regions of the plates. This localized biodegradation in contact zones supports 

the hypothesis that crevice corrosion plays a crucial role in the observed material 

breakdown [337]. In contrast to plate-and-screw systems, intraosseous devices such as 

nails, pins, and compression screws have demonstrated more reliable performance. These 

implants are entirely embedded within the bone, which may contribute to their effectiveness 

by reducing the surface-to-volume ratio exposed to the surrounding environment, thereby 

mitigating biodegradation. Rössig et al. [297] explored the use of magnesium-based 

implants for load-bearing intramedullary interlocking nailing in sheep and compared their 

performance with traditional steel devices. Their findings highlighted that degradable 

magnesium implants could successfully handle the mechanical demands of load-bearing 
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applications. Also, the WZ42 alloy (Mg-4Y-2Zn-1-Zr-0.6Ca) was employed as cerclage 

wires and pins in rat femurs. These implants facilitated normal bone healing without 

adverse effects, demonstrating their potential for orthopaedic use [338]. 

 

Figure 2.13. X-ray images at different time periods of Mg and Ti implanted into femoral 

bone of rabbits [336]. 

 Biocompatibility and Osseo-integration 

The interaction between Mg implants and surrounding tissues is pivotal for ensuring 

their success in biomedical applications. Osseo-integration, the bonding of implants with 

bone, is a key factor in achieving implant stability and long-term functionality. Studies have 

consistently shown that Mg alloys not only integrate effectively with bone but also 

stimulate new bone formation. For instance, FSPed EZ33 alloys demonstrated enhanced 

bone formation in both cortical and medullary regions without hindering bone regeneration. 

This can be observed in Figure 2.14 [237]. Similarly, Mg-1.8Zn-0.2Gd implants showed 

excellent osseo-integration in rat models, where strong bonding with cortical bone and new 

trabecular bone formation were observed within two months. The bone-implant interface 
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significantly influenced osseo-integration and bonding strength, varying across different 

implant segments. While the ends embedded in cortical bone showed strong integration 

after six months, the middle section, exposed to bone marrow, exhibited newly formed 

trabecular bones, some in direct contact and others at a distance. Localized biodegradation 

in both cortical and marrow regions occasionally caused non-bonding or delayed osseo-

integration [Figure 2.15] [195]. A 36-week study on Mg10Gd pins in femoral bones 

showed gadolinium accumulation in various organs, with the spleen having the highest 

concentration (3240 μg Gd/kg), followed by the lung, liver, and kidney (up to 1040, 685, 

and 207 μg Gd/kg, respectively). In contrast, minimal accumulation was detected in the 

brain, muscle, and heart (<20 μg/kg), and no traces of magnesium or gadolinium were 

found in blood serum. This indicates that while gadolinium from the implant accumulates 

in specific organs, the systemic circulation remains unaffected [307,339]. Similarly, 

Huehnerschulte et al. [340] noted that ZEK100 (Mg-1Zn-0.1RE-0.1Zr) displayed 

biodegradation properties that are beneficial from an engineering perspective. However, its 

biodegradation in-vivo triggered adverse host responses, including increased osteoclast-

driven bone resorption and rapid reactive periosteal bone formation in rabbits. Grunewald 

et al. [341] examined how bone structure responds to WZ21 (Mg-2Y-1Zn-0.25Ca-0.15Mn) 

implant placement and its subsequent resorption over time. Their findings revealed 

structural changes on both macroscopic and nanometer scales, including a reduction in 

mineral platelet size, decreased stacking order, and a significant alteration in the typical 

alignment of the collagen/mineral nanocomposite along the bone shaft. These changes may 

reflect delayed bone maturation or could result from increased local magnesium levels, 

potentially substituting calcium in hydroxyapatite (HAP) and hindering normal mineral 

crystal development. This suggests that magnesium release during implant biodegradation 

may influence bone remodeling processes. Zhang et al. [342] conducted a 20-month study 

to assess the performance of a bare JDBM stent (Mg-2.2Nd-0.1Zn-0.4Zr) implanted in the 

common carotid artery of New Zealand white rabbits. The results showed that the stent was 

both safe and effective, achieving full re-endothelialization within 28 days. Over four 

months, the stent struts were largely replaced by biodegradation byproducts, with a gradual 

reduction in their volume and calcium content over time, addressing concerns about vessel 

calcification. The magnesium and zinc components of the stent were metabolized without 
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accumulation in major organs, though neodymium and zirconium levels temporarily spiked 

in the spleen and liver one-month post-implantation. 

Figure 2.14. μCT figure showing biodegradation of FSPed EZ33 implants over the time 

[237]. 

 

 

Figure 2.15. SEM images of cortical bone implanted with Mg-1.8Zn-0.2Gd reveal newly 

formed bone tissue around the implant [195].  
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Table 2.8. In-vivo behaviour of Mg-RE alloys 

Alloy code Processing 

Route 

Animal 

model  

Implantation 

period 

Biodegradation 

rate (mm/y) 

Remarks Reference 

Mg-

1.27Ce 

As cast 

 

Rabbit, 

Knee joint  

  

4 weeks 

 

1.46 No sign of 

toxicity, 

inflammation 

and gas cavities 

[258] 

Mg-

0.69La 

1.35 

Mg-

2.13Nd 

0.91 

LAE442 As cast Guinea 

pig, 

femoral 

18 weeks 1.2 x 10-4 Very low 

biodegradation 

compared to in-

vitro results 

[109] 

Mg-1.8Zn-

0.2Gd 

Rolled  SD rat, 

tibia 

6 months - rapid 

osseointegrati

on with 

surrounding 

bones  

[195] 

LAE442 Extruded 

 

Rabbit, 

medullar 

cavity of 

tibia 

 

6 months 

 

Volume loss 

0.097 cm3 

Uniform 

biodegradation 

in LAE442 

initiation of 

pitting in WE43 

alloys.  

[343] 

WE43 Volume loss 

0.081 cm3 

LAE442 Double 

extruded 

Rabbit 

tibia 

27 weeks 0.0134 Uniform 

biodegradation 

[344] 

WE43 Ex + MAD Mice, 

subcutaneo

us 

6 weeks N.A Gas 

accumulation, 

swollen tissues  

[333] 

EZ33 FSP SD rats, 

femur 

8 weeks 0.7 No sign of 

inflammation 

[237] 

WE43 ECAP Dog, 

Femur 

12 weeks - Grade 2 

inflammation 

[181] 

LAE442 Extruded Rabbit, 

medullar 

cavity 

3.5 years - Accumulation 

of alloying 

elements in the 

organs 

[345] 

WE43 As cast Rabbit, 

anterior 

24 weeks 0.17 No rupture of 

tendon, no 

inflammation or 

necrosis 

[336] 
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cruciate 

ligament 

Mg– 

6 Zn–1Y–

0.6Ce–

0.6Zr 

Rapidly 

solidified + 

extruded 

Rabbit, 

subcutaneo

us 

8 weeks 5.29 mm/y Normal foreign 

body reaction 

[335] 

Rabbit, 

muscle 

4.18  mm/y 

Rabbit, 

femur 

condyle 

3.82  mm/y 

Mg-2Y-

1Zn 

Porous 

samples 

Rabbit, 

femoral 

condyle 

24 weeks 0.06 Small gas 

bubble 

formation, No 

severe 

Toxicity 

[334] 

Mg4Y 0.08 

Mg-10Gd Extruded SD rat, 

femur 

36 weeks - Gd 

accumulation in 

organs 

[307] 

ZEK100 

(Mg-1Zn-

1RE-1Zr) 

Extruded  Rabbit, 

tibia 

6 months - Adverse host 

reactions, huge 

number of 

osteoclasts were 

detected in the 

bone 

[340] 

WZ21 Extruded SD rat,  

femur 

52 weeks - Homogeneous 

biodegradation, 

low gas 

evolution 

[346] 

JDBM Extruded 

microtubes 

Rabbit, 

stents 

20 months - Rapid re-

endothelializatio

n  

[342] 

WE43 Extruded Pig, 

cranio-

osteoplasty 

30 weeks - Formation of 

lacunas in the 

bone implant 

interface 

[337] 

WZ21  Extruded SD rats, 

femur 

24 weeks 0.5% volume 

loss per day 

Enhanced bone 

formation, 

uniform 

biodegradation 

and excellent 

osteoconductivit

y 

[347] 
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ZEK100 Extruded Rabbit, 

tibia 

12 months 1.285 Mild toxicity  [348] 

WE43 Extruded Rabbit, 

tibia 

16 weeks 55% reduction 

in volume 

Excellent bone 

regeneration  

[349] 

LANd442 Extruded Rabbit, 

tibia 

26 weeks 13.7% weight 

loss 

Severe pitting  [350] 

ZEK100 Extruded Rabbit, 

tibia 

24 weeks 0.065  Uniform 

biodegradation 

[351] 

Mg-4Y-

1Zr-06Ca 

Extruded Mouse, 

subcutaneo

us 

1 month 3.4% weight 

loss 

No 

accumulation 

observed in vital 

organs 

[352] 

ZEK100 Extruded  Rabbit, 

tibia 

6 months - Adverse host 

reactions, high 

number of 

osteoclasts 

observed 

[340] 

WE43 Extruded Dog, 

midfacial 

area 

24 weeks 80.63% volume 

loss 

Swelling, 

infraorbital 

fistula and 

inflammatory 

symptoms 

[353] 

WE43 Extruded Sheep, 

Frontonasa

l region 

6 weeks - Y content of 

2125 ppb and 

other RE 

content of 

0.183 – 0.713 

ppb observed 

in the lymph 

node 

[354] 

ZEK100 As cast Rabbit, 

tibia 

6 weeks Weight loss = 

7.5% 

Increase in 

inflammatory 

tissue response 

[355] 

JDBM As cast SD rat, 

femur 

4 weeks 0.092 No adverse 

effects 

[356] 

WZ21 Extruded Minipig, 

subcutaneo

us 

12 weeks - Thin-walled 

granuloma 

with limited 

vascularizatio

n, and 

[357] 



Chapter 2 
 

68 
 

numerous 

eosinophils 

WX11 

(Mg-1Y-

0.6Ca) 

Solutionized Mice, 

subcutaneo

us 

10 weeks 0.73  No adverse 

effects 

[358] 

WX41 

(Mg-4Y-

0.6Ca) 

0.068  No adverse 

effects 

 

2.8 Summary 

The literature review highlights the significance of magnesium rare-earth (Mg-RE) 

based alloys in the development of biodegradable implants, emphasizing their superior 

biodegradation rate, biocompatibility, and mechanical properties compared to other Mg 

alloy systems. These alloys, under both as-cast and secondary processed conditions, 

demonstrate promising attributes for medical applications. Secondary processing, in 

particular, plays a pivotal role in enhancing these properties by refining the microstructure, 

promoting the uniform distribution of secondary phases, improving grain refinement, and 

increasing dislocation density. These microstructural improvements contribute to better 

control over the biodegradation rate and mechanical performance, ensuring the alloy's 

reliability in biomedical environments. 

However, the choice of rare-earth elements (RE) is crucial for achieving optimal 

biocompatibility and safety. The potential toxicity of certain elements, such as yttrium (Y), 

which has a low LD50 value, raises concerns despite the clinical approval of Y-containing 

Mg alloys like WE43. While such alloys have demonstrated short-term success, their long-

term implications on human health warrant caution. Thus, to advance Mg-RE alloys for 

biodegradable implant applications, careful alloy design is essential. Selecting the 

appropriate rare-earth elements, balancing their concentrations, and optimizing secondary 

processing techniques are critical to producing materials with superior performance. This 

tailored approach ensures not only the functional success of the implants but also their 

safety and compatibility with human biology. By addressing these considerations, Mg-RE 

alloys can be further established as a reliable and innovative solution for next-generation 

biodegradable implants 
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2.9. Research Gap 

Biodegradable materials are designed to provide temporary support during the healing 

of diseased or damaged tissues, gradually degrading over time and eliminating the need for 

surgical removal. For orthopaedic applications such as screws, pins, and needles, these 

materials must exhibit a carefully balanced combination of mechanical properties, 

controlled biodegradation rates, biocompatibility, and bioactivity. The design and selection 

of these materials must be tailored to meet specific clinical requirements. For instance, 

orthopaedic implants requiring mechanical integrity for 12–18 weeks demand a 

biodegradation rate below 0.5 mm/year in simulated body fluid at 37 °C, a tensile yield  

strength exceeding 200 MPa, and elongation above 10% [147]. These criteria, as 

established in the literature review, serve as a benchmark for identifying suitable alloy 

systems. Based on a detailed review of mechanical and in-vitro biodegradation properties 

of the Mg-RE alloys (Table 2.3 and 2.5), only a limited number of systems meet the 

required combination of mechanical and biodegradation properties. The shortlisted alloys 

include (Except the WE43 alloys which are currently clinically used): Mg-2.9Gd-1.5Nd-

0.3Zn-0.3Zr (ECAP) [169], Mg-2Zn-1Gd (Extruded) [192], Mg-2Zn-0.5Gd-0.5Zr (ECAP) 

and Mg-2Zn-0.5Nd-0.5Zr (ECAP) [194]. Among these, it is evident that all alloys 

underwent secondary processing, predominantly through extrusion or equal channel 

angular pressing (ECAP), emphasizing the importance of post-casting treatments in 

achieving the desired mechanical and biodegradation properties. Additionally, all the 

shortlisted alloys were Mg-RE-Zn systems and show promise as viable alternatives to 

WE43 alloys. Notably, the clinically approved WE43 alloy contains yttrium (Y), which has 

an LD50 value of 88 mg/kg, a potential concern for long-term use. The Mg-RE-Zn alloys 

exhibit remarkable potential due to their ability to achieve high tensile strength, elongation, 

and optimal biodegradation rates. However, most existing studies on these alloys are 

confined to in-vitro conditions and only handful of Mg-RE-Zn alloys have been studied 

under in-vivo conditions (Table 2.8), which fail to fully simulate the complexities of 

physiological environments. This creates a significant knowledge gap regarding their 

performance in-vivo, where interactions with biological tissues, bodily fluids, and dynamic 

loading conditions critically affect biodegradation behaviour, biocompatibility, and 

mechanical integrity key factors for successful clinical application. 

Furthermore, while systemic studies have investigated the effects of varying Zn /RE 

ratios in Mg-Zn-RE alloys on microstructure, mechanical properties, and corrosion in 1 
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wt.% NaCl solutions, there remains a lack of comprehensive research exploring the impact 

of these variations on biodegradation rates and biocompatibility under conditions that 

closely mimic the human body. Understanding the synergistic effects of Zn and RE ratios 

on key properties such as grain refinement, secondary phase distribution, and 

biodegradation kinetics is crucial for optimizing Mg-Zn-RE alloys for orthopaedic implant 

applications. 

Thus, the present research work focused on the development of Mg-Zn-RE (RE = Gd 

and Nd) alloys for biodegradable implants, with a particular emphasis on systematically 

varying Zn and RE ratios to elucidate their effects on mechanical properties, biodegradation 

behaviour, and biocompatibility. Extrusion, a proven secondary processing technique, was 

utilized to refine microstructure and enhance alloy performance, with a focus on optimizing 

processing parameters to achieve the desired property balance. In addition, the study also 

involved a short term in-vivo evaluation to understand how these alloys behave in actual 

physiological environments. 

2.10. Objectives 

For orthopaedic implant applications, it is crucial for materials to have a yield 

strength greater than 200 MPa and a biodegradation rate of less than 0.5 mm/year in in-

vitro conditions. While alloying Mg with REEs can enhance both its mechanical as well as 

biodegradation properties, these improvements alone are insufficient to meet the desired 

standards. Therefore, secondary processing is typically employed to achieve these 

necessary properties. Among various secondary processes, such as rolling, forging, 

extrusion, and severe plastic deformation, extrusion stands out due to its scalability and 

long-established industrial use. Thus, the thesis investigated the influence of different RE 

and extrusion on the microstructure, mechanical and biological properties of high strength 

(yield strength > 200 MPa) and low biodegradation rate (biodegradation rate < 0.5 mm/y) 

Mg-Zn-RE alloys. The detailed objectives of the thesis were as follows:  

1. To study the effect of different rare earth elements (Gd/Nd) and grain refiner (Zr) on the 

microstructure, mechanical and corrosion properties of Mg-Zn-RE alloys.  

2. To assess the influence of varying Zn/Gd ratio on the microstructure, mechanical and in-

vitro behaviour of Mg-Zn-Gd-Zr alloys. 
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3. Evaluate the properties of extruded Mg-Zn-Gd-Zr alloys through in-vitro and in-vivo 

analysis for biodegradable implant applications. 
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Chapter 3 

Experimental Methodology 

 

The experimental techniques and methods used for the present research work is 

briefly presented in this chapter.  

3.1 Casting Procedure 

The alloys were prepared in a resistance furnace under a protective gas mixture of 

argon and 0.1% sulphur hexafluoride (SF6) (Figure 3.1). Pure magnesium, gadolinium, 

Mg-30 wt.% Neodymium master alloy, zinc granules, and Mg-30 wt.% Zirconium master 

alloy were used for the preparation of Mg-RE-Zn-Zr alloys. Magnesium was melted and 

superheated to 740˚C, and then the corresponding REE was added to the melt. After 20 

min., zinc granules were added, followed by the Mg-30 wt.% Zr master alloy. The melt 

was hand-stirred for 2 min. to obtain a homogenous composition throughout the melt. The 

melt was poured into a preheated (350 ˚C) rectangular-shaped cast iron mold [Figure 3.2 

(a)]. The size of the casting block was 200 mm x 250 mm x 20 mm [Figure 3.2 (b)]. The 

chemical composition the alloys were determined using ICP OES (Make: SPECTRO 

Analytical Instruments GmbH, Germany, Model: ARCOS). 

 

Figure 3.1. Casting setup used for alloy making. 
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Figure 3.2. Photograph of (a) Cast iron mold used for casting (b) Machined Mg alloy cast 

block. 

3.2 Microstructure characterization 

The morphology and composition analysis of different phases were carried out with 

a scanning electron microscope (SEM, Carl Zeiss EVO18) with energy-dispersive X-ray 

spectroscopy (EDS).  The samples for microstructural characterization was subjected to 

grinding using different grades of SiC papers and by cloth polishing using 1 µm size 

alumina suspension. The samples were then etched using a solution containing 10 mL 

distilled water, 100 mL ethanol, 6 g picric acid, and 5 mL glacial acetic acid. The TEM 

analysis was done in JEOL JEM F 200 with STEM EDA EELS HRTEM. The specimens 

for TEM observations were initially ground to a thickness of 100 µm, then 3 mm discs were 

punched out and thinned down using ion milling (Gatan precision ion-polishing system).  

Electron backscatter diffraction (EBSD) analysis was carried out using a Nova Nano SEM 

450 with velocity pro EBSD detector at a scan step size of 0.08 microns. The specimens 

for EBSD analysis was electro polished using a solution having 10% perchloric acid in 

methanol at 20 V and -15 °C.  The EBSD data was analyzed using TSL OIM software.  

3.3  Corrosion studies 

3.3.1 Electrochemical measurements 

The electrochemical tests were performed using AMETEK VersaStat 4, with 

reference electrode of saturated calomel electrode (SCE), counter electrode of platinum 

mesh, and the working electrode as sample (Figure 3.3). The tests were performed under 

ambient conditions (room temperature 25±1 °C) and in electrolyte of 1 wt.% NaCl. A 

sample surface area of 1 cm2 was exposed to 200 mL electrolyte solution throughout the 
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testing period.  The samples were immersed in the electrolyte for 30 – 40 min. prior to open 

circuit potential (OCP) measurement. The samples were scanned at a rate of 1 mV/s from 

- 250 mV to +350 mV with respect to their OCP values. The corrosion potential (Ecorr vs. 

SCE) and corrosion current density (icorr) were obtained from the Tafel plot. The impedance 

of the alloys was measured at their OCP with a peak-to-peak amplitude of 10mV in the 

frequency range from 105
 to 10-1

 Hz. The impedance values of all the alloys were fitted 

using equivalent circuit and the corresponding circuit element values were obtained from 

ZSimpWin 3.21 software. The electrochemical tests were performed three times for 

repeatability. Electrochemical experiments were done according to ASTM G3-89 (1).  

 

Figure 3.3. Electrochemical workstation (AMETEK VersaStat 4) used for electrochemical 

studies.  

 

3.3.2 Weight loss measurement 

Weight loss measurement was performed on samples by maintaining solution 

volume to surface area as 50 mL/cm2. Each cleaned and weighed samples were immersed 

separately in 1 wt.% NaCl solution for a period of 14 days at room temperature (25±1 °C). 

Distilled water followed by ethanol was used to clean the samples after weight loss 

measurement. The corrosion products were removed using chromic acid (180 g/L) at room 

temperature for 15 min according to ASM handbook on Magnesium and Magnesium alloys 
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(2). The following formula was used for calculating the corrosion rate of samples in 

millimeter per year (mm/y): 

Corrosion rate = 
8.76 X 104 X 𝛥

𝜌 X 𝐴 X 𝑡
                (3.1) 

 

where Δ is weight loss in g, A is total surface area in cm2, ρ is density of the alloy 

in g/cm3, t is immersion time in h. The weight loss measurements were done in accordance 

with ASTM G31-72 (3).  

 

3.3.3 Hydrogen evolution test 

The overall corrosion reaction in Mg and alloys in aqueous medium can be 

expressed as follows: (4–6). 

Mg → Mg 2+ + 2e- (Anodic reaction);             (3.2) 

2H2O + 2e-→ H2 + 2OH- (Cathodic reaction);                        (3.3) 

Mg 2+ + 2 OH-  →   Mg(OH)2 (Product formation);           (3.4) 

Mg+ 2H2O → Mg(OH)2 + H2 (Overall corrosion reaction).                 (3.5) 

 

When magnesium dissolves, it theoretically produces an equal amount of hydrogen 

gas, meaning that 1 mole of Mg corresponds to 1 mole of H₂ evolution [5]. This principle 

allows the volume of hydrogen released during corrosion [refer to equation (3.5)] to be 

directly linked to the amount of magnesium dissolved. By expressing both in the same 

units, the hydrogen evolution rate can be used to determine corrosion rates. Unlike the 

immersion test, which provides a single corrosion rate value after a fixed duration, 

hydrogen evolution measurements offer a continuous monitoring of corrosion behavior 

over a period of time, allowing a deeper understanding of the material’s degradation over 

the course of the experiment. To measure hydrogen gas evolution, a eudiometer-based 

experimental setup was employed, as illustrated in Figure 3.4. The setup included a double-

wall tube system, where the inner tube was connected to an air-tight glass chamber 

containing the test sample immersed in 1 wt.% NaCl solution. The exposure ratio of the 

sample surface area to the solution volume was set at 1 cm²: 50 mL. The outer tube was 

linked to a water reservoir, and a hand vacuum pump was used to adjust the water level, 

which was then stabilized with a stopper. As corrosion progressed, the hydrogen gas 

released from the sample moved from the inner tube to the outer tube, displacing an 
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equivalent volume of water to the reservoir. The collected hydrogen volume in the outer 

tube was recorded over time to evaluate the corrosion rate and behavior of the test material 

(7).    

 

Figure 3.4. Schematic diagram of hydrogen evolution measuring setup (eudiometer) (8).  

3.3.4 X-ray Photoelectron Spectroscopy (XPS) 

The composition of the oxide layers formed on the surface of the alloys immersed 

in 1 wt.% NaCl solution for a short time were studied using XPS (PHI 5000 VersaProbe II, 

ULVAC-PHI Inc., USA) equipped with micro-focused (200 μm, 15 KV) monochromatic 

Al-Kα X-Ray source (hν = 1486.6 eV). XPS data were analysed using multipak software 

in the instrument.  

3.3.5 X-ray diffraction (XRD) 

XRD studies were carried out on the corrosion product collected from the samples 

immersed in 1 wt.% NaCl for 14 days. Cu-Kα radiation (wavelength λ = 0.15406 nm, 

voltage = 40 kV and current = 40 mA) was used to carry out the analysis with a scanning 

range of 10° – 90° (step interval = 0.033°, scan rate = 0.05 /s). XRD data analysis was done 

using X’Pert highscore Plus 2.1 software. XRD analysis was also used to identify the 
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phases present in the prepared alloy, for which alloy 5 mg chips obtained from drilling was 

used. 

3.4 Tensile test 

  Threaded tensile samples of 6 mm gauge diameter and a gauge length of 25 mm 

were made according to ASTM standard B557M-10 (9). The tensile testing was carried out 

at a crosshead speed of 2 mm/min (strain rate: 1.66 x 10-3), and at room temperature.  

Minimum five samples from each alloys were tested and average values were reported.  

3.5 In-vitro biodegradation behaviour 

3.5.1  Biodegradation test 

The samples were immersed in cell culture medium containing MEM supplemented 

with 10% fetal bovine serum (BSA) and 1% penicillin for 14 days, maintaining a medium 

volume to the surface area of sample ratio of 1.25 cm2/mL according to ISO 10993 under 

cell culture conditions (37 °C, 5% CO2, 20% O2, 95% relative humidity) (10). The medium 

was changed every two days to maintain the pH and semi-static conditions. Schematic 

representation of the biodegradation test for Mg alloys in cell culture medium is shown in 

Figure 3.5. The left tube represents the initial state, where the medium had a neutral pH 

(7.4–7.8). Upon immersion of the Mg alloy sample, corrosion occurred, leading to 

hydroxide ion (OH⁻) release, which increased the pH, making the solution more alkaline. 

Change in pH could be visually seen with a color change in the medium (right tube), 

signifying degradation of the Mg alloy. After 14 days of immersion, the specimens were 

cleaned using distilled water and 100% ethanol. After immersion, the degradation products 

of the samples were removed by immersing them in a chromic acid solution (180 g/L) for 

15 min. at room temperature. The weight loss measurement was taken after the 14 days 

immersion in cell culture medium. Weight loss measurement was calculated according to 

equation 3.1.  
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Figure 3.5. Schematic representation of the biodegradation test for Mg alloys in cell culture 

medium. 

3.5.2 Electrochemical test 

The electrochemical experiments were carried out using an AMETEK Versastat4 

instrument (Refer Section 3.3.1). The electrochemical experiments were conducted at 37±1 

°C with minimum essential medium (MEM) as the electrolyte. The experimental 

parameters used were the same as mentioned in section 3.3.1. The experiments were 

performed in triplicates. 

3.5.3 X-ray Photoelectron Spectroscopy (XPS) 

 The composition of the degradation layer developed on the sample surface after 

being immersed in cell culture medium for 24 h was analyzed using XPS instrument with 

specifications as mentioned in section 3.3.4. 

3.6 In-vitro cell culture tests 

In-vitro culture tests are essential for assessing the biocompatibility and biological 

response of magnesium (Mg) alloys intended for implant applications. These tests simulate 

physiological conditions to evaluate how Mg alloys interact with cells and tissues. Among 

these, indirect and direct cell culture tests are commonly employed. 

 

 Indirect Cell Culture Tests: These involve exposing cells to the degradation 

products of Mg alloys. A conditioned medium called as extract solution is obtained 

by immersing the alloy in a culture medium for a fixed time. The medium is then 
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used to culture cells, and assays such as MTT, Alamar Blue, or LDH are performed 

to assess cell viability, metabolic activity, and cytotoxicity. This approach helps to 

understand the effects of released ions, pH changes, and other degradation products 

on the cell viability without the physical presence of the alloy (10). 

 

 Direct Cell Culture Tests: In these tests, cells are cultured directly on the surface 

of the Mg alloy. Schematic representation of the direct cell culture method used for 

cytocompatibility evaluation is shown in Figure 3.6. This method evaluates how 

the alloy’s surface properties, such as roughness, corrosion behaviour, and surface 

chemistry, influence cell attachment, proliferation, and viability. The surrounding 

culture medium provides the necessary nutrients while also allowing any released 

metal ions or degradation products to influence cell behavior (10). 

 

Figure 3.6. Schematic representation of the direct cell culture method. 

 

These tests are vital for determining whether Mg alloys can support cell growth and 

function without inducing cytotoxicity, thereby guiding alloy optimization for safe and 

effective biomedical implant applications. 

 

3.6.1 Indirect cell viability tests  

3.6.1.1 Extract preparation 

Figure 3.7 shows the schematic representation of the preparation of extract solutions for 

the MTT assay. The metallic samples (diameter: 10 mm, height: 2 mm) were immersed in 

cell culture medium (CCM) containing MEM, 10% FBS and 1% penicillin for 3 days by 

maintaining a medium volume to the surface area of sample ratio of 1.25 cm2/mL. This 

results in the release of metal ions into the CCM. The supernatant solution was then 



Chapter 3 
 

121 
 

centrifuged at 3000 rpm for 15 min. and filtered using a 0.22 µm filter, to get 100% extract. 

The resulting extract solution was then diluted with fresh cell culture medium to obtain 

different concentrations (e.g., 50% of 100% extract + 50% cell culture medium and 25% 

extract + 75% cell culture medium), which were subsequently used for cell viability testing 

in the MTT assay.  

Figure 3.7. Schematic representation of the preparation of extract solutions for the MTT 

assay. 

3.6.1.2 MTT (3-(4,5-Dimethylthiazol-2-Yl) −2,5 Diphenyltetrazolium Bromide) assay 

             MTT assays were performed according to ISO 10993:2009  to evaluate the toxicity 

of the alloys (10). MG-63 cells [from National Centre for Cell Science (NCCS) Pune] were 

cultured with CCM and incubated in a CO2 incubator at 37 °C. A cell suspension (100 μL) 

with CCM containing 1 ×104 cells was seeded in the 96-well cell culture plate. After 24 h, 

the culture medium was replaced with extracts (100%, 50%, or 25%) and was incubated 

for 1 and 3 days. After the specified incubation time, the extracts were discarded, and MTT 

was added to each well (1 μL MTT in 100 μL MEM) and was incubated for 2-4 h in the 

cell culture conditions. After incubation, 100 μL of dimethyl sulphoxide (DMSO) was 

added to each well. Viability of cells were determined by measuring the absorbance at 570 

nm using a TECAN microplate reader (USA). The assay was performed in triplicates, and 

the percentage of cell viability was calculated as follows: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100        (3.6)  
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3.6.1.3 Elemental toxicity evaluation 

 The chlorides of Mg, Zn and Gd obtained from Sigma-Aldrich was used for 

elemental toxicity studies. The chlorides were dissolved in sterile water at a concentration 

of 50,000 μM. Cell culture medium was used to dilute the chloride solutions to different 

concentrations. The toxicity of elements was done using MTT assay as explained above.  

3.6.1.4 Live / Dead staining 

 A cell suspension (100 μL) with MEM containing 1 ×104 cells was seeded in the 96 

well black cell culture plate. After 24 h, the culture medium was replaced with extracts 

(100%, 50%, or 25%) and was incubated for 1 and 3 days. After the specified incubation 

time, the extracts were discarded, and wells were washed with 1x-phosphate buffer saline 

(PBS). The cells were stained using acridine orange and ethidium bromide solution for 10 

min. Finally, wells were rinsed with PBS and observed under fluorescence microscope 

(Olympus IX –83). At least five images were taken and analyzed to quantify the 

fluorescence using free software ImageJ.  

3.6.1.5 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) analysis 

 The extract solutions used for viability studies was analysed using ICP-MS to find 

out the concentration of different elements in the solution.  Inductively coupled plasma 

spectrometer iCAP RQ (Make: Thermo Scientific) equipped with quadrupole mass 

analyser and an auto-sampler ASX-280 (Teledyne, CETAC Technologies, USA) was used 

for the multi-elemental analysis. 

3.6.2 Direct Cell viability methods  

3.6.2.1 DAPI staining 

The metallic samples (diameter: 10 mm, height: 2 mm) were immersed in CCM for 

3 days by maintaining a medium volume to the surface area of sample ratio of 1.25 cm2/mL. 

After discarding the CCM, 50,000 cells were seeded on top of the samples and incubated 

for 1 h, followed by adding 3 mL of CCM to the wells containing metallic samples. After 

1 and 3 days of culturing, the samples were washed using PBS, then stained using DAPI 

(1:1000 in MEM) for 15 min. Finally, samples were rinsed with PBS and observed using 

fluorescence microscope (Olympus IX –83). At least 6 images were taken and analyzed to 

quantify the cells using the free software ImageJ.  
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3.6.2.2 Cell observation using SEM 

 The cells were seeded on top of the metallic samples as in DAPI staining analysis. 

After the respective incubation, the cells were fixed in 2.5% glutaraldehyde for 30 min. 

Then the samples were washed with PBS and subjected to gradual ethanol dehydration with 

various concentrations of 10%, 20%, 40%, 60%, 80%, or 100% for 10 min. each. The 

samples were air-dried and images were taken using SEM Carl Zeiss EVO18. 

3.7 In-vivo studies 

3.7.1 Animal model and experimental design 

The animal experiments conducted in this study were approved by the institutional 

animal ethical committee at KMCH College of Pharmacy, Coimbatore, India (Approval 

Number: KMCRET/ReRc/Ph.D/33/2021). Sprague dawley rats, aged four to eight weeks 

and weighing between 180-220 g, were obtained and housed in a controlled, pathogen-free 

environment throughout the duration of the experiment. The rats underwent anesthesia 

using Ketamine hydrochloride injection. Following anesthesia, the rats were shaved, and a 

subcutaneous injection of buprenorphine (0.6 mg/kg) was administered. Segments of 

cellular porcine pericardium, measuring 20 mm x 20 mm, were placed over the muscle 

beneath the skin. The samples (5 mm in diameter and 2 mm in height) were subcutaneously 

implanted without the need for suturing or fixation. The subcutaneous implantation sites 

were closed using Vicryl 4-0, and topical tetracycline was applied. The rats were then 

monitored for a period of 30 days post-implantation.  

3.7.2 Histological evaluation after surgery 

 Subcutaneous tissues and vital organs (heart and liver) were harvested after 30 days. 

The subcutaneous tissues and vital organs were fixed in 10% formalin and embedded in 

paraffin. The tissue sections were deparaffined by xylol for 5 to 10 min., and xylol was 

removed by 100% ethanol. The tissue sections were stained using hematoxylin, counter-

stained with 0.5% eosin, and observed under microscope for any ultrastructural changes. 
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3.8 Statistical analysis 

 The data are reported as mean ± standard deviation, and the statistical significance 

of difference between groups was evaluated using one-way analysis of variance (ANOVA). 

A significance level of p < 0.05 was considered significant. The statistical analyses were 

conducted using GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA).  
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Chapter 4 

Role of RE and Grain refiner in Mg-Zn-RE alloys 
 

 

4.1 Introduction 

The design of biodegradable implants requires a comprehensive understanding of 

how alloying elements influence key properties such as mechanical strength, 

biodegradation resistance, and biocompatibility. These attributes are interdependent and 

play a critical role in determining the overall performance and safety of the implant. 

Alloying elements can modify the microstructure, corrosion behaviour, and biological 

interactions of the material, making their selection and optimization pivotal in implant 

design [1,2]. 

A vital step in evaluating the biodegradation resistance of metallic alloys is to study 

their behavior in simulated physiological environments. Historically, researchers have 

employed a 1 wt.% NaCl solution as a test medium for initial screening of corrosion 

resistance. The choice of NaCl is particularly relevant because it provides a standardized 

and reproducible environment, allowing researchers to explore the fundamental 

electrochemical interactions between the alloy surface and a chloride-rich corrosive 

medium. Such studies are essential for understanding the underlying corrosion mechanisms 

before transitioning to more complex physiological conditions. Moreover, the osmolality 

of NaCl solution is close to that of human blood. Thus researchers can gain valuable 

insights into the alloy's performance under simplified conditions. This step is crucial in 

establishing a baseline understanding of corrosion behavior, which can then be compared 

and extended to in-vitro or in-vivo studies. Therefore, the initial investigation of the 

corrosion properties of Mg-based alloys in 1 wt.% NaCl solution forms the foundation for 

subsequent analyses under physiological conditions [3–5]. 

The influence of rare earth (RE) elements on the corrosion behavior of Mg-RE 

binary alloys has been the subject of significant research [6,7]. For example, Birbilis et al. 

[6] reported that Mg-Ce alloys exhibited the highest corrosion rate compared to Mg-Nd and 

Mg-La alloys. Their study also revealed that an increase in the volume fraction of secondary 

phases in these alloys directly correlated with a higher corrosion rates. Furthermore, 

microcapillary electrochemical testing demonstrated that the secondary phase Mg12Ce was 
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the most inert among the phases studied, whereas Mg12La exhibited the least inertness. 

Consequently, Mg-Ce alloys suffered from severe micro-galvanic corrosion due to the 

presence of secondary phases [6]. In contrast, Azzedine et al. [7] presented different 

observations, reporting that Mg-Ce binary alloys showed better corrosion resistance than 

Mg-La and Mg-Nd alloys. Their findings suggested that the corrosion rates of various 

alloys followed the order: Mg-0.41Dy < Mg-0.3Ce < Mg-0.63Gd < Mg-1.44Nd < Mg-

1.43La (wt.%). The improved corrosion resistance of Mg-0.41Dy and Mg-0.3Ce was 

attributed to the formation of protective oxide films, either complete or partially protective, 

on their surfaces. Although the corrosion mechanism of Mg-0.3Ce, Mg-1.44Nd and Mg-

0.63Gd were similar, the small grain size (70 μm) observed in Mg-0.3Ce alloy enhanced 

the corrosion resistance whereas the presence of diverse secondary phases (Mg12Nd, 

Mg41Nd5 and Mg24Nd) in Mg-1.44Nd resulted in its poor corrosion resistance compared to 

Mg-0.3Ce and Mg-0.63Gd. The poor corrosion resistance of Mg-1.43La alloy was 

attributed to the presence of Mg12La secondary phase along the grain boundaries. However, 

it is important to note that the weight percentages of RE elements were not uniform across 

these alloys, and the effect of the volume fraction of secondary phases on their corrosion 

behavior was not systematically evaluated. This variability highlights the need for a more 

controlled and systematic approach to studying the impact of alloying elements on the 

corrosion properties of Mg-RE alloys. 

Also, combination of RE and Zn in Mg alloys draw a special attention due to the 

enhanced mechanical properties as well as corrosion resistance [8,9]. In addition, the 

extensive literature review (Chapter 2) suggested that among the different RE based Mg 

alloys, Mg-Zn-RE alloys showed the optimum combination of tensile properties as well as 

biodegradation resistance.  Given this background, in the Part A of this chapter two 

different Mg-Zn-RE alloys (RE = Gd and Nd) were prepared with same wt.% of RE and 

Zn, to replicate ZE41 alloys, and the effects of these REEs on the microstructure and 

corrosion behavior of Mg-Zn-RE alloys were investigated. Moreover, ZE41 (Mg-4Zn-1RE, 

wt.%) alloy already find potential applications ranging from aerospace to biomedical 

industries [10,11]. In early stage of development, La based misch metal (MM) were added 

to Mg-Zn to prepare ZE alloys. Later MM was replaced by Nd for the better tensile 

properties.   

Part B of this chapter extends the investigation to the influence of zirconium (Zr) 

as an additional element in the Mg-Zn-Gd and Mg-Zn-Nd alloy systems. Zr was 
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incorporated due to its well-documented role as a potent grain refiner in magnesium alloys. 

According to the Mg-Zr phase diagram (Figure 4.1), Zr exhibits a solubility limit of 0.565 

wt.% in molten Mg at temperatures above 650 °C. Given that Mg-RE alloys are typically 

melted at temperatures exceeding 740 °C, a substantial amount of Zr remains dissolved 

during melting. As the melt is poured into a casting mold and cools, the solubility of Zr 

decreases, leading to the precipitation of finely dispersed α-Zr particles when the 

temperature drops to approximately 650 °C. These α-Zr particles act as potent nucleation 

sites for the α-Mg phase, which forms at around 646 °C, resulting in the development of a 

fine, equiaxed grain structure in Zr-containing Mg-RE alloys [12–14] . Both α-Zr and α-

Mg share a similar hexagonal close-packed (HCP) structure with nearly identical c/a ratios 

(1.60 for α-Zr and 1.625 for α-Mg). This structural similarity enhances Zr's ability to act as 

an efficient nucleant for Mg solidification. Furthermore, a peritectic reaction at 653.5 °C in 

the Mg-Zr system further promotes α-Mg nucleation, reinforcing the grain refinement 

effect [10–12]. This refinement is critical in improving mechanical properties such as yield 

strength and ductility, as well as enhancing the corrosion resistance by reducing localized 

galvanic effects associated with coarse grains or intermetallic phases. By studying the 

combined effects of REEs and Zr, this work aims to achieve an optimized balance of 

mechanical and corrosion properties, tailored for biodegradable implant applications. The 

findings from this section will provide valuable insights into the synergistic effects of REEs 

and grain refiners on the microstructure and properties of magnesium alloys. 

 

Figure 4.1. Mg-Zr phase diagram [14]. 
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4.2. Materials and Methods 

The magnesium alloys with compositions of Mg-4Zn-1Gd band Mg-4Zn-1Nd, Mg-

4Zn-1Gd-0.5Zr, Mg-4Zn-1Nd-0.5Zr (wt.%, hereinafter referred to as GZ, NZ, GZK and 

NZK respectively) were prepared in a steel crucible protected by a gas mixture of 

Ar+0.02% SF6 (As detailed in Chapter 3). The chemical composition the alloys were 

determined using ICP-AES (Table 4.1). The characterization techniques used to analyze 

the properties of the prepared alloys are already described in detail in Chapter 3. The 

microstructural characterization of the alloys was performed using optical microscopy 

(OM) and scanning electron microscopy (SEM, Zeiss EVO 18), equipped with energy-

dispersive X-ray spectroscopy (EDS). Grain size and secondary phase volume fractions 

were measured using ImageJ software, while electron backscatter diffraction (EBSD) was 

conducted using a Nova NanoSEM 450 with a Velocity Pro EBSD detector at a scan step 

size of 0.08 μm. Electrochemical tests were performed using an AMETEK VersaStat 4 

potentiostat in 1 wt.% NaCl solution at room temperature (25 ± 1°C). Weight loss 

measurements were conducted using 15 mm × 15 mm × 3 mm samples immersed in 1 wt.% 

NaCl for 1, 3, 7, and 14 days at room temperature, with a solution volume-to-sample surface 

area ratio of 50 mL/cm². Hydrogen evolution tests were performed under identical 

conditions as the weight loss tests for 14 days. Corrosion product analysis was carried out 

using X-ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD). Tensile 

testing was carried out on alloys using threaded tensile specimens with a 6 mm gauge 

diameter and 25 mm gauge length, prepared according to ASTM B557M-10. In-vitro 

biodegradation behavior of Mg-Zn-RE-Zr alloys was evaluated using immersion tests in 

cell culture medium containing Minimum Essential Medium (MEM) supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin, maintaining a medium volume-to-sample 

surface area ratio of 1.25 cm²/mL according to ISO 10993. The samples were incubated at 

37 °C, 5% CO₂, 20% O₂, and 95% relative humidity for 14 days, with medium replacement 

every two days to maintain pH stability. MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5 

Diphenyltetrazolium Bromide) assays were performed according to ISO 10993:2009 to 

evaluate the cytotoxicity of Mg-Zn-RE-Zr alloys. 
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Table 4.1. Chemical composition of the developed alloys (wt.%) 

Nominal 

composition 

 Analysed chemical composition (wt.%) 

RE Zn Fe Cu Ni Zr Mg 

Mg-4Zn-1Gd 

(GZ) 

1.12 4.05 0.0168 0.0036 0.0012 - Bal. 

Mg-4Zn-1Nd 

(NZ) 

0.98 3.95 0.0172 0.0046 0.0020 - Bal. 

Mg-4Zn-1Gd-

0.5Zr (GZK) 

1.27 3.90 0.0155 0.0039 0.0019 0.49 Bal. 

Mg-4Zn-1Nd-

0.5Zr (NZ) 

0.95 4.36 0.0187 0.0041 0.0033 0.45 Bal. 

 

4.3 Results and Discussion 

Part A: Role of RE in Mg-Zn-RE (RE= Gd and Nd) alloys 

4.3.1. Microstructure 

The XRD patterns of the alloys showed (Figure 4.2) only α-Mg peaks, with no 

detectable peaks related to any secondary phases. This absence of secondary phase peaks 

in the XRD patterns could be attributed to the limited volume fraction of secondary phases, 

making them difficult to detect due to the restriction in detection limits of XRD. Figure 4.3 

shows the SEM micrographs of the developed alloys and Table 4.2 shows EDS analysis of 

various phases observed in these alloys. The GZ alloys had discrete secondary particles 

distributed along the grain boundaries [Figure 4.3 (a)] whereas NZ alloy had network of 

secondary phases distributed more evenly throughout the grain boundaries [Figure 4.3 (c)]. 

GZ alloy consisted of secondary phases with different morphologies as seen in Figure 4.3 

(a). Elongated phases and large spherical particles [shown as A & B in Figure 4.3 (b)] had 

stoichiometric composition of Zn/Gd ratio equal to 3.21 and 5.22 respectively which are 

close to the ideal ratio 2 reported for W (Mg3Zn3Gd2) phase and 6 reported for I 

(Mg3Zn6Gd) respectively  [18]. The cuboid phase, marked as C in Figure 4.3 (b), was 
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identified as Mg5Gd. EDS analysis of small spherical particles, [marked as D in Figure 4.3 

(b)], revealed that these were Mg-Zn binary phases.  

Figure 4.2. XRD patterns of the developed Mg-Zn-RE alloys. 

 

Figure 4.3. SEM micrographs of alloys (a&b) GZ, (c&d) NZ. 

 

Unlike GZ alloys, a semi network of secondary phases along with small sized 

particles were observed in NZ alloy. From the EDS analysis, both phases, marked as A, B 

and C in Figure 4.3 (d),  were identified as T (Mg7Zn3Nd) phases as the measured 
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composition of Mg, Zn and RE were approximately 7:3:1 [19,20].  Though few binary 

phases were (Mg-Zn, Mg-RE) observed in both the alloys, ternary phases such as W phase 

in GZ, and T phases in NZ alloy were dominant. The grain boundary overlaid inverse pole 

figure (IPF) maps [Figure 4.4] of the alloys showed that the grain size of GZ and NZ alloys 

were 524 (±171) µm and 203 (±63) µm respectively. In as-cast conditions, grain size is 

predominantly controlled by solute solubility and the formation of secondary phases. Nd 

has a much lower solubility in Mg (~3.6 wt% at eutectic temperature) compared to Gd 

(23.49% at eutectic temperature), leading to earlier precipitation of Nd-containing 

intermetallics, which effectively pin grain boundaries and restrict grain growth [1,21]. In 

contrast, Gd remains more soluble in the matrix for a longer duration during solidification, 

resulting in fewer early precipitates and allowing grains to grow larger.  

 

Table 4.2. EDS analysis of different secondary phases in the alloys. 

Alloy  Position Elements (at.%) Phase 

Mg Zn RE  

GZ Figure 4.2 (b) – A 61.9 28.83 8.97 W (Mg3Zn3Gd2) 

Figure 4.2 (b) – B 69.35 25.73 4.92 I (Mg3Zn6Gd) 

Figure 4.2 (b) – C 76.53 1.37 22.09 Mg5Gd 

Figure 4.2 (b) – D 87.34 10.94 1.73 Mg-Zn binary 

Figure 4.2 (b) – E 98.5 1.05 0.45 Matrix 

NZ Figure 4.2 (d) – A 71.9 22.11 6 T (Mg7Zn3Nd) 

Figure 4.2 (d) – B 72.03 22.58 5.38 T (Mg7Zn3Nd) 

Figure 4.2 (d) – C 69.52 24.17 6.31 T (Mg7Zn3Nd) 

Figure 4.2 (d) – D 98.82 1.11 0.07 Matrix 
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Figure 4.4. Grain boundary overlaid inverse pole figure maps (IPF) of (a) GZ (b) NZ alloy. 

4.3.2 Electrochemical measurement 

The cathodic and anodic branches of a polarization curve represents the hydrogen 

evolution and Mg matrix dissolution respectively during the polarization measurement. The 

polarization curves (Figure 4.5) and Table 4.3 show that the NZ Alloy had a more negative 

Ecorr compared to that of GZ alloy. Though NZ alloy showed slightly higher cathodic 

activity (relatively high cathodic current density at all cathodic potentials), it exhibited a 

more positive corrosion potential due to the lesser anodic dissolution behaviour. However, 

the icorr of alloys NZ were the lowest.  

Figure 4.5. Polarization curves of alloys in 1 wt.% NaCl solution at 25˚C. 
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Table 4.3. OCP, Ecorr and icorr values of alloys obtained from polarization measurements in 

1 wt.% NaCl. 

 

Alloy OCP (mV vs 

SCE) 

Ecorr (mV vs 

SCE) 

icorr (μA/cm2) 

GZ -1571 -1486 12.58 

NZ -1423 -1430 5.16 

 

Electrochemical Impedance behaviour of alloys after immersion in 1 wt.% NaCl for 

30 min., and 1, 3, 7 and 14 days (Figure 4.6) show that initially all the alloys had a similar 

behaviour (although the dimensions of the loops seem to be different indicating marginal 

differences in corrosion rates).  The nyquist plots of alloys measured after 30 min. 

immersion in electrolyte [Figure 4.6 (a)] showed two capacitive loops: well defined at 

high-medium frequencies and depressed at low frequencies. However, the alloys showed 

inductive loop [Figure 4.6 (b)] after 1-day immersion indicating the initiation of pits. Also 

the capacitive loops became single with reduced diameters suggesting that the dissolution 

of corrosion layers occurred. Similarly, the continuous decrease in size of the capacitive 

loops after 3, 7 and 14 days of immersion indicated that the corrosion layer was unstable 

and leading to continuous dissolution of alloys. However, initially the alloys showed strong 

inductive loops after 1-day immersion but as immersion time increased this behaviour was 

suppressed. It seems that the formation of pits during initial stage of corrosion leads to a 

strong inductive loop whereas spreading of corrosion further into the matrix leads to 

weakened inductive loops [18,22,23].  

For more details on the corrosion characteristics of the alloys, the EIS spectra were 

fitted using the equivalent circuits as shown in the Figure 4.7. The data were fitted using 

ZSimpWin 3.20 software where, Rs refers to solution resistance, Rct represents charge 

transfer resistance, CPEdl represents electric double layer capacitance at the interface of 

substrate and solution, Rf represents film resistance, CPEf represents film capacitance, and 

RL and L represents resistance and inductance of the low frequency inductive loop 

respectively. The capacitive loop at high frequencies represents double layer capacitance 

and charge transfer resistance. The resistance offered by the corrosion film on the surface 

was indicated by the capacitive loop at medium or lower frequencies. Inductive loop is an 

indication of the failure of the surface film and initiation of pits [18,24].  The polarisation 
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resistance Rp (Rct + Rf or Rct + Rf + RL) [25–27] calculated for the alloys (Figure 4.8) after 

30 min. immersion indicated that NZ alloys had the highest, whereas GZ alloys had the 

lowest resistance which was in agreement with the icorr values obtained from Tafel plots. 

After 1 day of immersion, due to inductive loops at lower frequencies the Rp values of all 

the alloys dropped. However, beyond 3 days the resistance of the alloys had only a marginal 

change till the 14-day immersion. GZ alloys exhibited lowest resistance at all immersion 

times indicating that it was most susceptible to corrosion.  

 

 

Figure 4.6. Nyquist plots of alloys measured in 1 wt.% NaCl at different times (a) 30 min. 

(b) 1 day (c) 3 days (d) 7 days (e) 14 days. 
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Figure 4.7. Equivalent electrochemical circuits of the alloys at different immersion times 

in 1 wt.% NaCl (a) 30 min. (b) 1-14 days. 

Figure 4.8. (a) Rp (Rct + Rf  or Rct + Rf + RL) of alloys obtained from impedance 

measurement in 1 wt.% NaCl at different immersion time. 

4.3.3 Weight loss measurement 

The results of weight loss measurement in 1 wt.% NaCl for 3, 7 and 14 days (Figure 

4.9) show that GZ alloy exhibited highest corrosion rate at all immersion time intervals. 

However, corrosion rate of NZ was much lower than that of GZ alloy at all-time intervals. 

Slight increase in corrosion rate beyond 3 days of immersion was observed for both these 

alloys and the corrosion rate was more or less same till 14-days of immersion.  This is in 
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agreement with the EIS results as the Rp value (Figure 4.8) decreases as immersion time 

increases but the changes in Rp values is marginal beyond 3 days immersion.   

Figure 4.9. Corrosion rate of the alloys calculated from weight loss measurement of 

samples immersed in 1 wt.% NaCl at different immersion times. 

4.3.4 Hydrogen evolution 

Figure 4.10. shows the hydrogen volume measured during immersion of samples in 1 wt.% 

NaCl for 336 h (14 days). GZ alloy had the highest slope of hydrogen volume curve which 

indicated that it had undergone severe corrosion compared NZ. The measurement for GZ 

alloy was stopped at 120 h since the maximum measurable amount of H2 was reached (the 

maximum limit of the apparatus was 330 mL).  The result of hydrogen evolution of the 

alloys was in good agreement with the weight loss measurements as the total hydrogen 

evolution volume was lowest for alloy NZ.  

Figure 4.10. Volume of evolved hydrogen from the alloys immersed in 1 wt.% NaCl for 

14 days. 
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4.3.5 XPS analysis of corrosion layer 

To analyze the composition of corrosion layer, XPS measurements were done on 

the samples immersed in 1 wt.% NaCl for 30 min. Depth profiling measurement was carried 

out for 1800 seconds of sputtering and the sputtered depth was calculated from a related 

removal rate of 20 nm/min. for SiO2 which was found to be approximately 600 nm (The 

sputtering was not carried out beyond 600 nm due to the limitations of the instrument and 

machine safety concerns). The depth profiles of the corrosion films on the samples (Figure 

4.11) indicated that the atomic concentration of Mg at a depth of 600 nm was highest for 

GZ alloy. This indicates that that after 30 min. immersion, corrosion layer thickness was 

lowest for GZ. Moreover, both the alloys showed the presence of Zn. Relatively minimum 

or negligible atomic concentration of Gd was observed in the corrosion layers of GZ. In 

contrast, an appreciable amount of Nd was present in the oxide layer on NZ alloy from the 

surface to the end of sputter depth up to 600 nm.  

Figure 4.11. Depth profile analysis of the corrosion layers on the samples immersed in 1 

wt.% NaCl for 30 min. (a) GZ, (b) NZ.  

The DP-XPS spectra of O1s, Mg2p and Zn2p3 of the alloys were similar. Therefore, 

for analysis, XPS depth profiling (DP-XPS) spectra of O1s, Mg2p and Zn2p3 of the 

corrosion film on the GZ alloy is shown in Figure 4.12.  The higher bond energy (BE) peak 

centred at 533.5 eV in O1s spectra [Figure 4.12 (a)] and the broader low BE peak at 300 

nm depth centred at 531 eV confirmed the presence of hydroxide and oxide state of oxygen 

respectively [9]. Mg2p spectra [Figure 4.12 (b)] were in good agreement with the O1s 

spectra [Figure 4.12 (a)].  The Mg2p spectra of the surface of GZ alloy shows the BE peak 

was centred between 49.5 eV (Mg(OH)2) and 50.25 eV (MgO). The energy peak at 49.6 

eV and 51 eV at 400 nm corresponded to magnesium hydroxide and magnesium oxide [28]. 
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Energy peak of Mg2p spectra at 600 nm showed the presence of Mg (at 49.4 eV) and MgO 

(at 50.8 eV). However, the area fraction of the Mg(OH)2 decreased where as that of MgO 

and Mg increased as the sputtering depth increased. This also explains why the atomic 

percentage of oxygen decreased as the sputtering depth increased. Zn2p3 profile [Figure 

4.12 (c)] showed a distinguishable peak after 400 nm at 1021.2 eV that corresponds to ZnO 

[29]. However, no such distinguishable peaks were seen in the DP-XPS spectra of [Figure 

4.13 (a)], indicating that the presence of Gd was were minimal in the corrosion film till 600 

nm of depth. However, in the NZ alloy presence of broader BE peaks at 983.2 eV [Figure 

4.13 (b)] in Nd3d5 spectra indicating the presence of Nd2O3 in the corrosion layer.  

Figure 4.12. DP-XPS spectra of different elements on the corrosion layers on GZ alloy 

sample immersed in 1 wt.% NaCl for 30 min.  (a) Mg2p (b) O1s (c) Zn2p3. 
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Figure 4.13. DP-XPS spectra of the rare earth elements on the corrosion layers on the alloys 

immersed in 1 wt.% NaCl for 30 min. (a) Gd4d (b) Nd3d5. 

Thus, the XPS analysis of corrosion layer after 30 min. immersion revealed that 

both the alloys consisted of Mg(OH)2 in the outer layer and MgO and ZnO in the inner 

layer. In addition, NZ alloy had the presence of Nd2O3 in the corrosion layer. Although the 

presence of rare earths in GZ was minimal in corrosion layer, the surface films were 

reasonably protective in nature initially as it was evident from EIS analysis of the alloys 

after 30 min. immersion [Figure 4.6 (a)] that there were no inductive loops in the alloy.  

The Rp values obtained using electrochemical impedance measurement (Figure 4.8) 

showed that NZ alloy had the highest resistance at 30 min. immersion owing to the presence 

of Nd2O3 on the surface.  

4.3.6 Corrosion product analysis 

The XRD analysis (Figure 4.14) of the corrosion product obtained by immersing 

the samples in 1 wt.% NaCl for 14 days suggested that they mainly composed of Mg(OH)2 

(JCPDS: 019-0771) and traces of ZnO (JCPDS: 001-1136). Other than these elements the 

diffraction patterns suggested the presence of Gd2O3 (JCPDS: 01-088-2165) in GZ alloy, 

and Nd2O3 (JCPDS: 040-1283) in NZ alloy. As expected, peaks corresponding to Gd2O3 in 

GZ alloy were weak, whereas and peaks for Nd2O3 in NZ alloy was relatively significant.  

However, no diffraction peaks corresponding to any of the second phases in the alloys were 

seen and might be due to the restriction in the detecting limit of XRD.  
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Figure 4.14. XRD analysis of the corrosion products obtained from samples immersed in 

1 wt.% NaCl for 14 days (a) GZ (b) NZ alloys. 

The effectiveness in protective nature of the oxides can be evaluated using the 

Pilling-Bedworth ratio (PBR) [30]. According to PBR theory, oxide layers with PBR < 1 

will be porous and will not offer protection, like wise oxide layers with PBR > 2 will be 

susceptible to breakage due to stress and also does not offer protection. Whereas, the oxide 

layers with PBR between 1 and 2 have the capability to protect the material from further 

corrosion [31]. For instance, the PBR of MgO is 0.81 which does not offer any protection 

to the surface. However, certain RE oxides like Sc2O3 (PBR = 1.1), Y2O3 (PBR = 1.19), 

Nd2O3 (PBR = 1.02) will offer protection to the otherwise porous MgO layer and thus 

enhancing the corrosion resistance [32–34] [35]. Thus, the incorporation of alloying 

elements in the surface film influences the stability as well as dissolution kinetics of the 

film. For example, the presence of Al2O3 in the surface film of Mg-Al alloy offers better 

protection to the surface compared to Mg(OH)2 or MgO [36,37].  Similarly, Zhang et al. 

[38] reported that the spontaneous formation of Nd2O3 on the corrosion layer enhanced the 

compactness of the surface film in Mg-2Zn-0.2Mn-xNd. Incorporation of the Nd2O3 on the 

corrosion film found to improve the corrosion resistance of AZ91 alloy [39] as well as in 

Mg-8Li-3Al-2Zn alloy containing Nd [40]. 

Although the surface film also consisted of Mg(OH)2, it has a hexagonal crystalline 

structure and makes way for an easy basal cleavage. The hydrogen evolution accompanied 

with the cathodic reaction further weaken the surface film.  The equilibrium pH of 

Mg(OH)2 is around 11 which suggests that the film is non protective in normal aqueous 

environments where the pH is usually less than 11. Moreover, anions such as chloride, 
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sulphate, and nitrate tends to destroy the passivity of Mg as they are capable of breaking 

down the surface film on Mg  [41].  

In addition to the presence of Nd₂O₃ on the surface of the corrosion layer, which 

provided enhanced passivation and stability, the smaller grain size of the NZ alloy 

compared to the GZ alloy played a crucial role in improving its corrosion resistance. The 

grain size effect on corrosion behavior is primarily due to the higher density of grain 

boundaries in finer-grained materials. A smaller grain size results in a greater number of 

grain boundaries per unit area, which accelerates the formation of a more uniform and 

protective oxide layer across the alloy surface. These grain boundaries act as preferential 

sites for rapid oxide nucleation, allowing the development of a dense and continuous 

passive film that reduces localized attack and minimizes corrosion propagation. In contrast, 

coarser-grained alloys have fewer grain boundaries, leading to heterogeneous oxide 

formation, which is more susceptible to localized breakdown and pitting corrosion. The 

synergy between the protective Nd₂O₃ layer and the grain boundary-induced uniform oxide 

formation ultimately resulted in the superior corrosion resistance of the NZ alloy compared 

to the GZ alloy [42].  

4.3.7 Corrosion Morphology 

SEM analysis of the corroded samples at different immersion times were carried 

out to understand the corrosion initiation and propagation in the alloys. The second phases 

in Mg alloys are usually more inert than α-Mg matrix and they act as cathodic sites resulting 

in initiation of corrosion in the matrix next to the second phase [43]. The corrosion then 

spreads and gets accelerated as immersion time increases. The SEM micrograph of the 

alloys (Figure 4.15) immersed in 1 wt.% NaCl for 30 min. and without removing the 

corrosion products revealed that the corrosion was initiated next to the secondary phases as 

corrosion products (marked in white arrows) could be seen in the close proximity of 

secondary phases.  More corrosion products were seen around the secondary phases in GZ 

alloy, suggesting that secondary phases found in GZ alloys were more cathodic in nature 

and susceptible to severe micro galvanic corrosion.  

As the immersion time increased to 12 h, the SEM micrographs of all the alloys 

taken after cleaning the corrosion products exhibited a filament type propagation [Figure 

4.16] of corrosion indicating the occurrence of filiform corrosion. Filiform corrosion occurs 

due to the movement of an active corrosion cell across the metal surface. Filament head 
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acts as the anode and the tail acts as cathode. It is usually observed in anodized or protective 

coated surfaces. However, the filiform corrosion in uncoated Mg alloys are also reported 

due to breakage of protective corrosion film on the alloy surfaces [31,44].  The filaments 

propagated through the matrix adjacent to the secondary phases. Pitting corrosion occurred 

in both the alloys but was least in NZ alloy. Few secondary phases still intact in the alloys 

are shown in Figure 4.16 (c-d) by white arrows.  

 

Figure 4.15. Corrosion morphology of alloys immersed in 1 wt.% NaCl for 30 min. without 

the removal of corrosion products (a) GZ (b) NZ alloy (corrosion products are marked in 

white arrows). 

 

Figure 4.16. Corrosion morphology of samples immersed in 1 wt.% NaCl for 12 h after 

the removal of corrosion product (a& c) GZ, (b & d) NZ (secondary phases are marked in 

white arrows). 
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The cross section of the alloys after 12 h immersion shows that severe pitting has 

occurred in GZ alloy and that the secondary phases are in fact accelerating the corrosion 

[Figure 4.17 (a)]. Similar to GZ alloy, the cross section of the NZ alloy also showed small 

pits, however the propagation of pits further seemed to be impeded by the dendritic T phase 

[marked in blue arrows, Figure 4.17 (b)]. Similarly, the cross sectional SEM images of the 

alloys immersed for 3 days showed that GZ alloy showed severe pitting corrosion [Figure 

4.18 (a)]. However, careful examination revealed that the elongated dendritic shaped W 

phase [marked in white arrows, Figure 4.18 (b)] was still intact, although the corrosion pits 

were spreading into the grain interior. This suggests that the dendritic W phase was not 

accelerating the corrosion unlike other discrete secondary phases found in GZ alloy and 

was able to retard it to an extent. The cross sectional morphology of the 3-day immersed 

NZ alloy showed that T phase [marked in white arrows, Figure 4.18 (c)] was able to impede 

the corrosion propagation.  

 

Figure 4.17. Corrosion morphology of the cross section of samples immersed in 1 wt.% 

NaCl for 12 hours after the removal of corrosion product (a) GZ, (b) NZ. 
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Figure 4.18. Corrosion morphology of the cross section of samples immersed in 1 wt.% 

NaCl for 3 days after the removal of corrosion product (a &b) GZ, (c) NZ. 

The secondary phase in Mg alloys can either act as micro cathode to accelerate 

corrosion or to retard corrosion by acting as an effective barrier depending up on the volume 

fraction and distribution. This dual role of secondary phase is  more obvious in AZ alloys 

where continuously distributed β phase (second phase) effectively retards the corrosion 

whereas corrosion is accelerated by the presence of discontinuously distributed β phase 

[9,45]. Although almost all secondary phases found in Mg alloys are cathodic in nature, the 

secondary phases in certain Mg alloys are reported to be relatively anodic, and are 

preferentially corrode [31,43]. In the present study, micro galvanic corrosion initiated 

around the secondary phases in all the alloys (Figure 4.15) and it gradually spread into 

grain interior (Figure 4.16), indicating that secondary phases present in these alloys were 

cathodes to α Mg matrix. The secondary phases in GZ alloys were more cathodic and more 

cluster of corrosion products near the phases in GZ alloy after 30 min. immersion [Figure 

4.15 (a)]. In addition, severe pits in the corrosion morphology after 12 h immersion [Figure 

4.16 (a)] suggesting that severe micro galvanic corrosion occurred in GZ alloy. Similarly, 

Tafel analysis (Figure 4.5) showed higher cathodic activity in NZ alloy due to second 

phase, and the corrosion pits evident from the SEM analysis of corrosion morphology after 

12 h immersion [Figure 4.16 (b)] suggesting that the secondary phase in NZ acted as 

cathodic and accelerated micro galvanic corrosion. In spite of that, the uniformly 
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distributed network shaped secondary phases in NZ alloys inhibited the corrosion and 

improved the overall corrosion resistance of the alloy. The corrosion barrier effect of 

network secondary phases was also evident from the SEM analysis of corrosion 

morphology after 3 days immersion [Figure 4.18 (c)] that showed a severely corroded 

matrix was surrounded by a network of second phase. The distribution of secondary phases 

was different from alloy to alloy, and continuous network of phases retarded the corrosion 

spreading as evident from NZ alloy. 

4.3.8 Conclusion 

The corrosion behavior of Mg-Zn-RE alloys is strongly influenced by the 

morphology and distribution of secondary phases, along with the characteristics of 

the oxide layer formed during corrosion. The distinct effects of Gd and Nd on phase 

formation and corrosion resistance emphasize the importance of RE selection in 

optimizing alloy performance. The key findings are as follows: 

 Secondary phases observed in Mg-4Zn-1Gd discrete whereas they were 

distributed as network shape in Mg-4Zn-01Nd alloys.  

 The discontinuously distributed secondary phases accelerated corrosion in 

Mg-4Zn-1Gd alloy.  

 In spite of higher cathodic activity of second phases, the network morphology 

as well as the presence of Nd2O3 in the corrosion layer significantly improve 

the corrosion resistance of Mg-4Zn-01Nd alloy. 

Part B: Role of Zr in Mg-Zn-RE alloys 

4.3.9 Microstructure 

The XRD patterns of the Zr-added alloys are shown in the Figure 4.19. As observed 

in the GZ and NZ alloys, only Mg peaks were present, with no detectable peaks related to 

secondary phases. The SEM micrographs shown in the Figure 4.20 revealed that the Zr 

addition to the alloys did not change the phase compositions and morphology.  The EDS 

analysis (Table 4.4) of the alloys revealed that the network shaped secondary phases 

marked as A in Figure 4.4 (b) was found to be W phase, spherical phases marked as B in 

Figure 4.4 (b) was found to be Mg-Zn binary phase and very fine particle shaped secondary 

phase found in the grain interior [marked as C in Figure 4.4 (b)] was found to be Mg-Zr 

binary phase.  Also, EDS analysis of NZK alloy revealed that the network shaped phase 

[marked as A in Figure 4.4 (d)] and spherical phases [marked as B in Figure 4.4 (d)] were 
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found to be T phase. Similar to GZK alloy, the particle shaped secondary phase [marked as 

C in Figure 4.4 (d)] in the grain interior was found to be Mg-Zr binary phase.  

 

Figure 4.19. XRD patterns of GZK and NZK alloys. 

 

 

Figure 4.20. SEM micrographs of as-cast alloys (a&b) GZK, (c&d) NZK. 
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The EBSD micrograph of the alloys (Figure 4.21) shows that Zr addition resulted in the 

significant grain refinement in GZK alloys. A significant grain size reduction from 524 

(±171) µm to 144 (±50) µm was observed in Gd containing alloy where as in Nd containing 

alloy the grain size was reduced from 203 (±63) µm to 166 (±42) µm. The significant 

reduction in grain size observed in the Mg-Gd-Zn-Zr alloy compared to the Mg-Nd-Zn-Zr 

alloy can be attributed to the combined effects of zirconium (Zr) as a grain refiner and the 

influence of rare earth elements (Gd and Nd) on solidification behavior. Zr is known to 

refine grains in magnesium alloys by forming fine Zr-rich particles that act as 

heterogeneous nucleation sites during solidification [10–12]. However, in the NZ alloy the 

grain size was already finer compared to GZ alloy. This might have hampered the grain 

refinement effectiveness of Zr in NZ alloys. Whereas, the scope for grain refinement was 

high in the coarse grained GZ alloy.  

Table 4.4. EDS analysis of the different secondary phases in the alloys 

 

 

 

 

 

 

 

Alloy  Position Elements (at.%) Phase 

Mg Zn RE  

GZK Figure 4.16 (b) – A 79.35 14.18 6.47 Mg
3
Zn

3
Gd

2
 

Figure 4.16 (b) – B 55.93 42.14 1.89 Mg-Zn binary 

Figure 4.16 (b) – C 80.32 2.05 17.61 (Zr) Mg-Zr 

Figure 4.16 (b) – D 98.56 1.39 0.06 Matrix 

NZK Figure 4.16 (d) – A 79.27 16.38 4.35 Mg
7
Zn

3
Nd 

Figure 4.16 (d) – B 72.96 21.59 5.45 Mg
7
Zn

3
Nd 

Figure 4.16 (d) – C 80.34 1.05 18.61 (Zr) Mg-Zr binary 

Figure 4.16 (d) – D 98.8 1.16 0.04 Matrix 
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Figure 4.21. Grain boundary overlaid inverse pole figure maps (IPF) of (a) GZ, (b) NZ 

alloy. 

4.3.10 Tensile Properties 

The tensile properties of the Mg-Zn-RE alloys exhibit significant variations due to 

differences in grain size, secondary phases, and the specific roles of the rare-earth elements 

(Gd and Nd) in strengthening mechanisms. The tensile properties of the alloys (YS, UTS, 

and % elongation) are summarized in Table 4.5, and the corresponding stress-strain curves 

are shown in Figure 4.22. The GZ alloy, with largest grain size of 524 (±171) µm, 

unexpectedly exhibited a similar yield strength (YS) of 60 (±8.6) MPa. that might be 

primarily attributed to the strong solid-solution strengthening effect of Gd. The greater 

solubility of Gd in Mg (~23.5 wt%) compared to Nd (~3.7 wt%) allows for more extensive 

solid-solution strengthening, compensating for the lack of grain boundary strengthening in 

the coarse-grained GZ alloy. However, the ductility was lowest for GZ alloys (3.9% 

elongation) owing to its coarse grains. On the other hand, the NZ alloy, which had a finer 

grain size, exhibited a higher UTS [188 (±13.8) MPa] and similar YS [58 (±5.7) MPa] 

compared to GZ. The improved strength in NZ was attributed to grain boundary 

strengthening. The elongation of NZ [4.8 (±0.82) %] was higher than that of GZ, which 

suggested that the finer grain structure and uniformly distributed finer precipitates 

facilitated better plastic deformation, preventing premature crack formation. With the 

introduction of Zr, the grain sizes in both alloy systems were further refined, leading to 

significant improvements in strength and ductility. The GZK alloy, with a substantially 

refined grain size of 144 (±50) µm, exhibited the highest UTS of 215 (±10.16) MPa and a 

sharp increase in YS to 95 (±6.3) from 60 (±8.6) MPa. The combination of strong solid-
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solution strengthening from Gd, and grain refinement due to Zr addition enhanced the 

tensile properties of GZK. The drastic increase in YS from 60 (±8.6) MPa (for GZ) to 95 

MPa (±6.3) (for GZK) confirmed that grain boundary strengthening was a dominant factor 

in determining yield strength. In contrast, the NZK alloy, which also underwent grain 

refinement to 163 (±42) µm, exhibited a UTS of 196 (±7.82) MPa and maintained a YS of 

60 (±8.2) MPa, but showed the highest elongation of 5.82 (±0.55) %.   

 

Figure 4.22. Tensile stress-strain curves of the alloys. 

Table 4.5. Yield strength (YS), Ultimate tensile strength (UTS) and Elongation (%) of 

Alloys. 

Alloy code UTS YS % Elongation 

GZ 175 (±24.4) 60 (±8.6) 3.9 (±0.94) 

NZ 188 (±13.8) 58 (±5.7) 4.8 (±0.82) 

GZK 215 (±10.16) 95 (±6.3) 5.09 (±0.76) 

NZK 196 (±7.82) 60 (±8.2) 5.82 (±0.55) 

 

4.3.11 Electrochemical corrosion measurement 

 The Tafel extrapolation data of the alloys before and after the Zr addition are 

summarised in Table 4.6 (values for GZ and NZ alloys were reproduced from Table 4.3) 

and the Tafel plots of the Zr added alloys are shown in Figure 4.23.  The OCP of GZ (-



Chapter 4 
 
 

152 
 

1571 mV vs. SCE) and GZK (-1570 mV vs. SCE) were nearly identical, suggesting that Zr 

addition did not significantly alter the initial electrochemical stability of the passive film in 

the GZ system. A similar trend was observed for NZ (-1423 mV vs. SCE) and NZK (-1467 

mV vs. SCE), although the more negative OCP of NZK suggests a slight shift toward a 

more active state. The corrosion potential (Ecorr) showed a notable trend, with GZ exhibiting 

a value of -1486 mV, while GZK shifted to a more negative value of -1500 mV, indicating 

a slightly increased tendency for electrochemical dissolution. In contrast, NZ (-1430 mV) 

and NZK (-1425 mV) show minimal variation, suggesting that the influence of Zr on Ecorr 

in the NZ system was less pronounced compared to the GZ system. 

The corrosion current density (icorr), which reflects the corrosion rate, revealed a 

significant improvement after Zr addition, particularly in the GZ system. The icorr of GZ 

decreased from 12.58 μA/cm² to 7.94 μA/cm² in GZK, indicating that Zr effectively 

enhanced corrosion resistance by refining the microstructure and reducing localized 

galvanic corrosion effects. The observed reduction in icorr was likely due to a more uniform 

grain structure and reduced segregation of Gd-containing intermetallic phases, which 

would otherwise have created cathodic sites that accelerated localized attack. However, Zr 

addition to Nd containing alloy increased icorr marginally to 6.18 μA/cm² (NZK) from 5.16 

μA/cm² (NZ) suggesting that effect of grain refinement was marginal in Nd alloys.  

 

 

Figure 4.23. Polarization curves of GZK and NZK alloys in 1 wt.% NaCl. 
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Table 4.6. OCP, Ecorr and icorr values of alloys obtained from polarization measurements in 

1 wt.% NaCl. 

 

The EIS analysis of the alloys was performed using Nyquist and Bode plots (Figure 

4.24). The Nyquist plots [Figure 4.24 (a)] and bode plots [Figure 4.24 (b&c)] of the GZK 

and NZK alloys were almost similar, suggesting that the corrosion rates and mechanisms 

were similar. In addition, the inductive loop was absent in both the alloys, suggesting that 

pitting corrosion was not initiated. The Bode plots also revealed that there were no sudden 

dips indicating no pitting corrosion associated with any of the alloys. The EIS spectra of 

the alloys were fitted using the ZSimpWin 3.20 software with the electrochemical circuit 

as shown in Figure 4.24 (d) for GZK and NZK alloys and the data is summarized in Table 

4.7. The solution resistance (Rs), which represents the electrolyte resistance, is similar for 

both alloys, with GZK at 130.65 Ω·cm² and NZK at 122.7 Ω·cm², indicating minimal 

influence from the electrolyte conductivity. The charge transfer resistance (R1), which 

reflects the resistance to charge transfer at the metal-electrolyte interface, is slightly higher 

for NZK (1222.3 Ω·cm²) compared to GZK (1147 Ω·cm²), suggesting that NZK forms a 

more stable passive layer that reduces corrosion initiation. 

The constant phase element (CPE1), which represents the capacitance of the passive 

film, was slightly higher for NZK (8.92 × 10−6 Sn/Ω·cm²) than GZK (8.28 × 10−6 

Sn/Ω·cm²), with both alloys exhibited a similar exponent (n1 ≈ 0.94), indicating near-ideal 

capacitive behavior of the passive film. Also, the secondary charge transfer resistance (R2

), which corresponds to the resistance offered by the corrosion product layer and secondary 

interfacial reactions was similar. GZK exhibited a higher R2 value (303.55 Ω·cm²) 

compared to NZK (238.43 Ω·cm²), indicating that the corrosion product layer in GZK 

Alloy OCP (mV vs SCE) Ecorr (mV vs SCE) icorr (μA/cm2) 

GZ -1571 -1486 12.58 

NZ -1423 -1430 5.16 

GZK -1570 -1500 7.94 

NZK -1467 -1425 6.18 
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provided slightly better resistance to charge transfer. Conversely, the second constant phase 

element (CPE2) values were higher in NZK (1753 × 10−6 Sn/Ω·cm²) than in GZK (1214 × 

10−6 Sn/Ω·cm²), with the exponent n2 values of 0.844 (GZK) and 0.841 (NZK). The 

significantly lower CPE2 value in case of GZK suggested that the corrosion layer in GZK 

had a lower capacitance, implying a more compact corrosion product layer compared to 

GZK. The lower CPE2 value in GZK could be attributed to its smaller grain size, which 

resulted in a higher density of grain boundaries. These grain boundaries acted as nucleation 

sites for corrosion products, promoting the formation of a more compact and adherent 

passive layer. As a result, the corrosion film in GZK was denser and less porous, leading 

to lower capacitance.  

Additionally, the polarization resistance (Rp), a key indicator of overall corrosion 

resistance, is slightly higher for NZK (1460.73 Ω·cm²) compared to GZK (1450.55 Ω·cm²), 

reinforcing the trend observed in charge transfer resistance values. This aligns well with 

the Tafel analysis, where NZK exhibited a lower corrosion current density (icorr), 

confirming a slower corrosion rate. 

 

Figure 4.24. (a) Nyquist plots, (b) Bode plots of log Zmod vs. log f, (c) Bode plot of Phase 

angle vs. log f, of alloys measured in 1 wt.% NaCl, (d) Equivalent electrochemical circuits 

of GZK & NZK. 
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Table 4.7. The fitted values of EIS measurements of alloys using equivalent circuits shown 

in Figure 4.24.  

 

4.3.12 Weight loss measurement 

The corrosion rate of alloys calculated using weight loss measurements in 1 wt.% NaCl of 

Mg-Zn-RE alloys are shown in Figure 4.25. The GZ alloy exhibited the highest corrosion 

rate at 4.6 (±0.85) mm/y, while the GZK alloy demonstrated a significant reduction in 

corrosion rate to 1.45 (±0.24) mm/y. The NZ alloy exhibited the lowest corrosion rate at 

1.01 (±0.19) mm/y. However, after Zr addition, NZK showed a slightly increased corrosion 

rate [1.5 (±0.29) mm/y] compared to NZ. The increase in corrosion rate for NZK can be 

attributed to the formation of Zr-rich precipitates within the grain interiors, which might 

act as highly cathodic sites due to their large volta potential difference with the Mg matrix, 

thereby accelerating localized corrosion [20,41]. Although the NZ alloy already possessed 

a protective oxide layer due to the presence of Nd₂O₃ [Figure 4.11. (b) & 4.13. (b)], the 

detrimental effect of Zr might have been dominant in NZK alloy. In contrast, the significant 

grain refinement in GZK might have overshadowed the negative effects of Zr-rich particles 

due to the formation of a compact oxide layer, which was absent in GZ [Figure 4.11. (a)]. 

Also, the photograph of the corroded samples after 14 days [Figure 4.25. (b)] showed that 

although all the alloys exhibited signs of pitting corrosion, GZ alloy suffered the most.  

 

 

 

Alloy Rs 

(Ω.cm2) 

R1 

(Ω.cm2) 

CPE1 x 10-6 

(Sn/ Ω.cm2) 

 

n1 R2 

(Ω.cm2) 

CPE2 

x 10-6 

(Sn/ 

Ω.cm2) 

n2 Rp 

(Ω.cm2) 

GZK 130.65 

(±6.43) 

1147 

(±45.25) 

8.28 

(±0.084) 

0.94 

(±0.002)  

303.55 

(±53.36) 

1214 

(±255) 

0.844 

(±0.02) 

1450.55 

NZK 122.7 

(±10.17) 

1222.3 

(±68.93) 

8.92 

(±0.304) 

0.94 

(±0.007) 

238.433 

(±27.205) 

1753 

(±317) 

0.841 

(±0.032) 

1460.73 
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Figure 4.25. (a) Corrosion rate of alloys immersed in 1 wt.% NaCl for 14 days, (b) 

Photographs of corroded samples after immersed in 1 wt.% NaCl for 14 days.  

 The corrosion layer formed on the alloy surfaces was analyzed using XPS after 

immersion in 1 wt.% NaCl for 30 minutes. Depth profiling measurements were conducted 

up to 500 nm, with sputtering limited to this depth due to safety concerns and equipment 

constraints. Depth profile (DP) analysis (Figure 4.26) revealed that throughout the 

corrosion layer, the atomic concentrations of O and Mg remained nearly constant, 

indicating a uniform distribution of these oxides across the degradation layers in both 

alloys. Thus, the significant grain refinement achieved by Zr addition in the GZK alloy 

resulted in a compact corrosion layer comparable to that of the NZK alloy, leading to a 

similar corrosion rate. However, as seen in the Zr-free alloy, no presence of Gd was 
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detected in the GZK alloy either. Consequently, DP spectra for individual elements are not 

presented, as the addition of Zr does not alter the composition of the corrosion layer. 

 

Figure 4.26. Depth profile analysis of the degradation layers on the sample immersed in 1 

wt.% NaCl for 30 min. (a) GZK (b) NZK. 

4.3.13 In-vitro studies 

 For biodegradable implant applications, achieving an optimal balance between 

tensile properties and corrosion resistance is crucial to ensure structural integrity during the 

initial healing phase while allowing controlled degradation over time. The tensile property 

evaluation of the Mg-Zn-RE alloys showed that Zr-added alloys (GZK and NZK) exhibited 

superior strength and ductility compared to their Zr-free counterparts, making them more 

suitable for load-bearing applications. Additionally, electrochemical analysis and weight 

loss measurements confirmed that GZK alloy had significantly improved corrosion 

resistance while NZK alloy had only a marginal change in corrosion rate in 1 wt.% NaCl 

solution. Since a controlled degradation rate is critical for biodegradable implants, and Zr-

containing alloys demonstrated a better combination of tensile properties and corrosion 

resistance, only GZK and NZK were selected for in-vitro analysis to further evaluate their 

biocompatibility and degradation behavior under simulated physiological conditions. 

4.3.13.1 Biodegradation test 

 The biodegradation rate of the alloys was done by immersing the samples in cell 

culture medium (MEM + 10% FBS + 1% Antibody) for 14 days (Figure 4.27). The 

biodegradation rate of the GZK and NZK alloys in Minimum Essential Medium (MEM) 

was 3.02 (±0.52) mm/y and 3.25 (±0.78) mm/y, respectively, which was significantly 

higher than their corrosion rates in 1 wt.% NaCl solution (1.45 mm/y and 1.5 mm/y, 
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respectively). This difference highlights the limitations of using isotonic NaCl solution for 

accurately predicting the in-vivo degradation behavior of biodegradable implants. While 1 

wt.% NaCl solution is commonly used in corrosion studies, it does not fully replicate the 

complex physiological environment of the human body. NaCl solution primarily contains 

chloride ions, which are aggressive and promote pitting corrosion, but it lacks essential 

physiological components such as proteins, amino acids, organic molecules, and buffering 

agents, all of which influence biodegradation. In contrast, MEM provides a more 

physiologically relevant environment by simulating the ionic composition and organic 

content found in body fluids, leading to different electrochemical interactions at the alloy 

surface. The higher degradation rate in MEM can be attributed to the combined effects of 

proteins, amino acids, and bicarbonate ions, which can alter surface film stability, promote 

local pH fluctuations, and facilitate complexation reactions that accelerate Mg dissolution. 

Additionally, the biodegradation study was conducted at physiological temperature (37 °C), 

which further enhances reaction kinetics and ion mobility, leading to an increased corrosion 

rate compared to experiments in NaCl at room temperature. The results indicated that in-

vitro studies in MEM provide a more realistic assessment of Mg alloy degradation behavior 

for biomedical applications. The image of the GZK and NZK alloys [Figure 4.27 (b)] after 

the biodegradation test clearly shows signs of pitting corrosion, indicating a localized rather 

than uniform degradation mechanism. Both the alloys were susceptible to non-uniform 

pitting corrosion. But the corrosion pits seem to be more uniform in NZK alloys.  

 To understand the degradation behaviour of these alloys in CCM, the degradation 

layer formed on their surface was analyzed. The XPS analysis of the degradation layer 

formed on the alloys immersed in cell culture medium for 24 h was done, and the depth 

profiling measurement was also carried out till 500 nm (Sputtering was limited to 500 nm 

due to the safety concerns and limitation of the machine) [Figure 4.28].  Depth profile (DP) 

analysis showed that throughout the thickness of the degradation layer, the elements such 

as O, Ca, and Mg did not have significant changes in the atomic concentrations indicating 

that the degradation layer was uniform in both the alloys till the analyzed sputter depth 

(Figure 4.28). Also, the presence of Zn, Gd and Nd was also confirmed through the depth 

profile analysis (Figure 4.28). Intensity of Zn and Gd was significantly low compared to 

Nd. The DP-XPS spectra of O1s, Mg2p and Ca2p of both the alloys were similar, and hence 

for representation, only DP-XPS spectra of GZK alloy is shown in Figure 4.28. 
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Figure 4.27. (a) Degradation rate of alloys immersed in cell culture medium for 14 days, 

(b) Photographs of degraded samples after immersed in cell culture medium for 14 days. 

 

Also, the DP XPS spectra of O1s [Figure 4.29 (a)], Mg2p [Figure 4.29 (b)] and [Figure 

4.29 (c)] was almost similar till 500 nm and thus only deconvoluted peak at 200 nm is 

shown for analysis. The binding energy (BE) peaks of O1s at 200 nm [Figure 4.29 (d)] 

centered at 530.1 eV, 532.4 eV, and 532.9 eV were attributed to the presence of oxygen in 

the form of oxide, phosphate, and hydroxides, respectively [9]. The Mg2p spectra [Figure 

4.29 (e)] of the alloy at 200 nm depth showed the presence of Mg(OH)2 (at 50.1 eV), 

MgCO3 (at 50.95 eV) as well as MgO (at 51.5 eV) [28]. The Ca2p spectra of the alloy at 

200 nm [Figure 4.29 (f)] confirmed the presence of CaO (at 351.5 eV) and hydroxyapatite 

[Ca10(PO4)6(OH)2 (at 347.9 eV)] in the degradation layer [46,47]. The DP-XPS spectra of 

Zn2p3, Gd4d of GZK and Nd3d5 of NZK alloys are shown in Figure 4.30 (a-c).  Zn2p3 
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spectra [Figure 4.30 (d)] at 400 nm (The presence of Zn was minimal up to 300 nm, making 

it challenging to extract meaningful data in this range. Therefore, the peaks at 400 nm were 

utilized for deconvolution, ensuring a more accurate analysis of the Zn distribution) from 

GZK alloy showed that the degradation layer comprised ZnO (at 1022.3 eV) [29] and the 

Gd4d spectra [Figure 4.30 (e)] from GZK alloy confirmed the presence of Gd2O3 (at 141.7 

eV). Nd3d5 spectra [Figure 4.30 (f)] from NZK alloy showed that the degradation layer 

comprised Nd2O3 (at 1022.3 eV). Thus the degradation layer of GZK and NZK alloys 

consisted of Mg(OH)2, MgO, MgCO3, Ca10(PO4)6(OH)2, CaO, and ZnO, and the respective 

rare earth oxides (Gd2O3 in GZK and Nd2O3 in NZK). Thus the degradation layer was 

similar for both the alloys with both of the alloys having their respective rare earth oxides 

in the degradation film. The marginally better degradation resistance of GZK alloy could 

be attributed to the slightly finer grain size observed in GZK alloys compared to NZK 

[48,49].  

 

Figure 4.28. Depth profile analysis of the degradation layers on the sample immersed in 

cell culture medium for 24h (a) GZK (b) NZK. 
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Figure 4.29. DP-XPS spectra of the corrosion layers on GZK alloy sample immersed in 

cell culture medium for 24h (a) O1s, (b) Mg2P (c) Ca2P and deconvoluted peaks (d) O1s 

peak at 200nm, (c) Mg2p, (d) deconvoluted Mg2p peak at 200 nm (e) Ca2p and (f) 

deconvoluted Ca2p peak at 200 nm. 
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Figure 4.30. DP-XPS spectra of the corrosion layers on GZK & NZK alloy sample 

immersed in cell culture medium for 24 h (a) Zn2p3, (b) Gd4d, (c) Nd3d5, (d) deconvoluted 

Zn2p3 peak at 400 nm, (e) deconvoluted Gd4d peak at 200 nm, (f) deconvoluted Nd3d5 

peak at 200 nm. 
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4.3.13.2 MTT Assay  

According to ISO 10993-5:2009 standards, a minimum cell viability of 75% is 

required for implant materials. However, these standards are designed for permanent 

implants and not for biodegradable materials, which naturally degrade and interact with 

surrounding cells. Since biodegradable materials are foreign to the body, their degradation 

products influence the surrounding environment, often leading to temporarily reduced cell 

viability in static in-vitro conditions. In vivo, however, the dynamic nature of the body, 

including continuous blood flow and fluid exchange, helps to regulate the ionic 

concentration and pH, mitigating potential cytotoxic effects observed in static in-vitro tests. 

As a result, it is difficult to achieve 75% viability with 100% extract of a biodegradable 

material in vitro conditions. To better simulate the dynamic conditions of the body, the 

100% extract is diluted with complete cell culture medium (CCM) to reduce the immediate 

ionic impact and allow for a more physiologically relevant response.  

The MTT cell viability test results for GZK and NZK alloys at 1 day and 3 days are 

shown in Figure 4.31. At 1 day [Figure 4.31 (a)], both alloys exhibit moderate to high cell 

viability, with GZK showing slightly higher values than NZK. The viability of both alloys 

was close to or above 75%, which is generally considered the threshold for good 

biocompatibility. However, after 3 days, the MTT results showed a clear difference 

between the 100% extract and diluted extracts. The 100% extracts of NZK, showed a cell 

viability below 40%, suggesting that the high concentration of degradation products 

affected cellular metabolism. However, in the diluted conditions, both alloys exhibited 

significantly higher viabilities. 

 

Figure 4.31. MTT assay results of MG63 cells cultured in sample extracts for (a) 1 day, 

(b) 3 days. 
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4.3.14. Conclusion 

The addition of Zr to Mg-4Zn-1RE (RE = Gd, Nd) resulted in grain refinement, which led 

to change in corrosion, degradation as well as the tensile characteristics of the alloys. The 

Key findings are as follows: 

 The addition of Zr led to a significant grain size reduction in the Mg-4Zn-

1Gd alloy, decreasing from 524 (±171) μm to 144 (±50) μm, while the Mg-

4Zn-1Nd alloy exhibited only a marginal reduction from 203 (±63) μm to 

166 (±42) μm.   

 Due to the substantial grain refinement and the formation of a compact 

corrosion layer, the corrosion rate of the Mg-4Zn-1Gd-0.5Zr alloy 

significantly decreased compared to that of Mg-4Zn-Gd alloy, reduced from 

4.6 (±0.85) mm/y to 1.45 (±0.24) mm/y, making it slightly lower than that of 

the Mg-4Zn-1Nd-0.5Zr alloy. 

 The Mg-4Zn-1Gd-0.5Zr alloy demonstrated superior yield strength and 

ultimate tensile strength compared to Mg-4Zn-1Nd-0.5Zr. 

 While the biodegradation rate of Mg-4Zn-1Gd-0.5Zr was slightly lower than 

that of Mg-4Zn-1Nd-0.5Zr, the degradation layers in both alloys comprised 

Mg(OH)₂, MgO, MgCO₃, Ca₁₀(PO₄)₆(OH)₂, CaO, ZnO, and their respective 

rare-earth oxides. 

 The Mg-4Zn-1Gd-0.5Zr alloy exhibited better cell viability than the Mg-

4Zn-1Nd-0.5Zr alloy with all extract concentrations and time intervals.  
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Chapter 5 

Influence of Zn/Gd Ratio in Mg-Zn-Gd-Zr Alloys 
 

 

5.1 Introduction 

Chapter 4 established that the Mg-Zn-Gd-Zr alloy demonstrates superior properties 

compared to the Mg-Zn-Nd-Zr alloy, a lower biodegradation rate, better cell viability, and 

enhanced mechanical properties. These findings highlight the potential of Mg-Zn-Gd-Zr 

alloys for advanced biomedical applications. As discussed in Chapter 2 (literature review), 

the Zn/Gd ratio plays a pivotal role in influencing the microstructural, mechanical, and 

corrosion properties of Mg-Zn-Gd alloys. By tailoring this ratio, the alloy's phase 

constitution and overall performance can be optimized for specific applications. While Mg-

Zn-Y alloys have been extensively studied, Mg-Zn-Gd-based alloys are gaining attention 

due to the unique properties of gadolinium (Gd). Based on the Zn/Gd ratio, the alloys’ 

microstructure consists of W phase (Mg₃Zn₃Gd₂) with a cubic structure, I phase 

(Mg₃Zn₆Gd) characterized by an icosahedral quasicrystalline structure, and X phase 

(Mg₁₂ZnGd) with a long-period stacking order (LPSO) structure. Zhang et al. [1] 

systematically investigated the effect of Zn/Gd ratios on phase constitution in as-cast Mg-

Zn-Gd alloys. Their findings revealed that, I phase and (Mg,Zn)₃Gd form when Zn/Gd ≥ 

1.5 and 1.0 < Zn/Gd < 1.5, respectively and LPSO structures dominate when Zn/Gd ≤ 1.0. 

In high-Gd-containing Mg-Zn-Gd systems, LPSO phases play a dual role by improving 

mechanical strength and heat resistance. Yamasaki et al. [2] proposed a time–temperature-

transformation diagram for Mg97Zn1Gd2 (at.%), detailing how low-temperature aging 

(<523 K) leads to coherent β'-phase precipitation, whereas medium and high-temperature 

aging (>623 K) produces stacking faults and 14H LPSO structures, significantly enhancing 

the alloy's strength. The role of LPSO phases in corrosion resistance, however, remains 

controversial [3]. While Liu et al. [4] reported improved corrosion resistance due to the 

lamellar LPSO phase, others, such as Zhang et al. [5], observed increased corrosion rates 

caused by galvanic coupling effects associated with bulk X phase containing LPSO 

structures at grain boundaries.  
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Additionally, gadolinium-based particles are used as contrast agents for magnetic 

resonance imaging. Also, Gd has been shown to possess anti-inflammatory and 

immunomodulatory properties, which can be beneficial in minimizing adverse tissue 

reactions and promoting the healing process. While challenges like controlling the 

degradation rate and managing the release of alloy constituents remain, Gd containing 

alloys hold potential in the development of safer and more effective biodegradable implants 

[6]. However, a comprehensive investigation into the toxicity and long-term effects of RE 

elements, released as ions into tissue, is still lacking. Studies show that the release of Gd 

from Mg-xGd alloys has been demonstrated to remain below toxicity thresholds in cell 

culture [7,8]. Furthermore, Mg-10Gd alloy has exhibited enhanced osteoblast-induced 

mineralization in cell culture conditions [9]. Cells cultured on Mg-10Gd alloy have 

demonstrated healthy cellular structures, promoting strong adhesion to the surface [10]. 

Kruger et al. [11] studied the degradation behavior of Mg-5Gd and Mg-10Gd screw 

implants. Mg-10Gd exhibited lower degradation rates, a more uniform microstructure 

degradation pattern, and a less pronounced texture compared to Mg-5Gd. This weaker 

texture, characterized by a more random orientation of crystallographic poles within grains, 

results in favourable mechanical properties [11].  

Thus, despite their promising properties, Mg-Zn-Gd-based alloys have not been 

explored as extensively as conventional biomedical alloys like WE43 and Mg-Zn-Ca. Thus, 

the present research work focused on addressing this gap by preparing three Mg-Zn-Gd-Zr 

alloys with varying Zn/Gd ratios and their influence on their microstructure, mechanical 

and biological properties. 

5.2. Materials and Methods 

 The alloys Mg-2Gd-2Zn-0.5Zr (GZ22), Mg-2Gd-6Zn-0.5Zr (GZ26) and 

Mg-10Gd-1Zn-0.5Zr (GZ101) were prepared as described in Chapter 3. The chemical 

composition the alloys were determined using ICP-AES (Table 5.1). The morphology and 

composition analysis of different phases were carried out with a scanning electron 

microscope (SEM, Carl Zeiss EVO18) with energy-dispersive X-ray spectroscopy (EDS) 

and the TEM analysis was done in JEOL JEM F 200 with STEM EDA EELS HRTEM. 

The various other characterization techniques used to analyze the properties of the prepared 

alloys are already described in detail in Chapter 3. Tensile testing was carried out on alloys 

using threaded tensile specimens with a 6 mm gauge diameter and 25 mm gauge length, 
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prepared according to ASTM B557M-10. In-vitro biodegradation behavior of alloys was 

evaluated using immersion tests in cell culture medium containing Minimum Essential 

Medium (MEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin, 

maintaining a medium volume-to-sample surface area ratio of 1.25 cm²/mL according to 

ISO 10993. The samples were incubated at 37°C, 5% CO₂, 20% O₂, and 95% relative 

humidity for 14 days, with medium replacement every two days to maintain pH stability. 

MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5 Diphenyltetrazolium Bromide) assays were 

performed according to ISO 10993:2009 to evaluate the cytotoxicity. Elemental toxicity 

evaluation was conducted using chloride salts of Mg, Zn, and Gd (Sigma-Aldrich), which 

were dissolved in sterile water at 50,000 μM and further diluted with cell culture medium 

to different concentrations. The toxicity study was performed using the MTT assay, as 

described earlier. To assess the elemental concentrations in the extract solutions used for 

viability studies, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis was 

performed using an iCAP RQ spectrometer (Thermo Scientific) equipped with a 

quadrupole mass analyzer and an auto-sampler (ASX-280, Teledyne, CETAC 

Technologies, USA). For DAPI staining, metallic samples (10 mm diameter, 2 mm height) 

were first incubated in cell culture medium for 3 days, followed by seeding 50,000 cells on 

their surface and incubating for 1 h, after which 3 mL of fresh medium was added. After 1 

and 3 days of culturing, the samples were washed with PBS, stained using DAPI (1:1000 

in MEM) for 15 min, and observed under a fluorescence microscope (Olympus IX-83). At 

least six images were captured and analyzed using ImageJ software to quantify cell 

attachment and distribution. 

Table 5.1. Chemical composition of the developed alloys (wt.%) 

 

Nominal 

composition 

 Analysed chemical composition (wt.%) 

Gd Zn Zr Fe Cu Ni Mg 

Mg-2Gd-2Zn-

0.5Zr (GZ22) 

1.92 2.05 0.42 0.0129 0.0045 0.0020 Bal. 

Mg-2Gd-6Zn-

0.5Zr (GZ26) 

2.08 6.43 0.48 0.0115 0.0034 0.0032 Bal. 

Mg-10Gd-1Zn-

0.5Zr (GZ101) 

10.24 1.40 0.45 0.0180 0.0051 0.0044 Bal. 
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5.3 Results and Discussion  

5.3.1 Microstructure 

The XRD diffraction patterns of all the alloys (Figure 5.1) were primarily 

characterized by α-Mg peaks, while the peaks corresponding to secondary phases were 

either masked by the dominant α-Mg peaks or exhibited low intensity. As a result, the XRD 

analysis was unable to clearly identify the secondary phases present in the alloys.  The SEM 

micrographs and the EDS analysis of the as-cast alloys are shown in Figure 5.2 and Table 

5.2 respectively. As the Zn/Gd ratio varied, the microstructures of alloys also showed 

significant changes. Network-like secondary phases were dominant in GZ22 alloy (Zn/Gd 

ratio of 1) whereas, skeleton-shaped secondary phases and discrete particles were 

uniformly distributed in GZ26 alloy (Zn/Gd ratio of 3). GZ101 alloy (Zn/Gd ratio of 0.1) 

exhibited mainly flake-like secondary phases. The EDS analysis revealed that the network-

shaped phase [marked as A in Figure 5.2 (b)] and discrete particle [marked as B in Figure 

5.2 (b)] in GZ22 had a Zn to Gd atomic ratio of 1.92 and 1.79 respectively, which is close 

to the ideal atomic ratio of 1.5 for Mg3Zn3Gd2 phase (W phase). Similarly, the skeleton-

shaped phase [marked as A in Figure 5.2 (d)] in GZ26 had a Zn/Gd atom ratio of 2.23 

which is similar to the W phase, and small discrete particles [marked as B in Figure 5.2 

(d)] had a Zn/Gd atom ratio of 7.08 which is close to the ideal Zn/Gd ratio of 6 for 

Mg3Zn6Gd phase (I phase). The flake-like phases [marked as A in Figure 5.2 (f)] and other 

discrete phases [marked as B and C in Figure 5.2 (f)] in GZ101 had a Zn/Gd ratio close to 

0.6. However, the stoichiometric composition of this particular phase was not similar to the 

well-reported (Mg,Zn)3Gd phase found in high Gd containing Mg-Gd-Zn alloys in the 

literature [12,13]. Hence TEM analysis was carried out to identify the phase [Figure 5.3 

(a)] and confirmed that the phase was (Mg,Zn)3Gd phase with face-center-cubic structure 

with a lattice constant of 0.73 nm  [14,15]. Also, the TEM micrograph showed the presence 

of LPSO phase in α-Mg matrix of GZ101 [Figure 5.3 (b)].  
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Figure 5.1. XRD patterns of the developed Mg-Zn-Gd-Zr alloys. 

The number of different secondary phases in the alloys was analyzed using SEM 

analysis by considering at least 800 particles in each alloy and results are presented as 

Figure 5.4. For making the analysis simple, Zn/Gd ratio between 0 to 0.5 was considered 

as the Mg-Gd binary phase, 0.5 to 1 as (Mg,Zn)3Gd, 1 to 3.5 was considered as the W 

phase, 3.5 to 8.5 was I phase and greater than 8.5 was considered as Mg-Zn binary phase. 

The analysis revealed that GZ22 had 75% of the W phase, GZ26 had 43.7% I phase and 

29.5% W phase, and GZ101 had 72.7% (Mg,Zn)3Gd phase. Thus the major ternary phases 

were found to be the W phase in GZ22, a mixture of W and I phase in GZ26, and 

(Mg,Zn)3Gd phase in GZ101 alloy.  
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Figure 5.2. SEM micrographs of as-cast alloys (a&b) GZ22, (c&d) GZ26, (e&f) GZ101. 

 

Figure 5.3. Bright-field TEM micrographs and corresponding diffraction patterns of (a) 

(Mg,Zn)3Gd phase (b) LPSO phase in GZ101 alloy.  
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Table 5.2. EDS analysis of different secondary phases in the alloys. 

 

 

Position 

                       Elements (at.%)  

   Zn/Gd 

 

Phase Mg Zn Gd 

Figure 5.2.b(A) 85.108 9.22 4.80 1.92 W phase 

Figure 5.2.b(B) 94.16 3.75 2.09 1.79 W phase 

Figure 5.2.b(C) 84.36 10.48 5.16 2.03 W phase 

Figure 5.2.b(D) 99.02 0.7 0.28 - Matrix 

Figure 5.2.d(A) 67.93 22.15 9.92 2.23 W phase 

Figure 5.2.d(B) 62.83 32.57 4.60 7.08 I phase 

Figure 5.2.d(C) 98.67 1.08 0.25 - Matrix 

Figure 5.2.f(A) 89.88 4 6.12 0.65 Mg-Zn-Gd phase 

Figure 5.2.f(B) 91.53 3.27 5.30 0.62 Mg-Zn-Gd phase 

Figure 5.2.f(C) 91.68 3.19 5.14 0.62 Mg-Zn-Gd phase 

Figure 5.2.f(D) 98.52 0.10 1.38 - Matrix 
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Figure 5.4. The number of different ternary phases in as-cast alloys (a) GZ22, (b) GZ26 

(c) GZ101. 
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5.3.2 Tensile Properties 

The tensile properties of the alloys (YS, UTS, and % elongation) are summarized 

in Table 5.3, and the corresponding stress-strain curves are shown in Figure 5.5. The GZ22 

alloy had lowest YS of 95 (±10.5) MPa, but it had highest elongation of 12.1 (±2.52) %. 

On the other hand, the GZ101 alloy showed the highest YS of 145 (±15.4) MPa and lowest 

elongation of 6.9 (±1.83) %. The GZ26 alloy provides a balanced combination, offering 

moderate strength [119 (±12.5) MPa YS, 234 (±12.01) MPa UTS] while maintaining 

reasonable elongation [11.3 (±1.46) %]. To comprehensively analyse the tensile properties 

of the alloys, the influence of secondary phases needs to be understood as the second phases 

present in the alloys were different. It is evident from the microstructural analysis that the 

GZ22 alloys contained predominantly of W phase, GZ26 contained I phase and GZ101 

alloy had the presence of LPSO phase. The significant difference in crystal structures and 

lattice parameters between the α-Mg matrix (hcp structure with a = 0.3209 nm and c = 

0.5210 nm) and the W phase (FCC structure with a ≈ 0.6927 nm) leads to their incoherency 

[16,17]. The incoherent interfaces create weak bonding between the phase and the matrix, 

which can act as potential sites for crack initiation under tensile loading. This reduces the 

load transfer efficiency between the matrix and the secondary phase, thereby lowering the 

alloy's tensile strength. Thus W phase containing alloys (GZ22) have lower tensile strength 

[18,19]. Whereas, the I phase having icosahedral lattice structure is coherent with the α-Mg 

matrix because its atomic arrangement closely matches those of the α-Mg matrix at the 

interface. This coherence ensures strong interfacial bonding, facilitating efficient load 

transfer between the I phase and the matrix during tensile testing. As a result, the I phase 

can effectively pin dislocations and impede their motion, contributing to enhanced tensile 

strength. The presence of W phase as well as I phase in GZ26 alloy thus contributed in its 

optimum combination of tensile strength as well as reasonable ductility [20,21]. In contrast, 

the LPSO phase is a hard, thermally stable structure that resists deformation, providing 

strong barriers to dislocation motion and effectively pinning dislocations [22,23].  
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Figure 5.5. Tensile stress-strain curves of the alloys. 

Table 5.3. Yield strength (YS), Ultimate tensile strength (UTS) and Elongation (%) of 

Alloys. 

  

 

 

 

 

5.3.3. Biodegradation test 

For the analysis of the degradation behaviour, the alloys were immersed in cell 

culture medium (CCM) for 14 days by maintaining the pH between 7.4 to 8. The results 

[Figure 5.6 (a)] showed that the degradation rate was lowest for the GZ101 alloy [1.25 

(±0.30) mm/y] and the degradation rate of the GZ26 alloy [3.14 (±0.22) mm/y] was the 

highest. The degradation surface of the alloys after 14 days of immersion [Figure 5.6 (b)] 

showed that the GZ22 and GZ26 alloy suffered severe pitting corrosion while the GZ101 

alloy showed few signs of pits indicating its superior resistance to degradation in cell 

culture medium. 

Alloy Y.S (MPa) UTS (MPa) % Elongation 

GZ22 95 (±10.5)  201 (±7.31) 12.1 (±2.52) 

GZ26 119 (±12.5)  234 (±12.01) 11.3 (±1.46) 

GZ101 145 (±15.4)  218 (±5.99) 6.9 (±1.83) 
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Figure 5.6. (a) Degradation rate of alloys immersed in cell culture medium for 14 days, (b) 

Photographs of degraded samples after immersed in cell culture medium for 14 days. 

 

To understand the degradation behaviour of these alloys in CCM, the degradation 

layer formed on their surface was analyzed. The XPS analysis of the degradation layer 

formed on the alloys immersed in cell culture medium for 24 h was done, and the depth 

profiling measurement was also carried out till 400 nm (Sputtering was limited to 400 nm 

due to the safety concerns and limitation of the machine).  Depth profile (DP) analysis 

showed that throughout the thickness of the degradation layer, the elements such as O, Ca, 

and Mg did not have significant changes in the atomic concentrations indicating that the 

distribution of these elements was almost uniform throughout the degradation layers in all 

the alloys (Figure 5.7). Moreover, the presence of Gd was not detected in GZ22, and GZ26 

alloys, and Zn was absent in the degradation layer of GZ101 alloy.  The DP-XPS spectra 

of O1s and Mg2p of all the alloys were almost similar, and hence for representation, only 

DP-XPS spectra of GZ101 alloy are shown in Figure 5.8. The binding energy (BE) peaks 
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of O1s [Figure 5.8 (a)] centered at 530.5 eV, 532.3 eV, and 533.5 eV were attributed to 

the presence of oxygen in the form of oxide, phosphate, and hydroxides  , respectively [24]. 

The Mg2p spectra [Figure 5.8 (b)] of the surface of the alloy showed the presence of 

MgCO3 (at 50.81 eV) as well as Mg(OH)2 (at 49.7 eV). At 200 nm depth, the presence of 

MgO (at 51.1 eV) along with MgCO3 and Mg(OH)2 was observed [25]. The Ca2p spectra 

of GZ101 [Figure 5.8 (c)] confirmed the presence of CaO (at 350.5 eV) and hydroxyapatite 

[Ca10(PO4)6(OH)2 (at 347.7 eV)] in the degradation layer [26,27]. Though the presence of 

CaO (at 350.5 eV) and hydroxyapatite [Ca10(PO4)6(OH)2 (at 347.7 eV)] was observed from 

the Ca2P spectra of GZ26 [Figure 5.9 (a)], unlike in case of GZ101, intensity of 

Ca10(PO4)6(OH)2 was lower compared to that of CaO suggesting that more hydroxyapatite 

deposition occured on the surface of GZ101 alloy. The Gd4d spectra [Figure 5.9 (b)] from 

GZ101 alloy confirmed the presence of Gd2O3 (at 143.5 eV and at 141.4 eV), and Zn2p3 

spectra [Figure 5.9 (c)] from GZ26 alloy showed that the degradation layer comprised ZnO 

(at 1021.9 eV) [28].  

Thus the degradation layer of GZ22 and GZ26 alloys consisted of Mg(OH)2, MgO, 

MgCO3, Ca10(PO4)6(OH)2, CaO, and ZnO, whereas GZ101 alloy had Gd2O3 in the layer in 

addition to other said compounds above. The presence of Gd2O3 along with MgCO3, 

Ca10(PO4)6(OH)2, and CaO made the otherwise porous oxide layer of Mg(OH)2 and MgO 

more compact in GZ101 alloy, and contributed greatly to the observed superior resistance 

of GZ101 alloys [29,30].  
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Figure 5.7. Depth profile analysis of the degradation layers on the sample immersed in cell 

culture medium for 24h (a) GZ22 (b) GZ26 (c) GZ101. 
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Figure 5.8. DP-XPS spectra of different elements on the corrosion layers on GZ101 alloy 

sample immersed in cell culture medium for 24h (a) O1s (b) Mg2p (c) Ca2p. 
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Figure 5.9. DP-XPS spectra of different elements on the degradation layers on samples 

immersed in cell culture medium for 24h (a) Ca2p of GZ26 (b) Gd4d of GZ101 (c) Zn2p3 

of GZ26. 
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5.3.4. Indirect cell viability tests 

5.3.4.1 MTT Assay 

The MTT assay results [Figure 5.10] showed that the GZ26 alloy had severe 

toxicity with only a 30% viability in the 1-day test in 100% extract, while GZ22 and GZ101 

alloy had excellent viability with 100% and 110% respectively. However, all the alloys 

showed viability greater than 75% with diluted extract concentrations (50% and 25%). The 

3 day MTT assay [Figure 5.10] showed that at 100% extract conditions except for GZ101 

alloy the other alloys showed a decrease in viability. However, as observed during 1 day 

period, the viability of all the alloys increased with diluted extracts.  

 

 

Figure 5.10. MTT assay results of MG63 cells cultured in sample extracts for (a)1 day      

(b) 3 days. 

5.3.4.2 Influence of metal ions on cell viability 

The cell viability of the indirect cell culture tests is affected by the release of metal 

ions into the extract solution. While Mg alloys degrade too fast, due to the release of OH- 

ions, the pH of the solution increases beyond 8 and can reach even up to 14. The tolerable 

limit of pH for cell proliferation requires to be under 8 [31,32]. The pH of the extract 

medium used for the indirect cell culture experiments was 9.3, 11.2, and 7.95 for GZ22, 

GZ26, and GZ101 alloys, respectively. Concomitantly, the rise in pH value due to the high 

degradation rate ensured poor viability of the cells in GZ22 and GZ26. 
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The cytotoxicity study of different metal ions, Mg2+, Zn2+ and Gd3+ using MTT 

assay revealed that the 25000 µM, 120 µM, and 1100 µM concentrations of MgCl2, ZnCl2, 

and GdCl3 respectively had viability above 75% after 1-day culture. The respective 

elemental concentrations above the safe limit (Mg - 25000 µM, Zn – 120 µM, and Gd - 

1100 µM) led to a severe decline in viability (Figure 5.11). To understand the cytotoxicity 

of studied alloys, the elemental concentrations of 100% extract solutions of different alloys 

and cell culture medium were analyzed using ICP-MS (Table 5.4) and compared with the 

cytotoxicity of individual metal ions. The analysis revealed that though Zn2+ concentration 

in GZ26 alloy extracts was close to the safe limit and the concentration of Mg2+ was almost 

2.5 times higher than the safe limit, leading to poor viability at 100% extract conditions. 

Although a relatively lower amount of Mg and Zn concentrations were observed in the 

GZ22 alloy, Mg concentration was still high compared to the safe limit. The 100% extract 

of GZ101 alloy had higher amounts of Mg and Zn than the cell culture medium, 

nevertheless they were within the safe limits. In general, the Gd concentrations were much 

lower than the limit for all the alloys. Interestingly, the Ca concentrations were depleted in 

the extracts of GZ26 and GZ22 alloys compared to that of the cell culture medium. 

Although the concentration of Ca in the GZ101 extract was also lower than that found in 

the cell culture medium, the decrease was only marginal. Ca from the cell culture medium 

gets deposited on the metal surface in the form of CaO and hydroxyapatite [Ca10(PO4)6OH2] 

[confirmed using XPS analysis Figure 5.8 (c) & 5.9 (a)], thus resulting in its depletion in 

the cell culture medium. However, Ca being an essential element for cell proliferation, the 

depletion of Ca in cell culture medium also leads to poor viability. The alloy with the 

highest degradation rate (GZ26) had the lowest Ca, and the alloy with the lowest 

degradation rate (GZ101) had the highest Ca in the extract solution. Due to severe and 

continuous degradations in GZ22 and GZ26 alloys, the degradation layers in these alloys 

were not stable, hence more Ca from the cell culture medium was consumed continuously. 

Thus, the increased amount of Mg and Zn concentrations and the depletion of Ca in the 

extracts of GZ22 and GZ26 alloys resulted in poor viability. 
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Figure 5.11. MTT assay results of MG63 cells cultured for 1 day in different concentrations 

of (a) MgCl2 (b) ZnCl2 (c) GdCl3. 

Table 5.4. Concentrations of different elements in the 100% extract of alloys immersed in 

α-MEM with 10% FBS and 1% penicillin. 

 

Elemental concentration (µM) 

Mg Zn Gd Ca 

GZ22 46743.77 38.55656 3.683088 115.3307 

GZ26 66114.84 103.1389 0.230037 69.08158 

GZ101 17571.71 10.10976 0.14129 153.2266 

Cell culture medium 1131.346 7.925599 0 165.6037 
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5.3.5 Direct cell culture tests: DAPI staining 

The analysis of fluorescent images of cell nucleus on the surface of GZ22 and 

GZ101 alloys stained using DAPI (Figure 5.12) and the cell number count [Figure 5.12 

(e)] were in agreement with the indirect cell viability assays. Due to the high degradation 

rate in GZ26 alloy, after 3-day immersion in the culture medium, the metal surface was 

rough as well as the culture medium was highly alkaline, and hence analysis could not be 

done for GZ26.  The cell count was almost similar for both GZ22 and GZ101 alloys, after 

1-day culture. However, the number of cells on GZ22 surface reduced marginally after 3-

day culture, while it increased significantly on GZ101 alloy indicating that the cells 

proliferated on the surface of GZ101 alloy whereas cells were subjected to toxicity in case 

of GZ22 alloy. This is attributed to the higher degradation rate of the GZ22 alloy compared 

to the GZ101 alloy, indicating that the surface of GZ22 was less stable. This instability 

hindered cell proliferation on GZ22. Additionally, the severe degradation of GZ22 led to 

an increased pH in the surrounding cell culture medium, creating a toxic environment that 

further inhibited cell growth. Thus, both the instability of the alloy surface and the altered 

conditions of the surrounding cell culture medium adversely affected cell viability in the 

case of GZ22. 

 

Figure 5.12. Fluorescence microscopy images of DAPI stained MG63 cells cultured on the 

sample surface (a) GZ22 (b) GZ101 after 1 day; (c) GZ22 (d) GZ101 after 3 days; (e) 

Quantitative cell count corresponding to the samples.   



Chapter 5 
 
 

190 
 

5.4. Conclusion 

 In this chapter, three Mg-Zn-Gd alloys with varying Zn/Gd ratios were developed 

to study the influence of ternary phase formation on microstructure, mechanical, and 

biological properties. The key findings are summarized below: 

 The Mg-2Gd-2Zn-0.5Zr alloy with a Zn/Gd ratio of 1 predominantly exhibited the 

W phase (Mg₃Zn₃Gd₂), a Zn/Gd ratio of 3, the Mg-2Gd-6Zn-0.5Zr alloy consisted 

primarily of the I phase (Icosahedral phase, Mg₃Zn₆Gd) along with the W phase and 

for a Zn/Gd ratio of 0.1, the microstructure of Mg-10Gd-1Zn-0.5Zr contained the 

(Mg,Zn)₃Gd phase and a long period stacking ordered (LPSO) phase distributed in 

the matrix. 

 The Mg-10Gd-1Zn-0.5Zr alloy, containing the LPSO phase, exhibited the highest 

yield strength due to the strong adherence of the LPSO phase with the α-Mg matrix. 

However, this alloy also showed the lowest ductility, attributed to the limited 

deformation ability induced by the LPSO phase. 

 Mg-10Gd-1Zn-0.5Zr alloy had better degradation resistance compared to other 

alloys owing to the formation of Gd2O3 containing protective degradation layer.  

 Diluted extracts (25 and 50%) of all the alloys showed viability (MG63 cell line) 

above 75% during in-vitro analysis at all culture conditions (1 or 3 days). However, 

Mg-10Gd-1Zn-0.5Zr showed excellent (above 95%) viability even with 100 % 

extracts.  
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Chapter 6 

Effect of Extrusion in Mg-Zn-Gd-Zr Alloys 

 

6.1 Introduction 

The findings from Chapter 5 indicated that the as-cast Mg-Zn-Gd-Zr alloys did not 

meet the desired properties for biodegradable implants, such as a yield strength (YS) greater 

than 200 MPa, % elongation above 10, and a biodegradation rate of less than 0.5 mm/y. 

Consequently, secondary processing is necessary to enhance the properties of these alloys. 

Various secondary processing techniques are employed by researchers to improve the 

performance of Mg-based biodegradable implants. Conventional methods such as 

extrusion, rolling, and forging, heat treatment as well as severe plastic deformation 

techniques like friction stir processing (FSP), equal channel angular pressing (ECAP), and 

high-pressure torsion (HPT), are widely explored. Among these methods, extrusion stands 

out due to its scalability, efficiency, and long-established industrial viability, making it a 

preferred choice for optimizing the microstructure and mechanical properties of Mg alloys 

for biomedical applications. 

Chen et al. [1] demonstrated that increasing the number of extrusion passes 

significantly improved the mechanical properties of Mg–2Zn–xGd–0.5Zr (x = 0, 0.5, 1, 2 

wt%) alloys. For instance, the ultimate tensile strength (UTS), yield strength (YS), and 

elongation of the 1Gd alloy increased by approximately 17%, 30%, and 60%, respectively, 

after four passes of extrusion compared to two passes. This enhancement was primarily 

attributed to grain refinement, which played a more dominant role than second-phase 

strengthening during severe plastic deformation. However, the mechanical properties of the 

0.5Gd, 1Gd, and 2Gd alloys subjected to the same number of extrusion passes (four passes) 

showed no significant differences, further emphasizing the critical influence of extrusion 

passes over alloy composition in this context. Du et al. [2] reported that increasing the 

number of extrusion passes refined grains and secondary phases while strengthening the 

basal texture, thereby improving both strength and ductility. It was observed that higher 

dislocation density caused by extensive grain refinement could improve strength at the 

expense of ductility. However, adopting advanced extrusion processes can enhance both 
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strength and ductility simultaneously. For example, Zhang et al. [3] found that double 

extrusion of Mg-Nd-Zn-Zr alloys produced a significantly finer and more uniform 

microstructure compared to single extrusion. This improvement was attributed to dynamic 

recrystallization (DRX), initiated by the stored plastic energy from double extrusion, 

leading to finer and more homogeneous grains. The yield strength, ultimate tensile strength, 

and elongation of double-extruded alloys were superior due to a combination of grain 

refinement and the formation of fine precipitated phases such as Mg12Nd during hot 

extrusion. Furthermore, the activation of both basal and non-basal slip systems in double-

extruded fine-grain magnesium alloys improved ductility significantly. For instance, a 

double-extruded and aged Mg–2Nd–0.1Zn–0.4Zr alloy exhibited a 27% increase in yield 

strength, a 16% increase in UTS, and a remarkable 121% improvement in elongation 

compared to single-pass extrusion [4]. Extrusion has also been shown to impact 

biodegradation behaviour. Du et al. [2] noted that increasing the extrusion ratio from 7:1 to 

14:1 in Mg-4Zn-1.2Y-0.8Nd alloy resulted in complete dynamic recrystallization, 

producing a homogeneous fine-grain structure and improved biodegradation resistance due 

to uniform grain distribution. While reducing the biodegradation rate is often desired, 

achieving uniform biodegradation is equally important for maintaining the mechanical 

integrity of biodegradable implants over their service life. Zhang et al. [5] observed that 

extruded GZ61K (Mg-6Gd-1Zn-0.5Zr) alloy exhibited a lower biodegradation rate 

compared to GZ60K (Mg-6Gd-0.6Zn-0.5Zr) alloy due to its finer grain size. However, 

GZ60K alloy displayed more uniform biodegradation, resulting in longer retention of 

mechanical integrity, which is a crucial factor in implant design. These findings highlight 

that extrusion not only improves mechanical properties by refining grains and optimizing 

textures but also enhances biodegradation behavior, offering tailored solutions for 

biodegradable implant applications. 

Thus, in this chapter, the alloys Mg-2Gd-2Zn-0.5Zr, Mg-2Gd-6Zn-0.5Zr, and Mg-

10Gd-1Zn-0.5Zr were subjected to extrusion, and their microstructural, mechanical, and 

biological properties were systematically evaluated. 

6.2. Materials and Methods 

The alloys Mg-2Gd-2Zn-0.5Zr (GZ22), Mg-2Gd-6Zn-0.5Zr (GZ26) and Mg-10Gd-

1Zn-0.5Zr (GZ101) were prepared as described in Chapter 3. Ingots of 35 mm diameter 

and 40 mm length were machined from the cast blocks and extruded into 10 mm rods. The 
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ingots were preheated at 400 °C for 1 h and were extruded at 3500C with an extrusion ratio 

of approximately 12:1 (Figure 6.1). The morphology and composition analysis of different 

phases were carried out with a scanning electron microscope (SEM, Carl Zeiss EVO18) 

with energy-dispersive X-ray spectroscopy (EDS) and the TEM analysis was done in JEOL 

JEM F 200 with STEM EDA EELS HRTEM. Tensile tests methods and various in-vitro 

and in-vivo characterization techniques used to analyze the properties of the prepared alloys 

are already mentioned in Chapter 3. Tensile tests were conducted on threaded samples (6 

mm × 25 mm) per ASTM B557M-10 at 2 mm/min, with mechanical integrity evaluated 

after 14-day immersion in MEM + 10% FBS under cell culture conditions, followed by 

tensile testing at 0.1 mm/min. In-vitro biodegradation was assessed by immersing samples 

in MEM + 10% FBS + 1% penicillin for 14 days (ISO 10993), with electrochemical tests 

performed at 37 ± 1°C using MEM as the electrolyte. MTT assays (ISO 10993:2009) 

evaluated cytotoxicity on MG-63 cells, exposed to extracts (100%, 50%, 25%) after 1 and 

3 days of culture, followed by MTT incubation and absorbance measurement at 570 nm. 

Live/dead staining was performed using acridine orange/ethidium bromide and analyzed 

via fluorescence microscopy. For direct cell viability, DAPI staining was done on 50,000 

cells seeded on Mg alloy samples (10 mm × 2 mm) after 3 days of immersion, followed by 

imaging. Cell adhesion was examined via SEM after fixation and ethanol dehydration. For 

in-vivo studies, Sprague-Dawley rats (180–220 g) were implanted subcutaneously with Mg 

alloy samples (5 mm × 2 mm) and monitored for 30 days. Afterward, tissues and organs 

were harvested, formalin-fixed, H&E-stained, and analyzed. Statistical analysis was 

performed using one-way ANOVA (GraphPad Prism 8), with p < 0.05 considered 

significant. 

 

           Figure 6.1 Photograph of Mg alloy samples before and after extrusion. 
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6.3 Results and Discussion 

6.3.1 Microstructure 

In general, the secondary phases in all the alloys seemed to have fragmented during 

the extrusion process, and the distribution seemed almost uniform (Figure 6.2). The 

network-shaped W phase observed in the as-cast GZ22 alloy was broken into discrete 

particles. In the case of GZ26 alloys, the skeleton-shaped W phases were not entirely 

broken down, as there were still a few phases that retained their cast morphology in the 

extruded state. The secondary phases in GZ101 alloy were distributed uniformly 

throughout and had the highest volume fraction of secondary phases.  

 

 

Figure 6.2. SEM micrographs of extruded alloys (a) GZ22 (b) GZ26 (c) GZ101. 

 

The grain boundary overlaid inverse pole figure (IPF) maps [Figure 6.3 (a-c)] of 

the alloys showed a bimodal microstructure for all the alloys with fine equiaxed grains and 

elongated deformed grains. The above observation might be due to an insufficient extrusion 

ratio (12:1) or due to the segregation of rare earth elements at grain boundaries that could 

hinder the dynamic recrystallization (DRX) by arresting the grain boundary mobility, 

leading to a non-uniform grain size distribution [6–8]. Kernel average misorientation 

(KAM) maps were used to identify the localized lattice distortions, and localized 

deformations and to calculate the geometrically necessary dislocations [9,10]. Severe 

dislocation accumulation could be seen in GZ22 [green region in Figure 6.3 (d)] and 

GZ101 [Figure 6.3 (f)] indicating higher strain energy accumulated in these alloys during 

extrusion. Similarly, the grain orientation spread (GOS) value for the alloys were calculated 

as 1.67, 2.56, and 5.28 for GZ22, GZ26, and GZ101, respectively. GOS is the ratio of the 

average deviation of orientations of each point in grain to the average orientation of grains 

and it is an indicator of the energy stored in the grains [11,12]. Thus the strain energy stored 
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in the GZ101 alloy [Figure 6.3 (i)] was the highest, and it had a higher dislocation density.  

The highest dynamic recrystallization of 65.8% was observed in GZ26 alloy, and a lowest 

fraction of dynamic recrystallization of 29.7% was observed in GZ101 alloy. The low 

dynamic recrystallization fraction observed in GZ101 might be due to the presence of the 

LSPO phase, which had a highly stable and ordered structure that could resist deformation 

and delayed the DRX. The average grain size of the dynamically recrystallized grains in all 

three alloys was similar, 1.85 (±0.12) µm, 3.5 (±0.83) µm and 1.2 µm (±0.12) for GZ22, 

GZ26, and GZ101 alloys, respectively (ref. Figure 6.4).  

 

 

 

 

Figure 6.3. IPF of (a) GZ22, (b) GZ26, (c) GZ101, KAM maps of (d) GZ22, (e) GZ26, (f) 

GZ101, GOS maps of (g) GZ22, (h) GZ26, (i) GZ101. 
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Figure 6.4 Grain size distribution of alloys (a) GZ22 (b) GZ26 (c) GZ101. 

 

6.3.2 Tensile properties 

The tensile properties of the alloys (YS, UTS, and % elongation) are summarized 

in Table 6.1, and the corresponding stress-strain curves are shown in Figure 6.5. The GZ26 

alloy had the lowest YS of 210 (±14.10) MPa, but it had the highest elongation of 18.5% 

(±1.45). On the other hand, the GZ101 alloy showed the highest YS and UTS of 260 (±9.29) 

MPa and 328 (±15.8) MPa, respectively. The tensile properties of the alloys can be 

influenced by the factors such as grain size, dislocation density, secondary phases present, 

and texture development during extrusion. Since the DRXed grain size was almost similar 

for all the alloys, the influence of grain size on strength enhancement might be marginal. 

The dislocation density in the extruded alloys was significantly different, which had a 

significant impact on the mechanical properties. The increase in dislocation density induces 

a higher strain-hardening effect, as the flow stress is proportional to the dislocation density 

[13]. This is in agreement with the fact that the GZ101 alloy, with the highest dislocation 

density, showed the highest tensile strength, while the GZ26 alloy, with the lowest 

dislocation density, showed the lowest yield strength.  

Even though the dislocation density and grain size of the GZ22 and GZ101 alloys 

were almost similar, the yield strength was significantly lower for the GZ22 alloy with 

respect to GZ101.  According to Schmid law, the decrease in the Schmid factor increases 

the yield strength of the material [14], as 𝜎 =  
𝜏

𝑚
 ; 𝜎 is the yield strength of the material, 𝜏 

is the critically resolved shear stress and m is the Schmid factor of the material. In the 

present study, the average Schmid factor calculated using TSL OIM software was 0.33, 

0.34, and 0.24 for alloys GZ22, GZ26, and GZ101, respectively. Thus the low Schmid 

factor also contributed to the better yield strength of the GZ101 alloy.  
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Table 6.1. Yield strength (YS), Ultimate tensile strength (UTS) and Elongation (%) of 

extruded alloys. 

Alloy Y.S (MPa) UTS (MPa) % Elongation 

GZ22 240 (±6.37) 260 (±7.86) 16.2 (±2.23) 

GZ26 210 (±14.10) 255 (±13.64) 18.5 (±1.45) 

GZ101 260 (±9.29) 328 (±15.8) 12.76 (±2.36) 

 

 

Figure 6.5. Tensile stress-strain curves of the extruded alloys. 

 

The results also showed that the increase in the yield strength of the alloys was 

accompanied by a reduction in ductility (as seen in Table 6.1). It is a well-known 

phenomenon in Mg alloys that the poor ductility is due to the difficulty in activating <c+a> 

pyramidal dislocations. The deformation mechanism of Mg alloys is dominated by the basal 

slip of {0001} <11-20> which has a low critically resolved shear stress. However, basal 

slip alone cannot accommodate strain along the c-axis and as a result, the alloys are at risk 

of failure at even low strain. Thus, activating slip in other directions through alloying or 

secondary processing can improve ductility [10,11].     

The addition of REEs can result in a weakening of the basal texture of the material 

as they can inhibit or suppress the growth of the basal texture [15–17]. The basal texture in 

magnesium alloys is caused by the preferred orientation of the material's hexagonal close-

packed (HCP) crystal structure. The addition of REEs can disrupt the formation of the 

preferred orientation by altering the nucleation and growth behaviour of the grains in the 
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material that can result in a more random distribution of crystal orientations and weakening 

of the basal texture [18,19]. The REEs can also form complex intermetallic compounds 

with magnesium, further disrupting the basal texture's growth. These compounds can act 

as nucleation sites for new grains, leading to a more uniform distribution of crystal 

orientations in the material [20,21]. In the present study, inverse pole figure analysis 

indicated that the GZ22 and GZ26 alloys had weak basal component (000) [Figure 6.6 (a) 

& (b)] but exhibited strong prismatic (1010) component [Figure 6.6 (a) & (b)] contributed 

in their better ductility. Similarly, the weak prismatic texture in the GZ101 alloy [Figure 

6.6 (c)], might be the reason for its lowest ductility.  

 

Figure 6.6. Inverse pole figures of (a) GZ22 (b) GZ26 (c) GZ101 alloy. 

6.3.3 Electrochemical corrosion measurement 

The potentiodynamic polarization curves and the Tafel fitting values of the alloys 

immersed in α-MEM for 30 min. are presented in Figure 6.7 and Table 6.2, respectively. 

The most negative Ecorr and lowest icorr values were obtained for the GZ101 alloy, while the 

most positive Ecorr and highest icorr values were obtained for the GZ26 alloy. Immediately 

after Mg alloys are immersed in MEM, electrochemical cells form and in most cases α-Mg 

matrix serves as anode and second phases serve as cathode. The standard electrode 

potentials of Mg, Gd, Zn, and Zr are -2.372, -2.279, -0.7618, and -1.45 V, respectively. The 

alloy (GZ26) having the highest amount of Zn had the highest positive Ecorr value, and the 

alloy (GZ101) with the lowest amount of Zn and the highest amount of Gd had the Ecorr 

shift towards a more negative value. In addition, the highest icorr (64.98 μA/cm2) observed 

for GZ26, and the lowest icorr (25.12 μA/cm2) observed for GZ101 alloy indicated that 

GZ101 had the highest degradation resistance compared to GZ26. The above observations 

suggested that the presence of Gd in the alloy improved the degradation resistance, while 

the presence of Zn increased the corrosion susceptibility. 
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Table 6.2. Ecorr and icorr values of extruded alloys [calculated from Tafel plots: polarization 

measurements done in α- MEM solution at 37˚C]. 

 

Alloy Ecorr (mV vs SCE) icorr (μA/cm2) 

GZ22 -1680 (±85) 58.23 (±3.5) 

GZ26 -1590 (±75) 64.98 (±6.7) 

GZ101 -1820 (±50) 25.12 (±2.8) 

 

 

Figure 6.7. Polarization curves of extruded alloys in α- MEM solution at 37˚C. 

 The EIS analysis of the alloys was performed using Nyquist and Bode plots (Figure 

6.8). The Nyquist plots [Figure 6.8 (a)] of the GZ22 and GZ26 alloys were almost similar, 

suggesting that the corrosion rates and mechanisms were similar. The diameter of the 

Nyquist plot of the GZ101 alloy [Figure 6.8 (a)] was almost double compared to the other 

alloys, indicating its better corrosion resistance. In addition, the inductive loop was absent 

in all the alloys, suggesting that pitting corrosion was not initiated [22] [23]. The results 

were also plotted in Bode plots [log Zmod vs log f, and phase angle vs log f [Figure 6.8 (b 

& c)]. The Zmod of the alloys [Figure 6.8 (b)] increased in the following order: GZ26 (600 

Ω.cm2) < GZ22 (605 Ω.cm2) < GZ101 (1200 Ω.cm2). The Bode plots also revealed that 

there were no sudden dips indicating no pitting corrosion associated with any of the alloys.  

The EIS spectra of the alloys were fitted using the ZSimpWin 3.20 software with 

the electrochemical circuit as shown in Figure 6.10 (d) for GZ22 and GZ26 alloys and 
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Figure 6.10 (e) for the GZ101 alloy. The fitting values are presented in Table 6.3. The Rs 

indicate the solution resistance, R0 represents the charge transfer resistance, CPE0 

represents the double layer capacitance, R1 represents the resistance to mass transport and 

CPE1 indicates the corresponding capacitance, and R2 and CPE2 indicate the film 

resistance. The GZ22 and GZ26 alloys had two-time constants, while the GZ101 alloy had 

three-time constants. The first-time constant representing the capacitive loop in the is 

attributed to the charge transfer resistance. The second time constant representing the 

capacitive loop is due to the diffusion of ions from the electrolyte to the metal surface. The 

third time constant observed in GZ101 represents the resistance offered by the protective 

film formed on the surface. GZ101 showed highest polarization resistance, Rp (R0+R1 or 

R0+R1+R2), (1195.2 Ω.cm2) compared to that of GZ22 (548.9 Ω.cm2) and GZ26 (540.5 

Ω.cm2), and exhibited low CPE0 value (2.8 x 10-9 Sn/ Ω.cm2) compared to that of the GZ22 

(6.6 x10-6 Sn/ Ω.cm2) and GZ26 (4 x 10-6 Sn/ Ω.cm2) alloys (Table 6.3). The low CPE0 

value indicated that corrosion was restricted to minimum area in GZ101.  

 

Figure 6.8. (a) Nyquist plots (b) Bode plots of log Zmod vs. log f, (c) Bode plot of Phase 

angle vs. log f, of alloys measured in α- MEM solution at 37 ˚C (d) Equivalent 

electrochemical circuits of GZ22 & GZ26, (e) Equivalent electrochemical circuits of 

GZ101 alloy. 
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Table 6.3. The fitted values of EIS measurements of alloys using equivalent circuits shown 

in Figure 6.10.  

 

 

6.3.4 Biodegradation test 

 The electrochemical experiments are short-term experiments that give an idea 

about the initial behaviour of the alloys in the degradation medium. For long-term analysis 

of the degradation behaviour, the alloys were immersed in cell culture medium for 14 days 

by maintaining the pH between 7.4 to 8. The results [Figure 6.9 (a)] showed that the 

degradation rate was lowest for the GZ101 alloy (0.21 mm/y), similar to the 

electrochemical results.  Though, the electrochemical corrosion analysis revealed that the 

initial corrosion resistance of the alloys was almost similar for GZ22 and GZ26 alloys, 14 

days of immersion test in the cell culture medium suggested that the degradation rate of the 

GZ26 alloy [0.75 (±0.08) mm/y] was almost double that of the GZ22 alloy [0.38 (±0.11) 

mm/y]. The degradation surface of the alloys after 14 days of immersion [Figure 6.9(b)] 

showed that the GZ26 alloy suffered severe pitting corrosion while the GZ22 had a shallow 

corroded area. However, the GZ101 alloy showed no signs of pits, and the surface exhibited 

a uniformly corroded region indicating its superior resistance to degradation in cell culture 

medium. The cross-section morphology of the degraded surface of the alloys was observed 

using SEM (Figure 6.10), and it was found that the GZ101 alloy had no signs of 

degradation spreading into the interior. In contrast, the GZ22 and GZ26 alloys had 

Alloy Rs 

(Ω.cm2) 

R0 

(Ω.cm
2) 

CPE0 

(Sn/ 

Ω.cm2

) 

 

n R1 

(Ω.cm
2) 

CPE1 

x 10-5 

(Sn/ 

Ω.cm2

) 

n1 R2 

(Ω.cm
2) 

CPE2 

x 10-5
 

(Sn/ 

Ω.cm2) 

n2 Rp = 

(R0+R1+

R2) 

(Ω.cm2) 

GZ22 48.73 

(±3.15) 

386.8 

(±25.0

6) 

6.6 

x10-6 

(±0.3 

x 10-6) 

0.95 

(±0.05

)  

162.1 

(±10.5

) 

9.02 

(±0.5) 

0.69 

(±0.04) 

N.A N.A N.A 548.9 

(±35.56) 

GZ26 39.6 

(±2.58) 

370.5 

(±20.2

) 

4 x 10-

6 

(±0.24 

x 10-6) 

0.98 

(±0.02

) 

170 

(±12.2

) 

4.98 

(±0.25

) 

0.72 

(±0.05) 

N.A N.A N.A 540.5 

(±32.4) 

GZ101 21.09 

(±1.5) 

273.5 

(±15.8

) 

2.8 x 

10-9 

(±0.1 

x 10-9) 

0.97 

(±0.06

) 

114.5 

(±6.2) 

2.5 

(±0.22

) 

0.8 

(±0.045) 

807.2 

(±67.9

8) 

87.47 

(±4.5) 

0.83 

(±0.

12) 

1195.2 

(±89.9) 
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indications of pitting corrosion, with severe pitting observed in the GZ26 alloy. The pit 

formation in the alloys was spreading into the grain interior adjacent to the secondary 

phases [shown in the inset of Figure 6.10(b)], indicating that these phases were cathodic 

to the surrounding matrix. 

 

 

Figure 6.9. (a) Degradation rate of alloys immersed in cell culture medium for 14 days, (b) 

Photographs of degraded samples after immersed in cell culture medium for 14 days. 

Values are the mean ± SD, n=4, **p < 0.01, ****p <0.0001. 

 

Figure 6.10. Degradation morphology of the samples (cross section) immersed in cell 

culture medium for 14 days (after the degradation product removal) (a) GZ22 (b) GZ26 (c) 

GZ101. 
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Factors such as secondary phases, grain size, texture, and the degradation layer can 

influence the degradation of Mg alloys [24,25].  In general, the degradation rate increases 

with an increase in the number of secondary phases in a Mg alloy due to the generation of 

more micro-galvanic sites [26]. However, in the present study, the lowest degradation rate 

was observed for the GZ101 alloy, which had the highest volume fraction of secondary 

phases, indicating that the ill effect of volume fraction of secondary phases was nullified 

by other factors. Likewise, the grain size also seemed to have a marginal effect on the 

degradation rate of the alloys as the measured grain size of the extruded alloys was almost 

similar. However, the EBSD analysis indicated that the amount of strain stored in the alloys 

was significantly differed alloy to alloy after extrusion. Although few reports suggested 

that the accumulation of dislocation in the grains increase the degradation rate of the alloys, 

in the present study, GZ101 with the highest dislocation density showed the lowest 

degradation rate, and GZ26 with the lowest dislocation density showed the highest 

degradation rate (Figure 6.9) [24,26]. On the other hand, the texture of the alloys also plays 

a crucial role in determining their degradation resistance [14,27]. The basal plane {0001} 

in Mg alloys has a lower surface energy compared to the prism planes {1010} and {1120}. 

This results in the basal plane being more resistant to degradation than the prism planes. 

The reported theoretical corrosion rate of the prism planes is also much higher than that of 

the basal planes, further highlighting the importance of texture in determining corrosion 

resistance [28,29]. For instance, Song et al. [30] found that the presence of a dominant basal 

plane in AZ31 alloy contributed to its better resistance. Similarly, Xin et al. [27] reported 

that the high intensity of {1010} and {1120} planes in rolled AZ31 alloy leads to its poor 

corrosion resistance in 3.5 wt.% NaCl. The pole figures that showed the texture of the alloys 

studied in the present study in terms of the orientation of the crystals are presented in Figure 

6.11. A very weak basal component was observed with GZ26 alloy, indicating that it had a 

high proportion of prismatic planes, which are normally more susceptible to corrosion. On 

the other hand, GZ22 and GZ101 showed a high intensity of the basal component and a 

similar texture intensity in the prismatic planes. Still, their degradation resistance was found 

to be significantly different from each other. The above observed discrepancies might be 

due to the characteristics of degradation layers formed during degradation.   The XPS 

analysis of the degradation layer formed on the as-cast alloys after immersion in cell culture 

medium, as discussed in Chapter 5 (Figure 5.8-5.10) for GZ22, GZ26, and GZ101 alloys, 

provided valuable insights into their composition. Since the alloy composition remains 
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unchanged in the as-extruded condition, the degradation layer was expected to retain the 

same characteristics. The degradation layers of GZ22 and GZ26 primarily consisted of 

Mg(OH)₂, MgO, MgCO₃, Ca₁₀(PO₄)₆(OH)₂, CaO, and ZnO. In contrast, the GZ101 alloy 

exhibited the presence of Gd₂O₃ in addition to these compounds. The incorporation of 

Gd₂O₃, along with MgCO₃, Ca₁₀(PO₄)₆(OH)₂, and CaO, made the typically porous Mg(OH)₂ 

and MgO layer more compact, significantly enhancing the corrosion resistance of the 

GZ101 alloy.  

 

 

 

Figure 6.11. Basal pole figures of alloys obtained from EBSD analysis. 

6.3.5 Mechanical Integrity after degradation 

 Typically, the mechanical support provided by degradable implants also weakens 

as they degrade; the load-bearing capacity of the sample decreases due to the reduction in 

the cross-sectional area caused by degradation. Premature loss of mechanical integrity 

could lead to structural failure, compromising the healing process. Moreover, the test helps 

identify uniformity in degradation, as uneven degradation can cause localized stress 

concentrations, potentially leading to implant failure. By correlating the changes in 

mechanical properties with degradation rates, this evaluation ensures that the implant 
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degrades at a controlled rate, maintaining mechanical support while promoting tissue 

regeneration. This is critical for optimizing implant design and ensuring both safety and 

efficacy in clinical applications [31].   

To evaluate the mechanical integrity of these alloys, tensile samples were immersed 

in CCM for 14 days to allow degradation to occur under simulated physiological 

conditions. After the immersion period, tensile tests were conducted to assess the extent of 

degradation-induced weakening. Figure 6.12 shows the tensile samples after immersion in 

CCM for 14 days. Prominent localized pitting corrosion was observed in the GZ22 and 

GZ26 alloys. Additionally, a large crack was visible at the centre of the GZ22 alloy, 

whereas smaller cracks were dispersed across the tensile surface of the GZ26 alloy. In 

contrast, while signs of pitting corrosion initiation were present in the GZ101 alloy, they 

were significantly smaller compared to the other alloys, indicating its superior degradation 

resistance. The presence of severe pitting and crack formation in the GZ22 and GZ26 alloys 

suggested a more pronounced reduction in mechanical integrity, likely leading to a greater 

decline in tensile strength and ductility. Conversely, the minimal pitting observed in the 

GZ101 alloy indicated that it retained better mechanical properties after immersion, with a 

lesser reduction in tensile strength and elongation compared to GZ22 and GZ26. 

The results of the tensile properties of the alloys after 14 days of immersion in a 

cell culture medium under physiological conditions indicated that the GZ101 alloy 

maintained its mechanical integrity even after a 14-day immersion period [Figure 6.13 and 

Table 6.4] due to its lower degradation rate. Both GZ22 and GZ26 alloys showed a 

significant loss in tensile properties, with an approximately 42% to 84% decrease in yield 

strength, ultimate tensile strength, or elongation. GZ101 alloy with highest mechanical 

properties as well as lowest degradation rate showed the highest mechanical integrity. Thus 

optimum combination of superior mechanical properties and degradation resistance is 

required for the design of a degradable implant material.  

 

  



Chapter 6 

210 
 

 

Figure 6.12. Tensile samples immersed in CCM for 14 days (a) GZ22 (b) GZ26 (c) GZ101. 

Figure 6.13. Tensile properties of alloys immersed in cell culture medium for 14 days (a) 

Ultimate tensile strength (b) Yield strength (c) % elongation. 

Table 6.4. % decrease in tensile properties of alloys after 14-day immersion in cell culture 

medium 

Alloy code % decrease in UTS % decrease in YS % decrease in elongation 

GZ22 45.58 56.71 84.33 

GZ26 42.08 50.38 77.42 

GZ101 16.17 7.41 45 
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6.3.6 Indirect cell viability tests 

6.3.6.1 MTT assay 

The MTT assay results [Figure 6.14 (a)] showed that the GZ26 alloy had severe 

toxicity with only a 20% viability in the 1-day test in 100% extract, while GZ22 and GZ101 

alloy had excellent viability with 90% and 98% respectively. However, all the alloys 

showed viability greater than 75% with diluted extract concentrations (50% and 25%). 

MTT assay after 3-day culture [Figure 6.14 (b)] showed that at 100% extract conditions, 

GZ26 and GZ22 alloys had poor viability while GZ101 alloy showed still excellent viability 

(120%). In general, all the alloys showed an increase in viability when diluted extract 

concentrations were used for culturing.  

6.3.6.2 Live dead staining 

 The acridine orange-ethidium bromide dual staining images (Figure 6.15 & 6.16) 

show the characteristics of cells cultured with extract solutions of different concentrations 

of GZ22, GZ26, and GZ101 alloys. Three different cell types were noticed: live cells (green 

nuclei with an organized structure), apoptotic cells (condensed or fragmented cells with 

green or orange stain), and necrotic cells (nuclei stained red) [32,33]. After 1 day of culture 

in 100% extract [Figure 6.15], GZ22 and GZ101 alloys had no apoptotic cells, while GZ26 

extract solution showed signs of early apoptosis. All alloys showed good proliferation with 

diluted extract concentrations (50% and 25%). After 3 days of culture [Figure 6.16], cells 

cultured with 100% extracts of GZ22 and GZ26 alloy showed severe apoptosis and 

necrosis. Diluting the culture medium to 50% and 25%, improved cell proliferation, 

however, still necrotic cells in certain areas were seen. In contrast, cells cultured with all 

extract concentrations of GZ101 alloy showed similar morphology to that of cultured with 

the control, and no apoptosis or necrosis was observed. The cell viability calculated from 

the live-dead analysis [Figure 6.17] indicated that all alloys had a viability greater than 

75% at all culture times when 50% and 25% extracts were used. However, 100% extracts 

of GZ26 alloy and GZ22 alloy after 3 days had poor viability. 
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Figure 6.14. MTT assay results of MG63 cells cultured in sample extracts for (a) 1 day, 

(b) 3 days. Values are the mean ± SD, n=4, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. 

 

 

Figure 6.15. Live dead staining images of MG63 cells cultured in sample extracts for 1 day 

(L- Live cells, A- Apoptotic cells). 
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Figure 6.16. Live dead staining images of MG63 cells cultured in sample extracts for 3 

days (L- Live cells, A- Apoptotic cells, N- Necrotic cells). 

 

 

Figure 6.17. Cell viability calculated from live dead staining images of MG63 cells 

cultured in sample extracts for (a) 1 day (b) 3 days. Values are the mean ± SD, n=4, *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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6.3.7 Direct cell culture tests 

6.3.7.1 DAPI staining 

The analysis of fluorescent images of cell nucleus on the surface of GZ22 and 

GZ101 alloys stained using DAPI [Figure 6.18 (a-d)] and the cell number count [Figure 

6.18 (e)] were in agreement with the indirect cell viability assays. Due to the high 

degradation rate in GZ26 alloy, after 3-day immersion in the culture medium, the metal 

surface was rough as well as the culture medium was highly alkaline, and hence direct cell 

culture analysis could not be done for GZ26.  The cell count was almost similar for   both 

GZ22 and GZ101 alloys, after 1-day culture. However, the number of cells on GZ22 surface 

reduced marginally after 3-day culture, while it increased significantly (almost a fivefold 

increase) on GZ101 alloy indicating that the cells proliferated on the surface of GZ101 

alloy whereas cells subjected to toxicity in case of GZ22 alloy.  

 

 

Figure 6.18. Fluorescence microscopy images of DAPI stained MG63 cells cultured on 

the sample surface for 1 day (a) GZ22, (c) GZ101 and for 3 days (b) GZ22, (d) GZ101, 

(e) cell count. 
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6.3.7.2 Cell attachment and proliferation 

The interaction of cells with GZ22 and GZ101 metal surface after 1-day and 3-day 

culture was inspected using SEM [Figure 6.19 & 6.20]. Initially, after 1day cell culture, 

the cells on the metal surface of both the alloys [shown by yellow arrows in Figure 6.19 

(a) & 6.20 (a)] were seen to have a round morphology. Higher magnification SEM image 

in both [Figure 6.19 (b) and 6.20 (b)] of a selected area shows that the cells were beginning 

to merge and indicates the beginning of proliferation. After 3-day culture, the surface of 

GZ22 alloys was covered with degradation products and the cells on the surface were not 

visible [Figure 6.19 (c)]. However, at higher magnification cells (marked in yellow arrows) 

are visible beneath the degradation layer suggesting that although the surface of GZ22 alloy 

was not stable due to the severe degradation, the proliferation of cells also occurred.  

 

 

 

Figure 6.19. SEM images of adherent cells on the surface of GZ22 alloy (a & b) 1-day 

culture, (c & d) 3-day culture. 

Whereas, after 3-day culture cells on GZ101 surface [shown in yellow arrows in 

Figure 6.20 (c)] were seen to have spread all over the metal surface and covered the cracks 

of the degradation layer on the metal surface. Also the higher magnification SEM 

micrograph of GZ101 alloy [Figure 6.20 (d)] revealed that the cells with pseudopods were 
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spreading in all directions. The excellent proliferation of the cells on the GZ101 surface 

was due to the presence of a protective degradation film which was confirmed using XPS 

analysis [Figure 5.7-5.9]. The formation of a stable surface film consisting of Gd2O3, 

MgCO3, Ca10(PO4)6(OH)2, CaO, MgO, and Mg(OH)2 on the surface of GZ101 resulted in 

better cell attachment and proliferation. The proliferation of cells on the GZ101 alloys 

surface could also be due to the enhanced formation of hydroxyapatite (Ca10(PO4)6(OH)2) 

in the GZ101 alloy compared to other alloys [as observed in the XPS analysis, Figure 5.8 

(c)].  

 

 

Figure 6.20. SEM images of adherent cells on the surface of GZ101 alloy (a &b) 1-day 

culture, (c & d) 3-day culture. 
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6.3.8 In-vivo evaluation 

 The GZ101 alloy which showed better viability, degradation resistance, and 

mechanical integrity during in-vitro analysis was considered for short term in-vivo 

evaluation by subcutaneous implantation in rats. A rat subcutaneously implanted with 

GZ101 sample is shown in Figure 6.21 (a & b). The subcutaneous implantation sites after 

14 and 30 days [Figure 6.21 (c) & (d)] showed minor H2 bubbles near the tissue 

surrounding the metal (shown by yellow arrows). The biodegradation rates of the alloy after 

14 and 30 days of implantation were 0.28 (±0.07) and 0.35 (±0.04) mm/y respectively. The 

surface topographies of the samples after 14 and 30 days of implantation [Figure 6.21 (f) 

& (g)] showed degradation pits (black arrows) only at the edge of the samples indicating 

non-uniform degradation.  The 14-day sample [Figure 6.21 (f)] exhibited moderate surface 

roughness with localized corrosion patches, indicating early-stage degradation. The 30-day 

sample [Figure 6.21 (g)] displayed a more pronounced degradation pattern, with increased 

roughness and visible corrosion zones, indicating advanced material dissolution. The 

progression in surface deterioration suggests a continuous biodegradation process, 

influenced by body fluid interactions and pH fluctuations. 

 

Figure 6.21. (a) Photograph of GZ101 subcutaneously implanted rat (b) X-ray image after 

14 days’ implantation, (c) & (d) a photographs of implants post-surgery after 14 days and 

30 days respectively, (e) biodegradation rate of GZ101 alloy, (f) & (g) the photographs of 

implanted samples after 14 days and 30 days respectively.  
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 The histological examination of organs evaluates the effects of biodegradable 

materials during their digestion and excretion in vivo. The H&E staining of various organs 

from the metal-implanted rats is shown in Figure 6.22. After 30 days of implantation, there 

were no significant pathological changes observed in any of the organ tissues. The section 

from the heart showed normal architecture with myocardial fibres, and myocytes having 

no significant pathology. There was no indication of architectural destruction, edema, 

inflammatory infiltrates, or necrosis. The section from the liver showed lobular architecture 

with mild interface hepatitis. Individual hepatocytes showed focal mild cytoplasmic 

vacuolation. The portal triad showed no significant pathology, while the central vein 

showed mild dilation and congestion. The section of skin showed a normal epidermis, and 

the subcutaneous tissue showed no considerable pathology. There was no indication of 

inflammation, edema, or necrosis. These results suggested that the extruded GZ101 alloy 

had excellent biocompatibility as well as in-vivo degradation resistance. Mg alloy usually 

has higher degradation rate during subcutaneous implantation than when it is implanted 

near a bone. Hence still much lower degradation rate is expected for GZ101 alloy when it 

is considered for orthopaedic scaffold applications.  

 

 

Figure 6.22. H & E staining of heart, liver and subcutaneous tissue samples after 

implantation of GZ101 alloy for 30 days. 
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6.4  Conclusion 

The evaluation of extruded Mg-Zn-Gd-Zr alloys for biodegradable implant applications 

involved assessing their tensile properties, biodegradation behavior, and biocompatibility 

through in-vitro and in-vivo studies. The key findings were as follows:   

1. After extrusion, all Mg-Zn-Gd-Zr alloys exhibited YS > 200 MPa and elongation > 

10%, demonstrating a significant improvement in strength and ductility compared 

to their as-cast counterparts. The increase in tensile properties was primarily 

attributed to grain refinement, and the formation of a strong basal texture induced 

by the extrusion process.  

2. Mg-10Gd-1Zn-0.5Zr alloy showed superior YS and UTS with reasonable good 

ductility among the studied alloys due to the combined effect of higher dislocation 

density, low Schmid factor, and strong basal texture.   

3. Diluted extracts (25 and 50%) of all the alloys showed viability (MG63 cell line) 

above 75% during in-vitro analysis at all culture conditions (1 or 3 days). However, 

Mg-10Gd-1Zn-0.5Zr showed excellent (above 95%) viability even with 100% 

extracts.  

4. In-vivo analysis of subcutaneously implanted Mg-10Gd-1Zn-0.5Zr alloy on rats 

revealed that the degradation rate was 0.35 mm/y after 30 days of implantation and 

exhibited good in-vivo biocompatibility.   
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Chapter 7 

Summary and Future Perspectives 

 

7.1 Summary 

The thesis presents a systematic investigation into the microstructural, mechanical, and 

biological performance of Mg-Zn-RE alloys, with a focus on their potential as biodegradable 

orthopaedic implant materials. The present research work aimed to develop and optimize Mg-

Zn-RE alloys by varying rare-earth (RE) content, Zn/RE ratios, and incorporating secondary 

processing (extrusion) to achieve the desired combination of high strength, controlled 

biodegradation rate, and biocompatibility. The work systematically examined the effects of Nd 

and Gd additions, grain refinement through Zr, Zn/Gd ratio optimization, and extrusion 

processing on the microstructure, mechanical integrity, corrosion resistance, and 

biocompatibility of alloys. The findings contribute significantly to the development of next-

generation biodegradable Mg-based alloys for biomedical applications. The present chapter 

will provide an overview of the various findings of the research works reported in Chapters 4-

6. 

Chapter 4 explored the role of RE and Grain refiner in Mg-4Zn-1RE alloys.  The first 

stage of the study focused on understanding the individual effects of rare-earth elements (Nd 

and Gd) on the corrosion behaviour of Mg-Zn-RE alloys in 1wt.% NaCl. Although assessing 

the biodegradation resistance of metallic alloys in simulated body fluids is crucial for 

biomedical applications, researchers often use 1 wt.% NaCl solution for preliminary corrosion 

screening due to its simplicity and reproducibility. Therefore, in the present study, 1 wt.% NaCl 

solution was initially utilized to gain a fundamental understanding of the corrosion behavior of 

Mg-Zn-RE alloys before conducting more physiologically relevant tests. The study revealed 

that Nd addition resulted in significant grain refinement (grain size of Mg-4Zn-1Nd : 203 μm) 

compared to Gd addition (grain size of Mg-4Zn-1Gd : 524 μm) in Mg-Zn-RE alloys. The 

corrosion results indicated that Mg-4Zn-1Nd alloy exhibited superior corrosion resistance 

across electrochemical, hydrogen evolution, and weight loss measurements. The enhanced 

corrosion performance was attributed to the network-like distribution of secondary phases, 
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which effectively acted as a barrier against corrosion progression, as well as the rapid formation 

of a protective Nd₂O₃ incorporated corrosion film. Additionally, the fine-grained 

microstructure of Mg-4Zn-1Nd facilitated the development of a compact and uniform surface 

film, further improving its resistance to the aggressive chloride-containing environment. The 

addition of Zr significantly altered the behavior of Mg-Zn-RE alloys, particularly Mg-4Zn-

1Gd, by inducing a substantial grain size reduction [from 524 (±171) to 144 (±50) μm], whereas 

Mg-4Zn-1Nd exhibited only a marginal refinement (from 203 to 166 μm). The grain refinement 

in Mg-4Zn-1Gd-0.5Zr led to a significant reduction in its corrosion rate compared to its Zr-

free counterpart, bringing it closer to the corrosion resistance of Mg-4Zn-1Nd. Additionally, 

both Mg-4Zn-1Gd and Mg-4Zn-1Nd alloys exhibited enhanced mechanical properties after Zr 

addition due to grain refinement, with Mg-4Zn-1Gd-0.5Zr demonstrating superior tensile 

strength. 

Following the promising results of Mg-Zn-Gd-Zr alloys, Chapter 5 focused on the 

influence of Zn/Gd ratio on phase formation, mechanical performance, and biodegradation 

properties. The study revealed that varying the Zn/Gd ratio led to the formation of different 

secondary phases, significantly influencing alloy properties. The Mg-2Gd-2Zn-0.5Zr (Zn/Gd 

= 1) alloy contained W phase (Mg₃Zn₃Gd₂), Mg-2Gd-6Zn-0.5Zr (Zn/Gd = 3) contained both 

W phase and I phase (Mg₃Zn₆Gd) and Mg-10Gd-1Zn-0.5Zr (Zn/Gd = 0.1) exhibited LPSO 

(Long-Period Stacking Ordered) structures and (Mg,Zn)₃Gd phase. The LPSO phase in Mg-

10Gd-1Zn-0.5Zr resulted in exceptional yield strength, making it ideal for load-bearing 

orthopedic applications. However, the alloy exhibited reduced ductility, suggesting that further 

optimization is needed for applications requiring higher elongation. In vitro biodegradation 

studies confirmed that Mg-10Gd-1Zn-0.5Zr had the lowest degradation rate, attributed to the 

formation of a protective Gd₂O₃ layer, which significantly enhanced corrosion resistance. 

Biocompatibility analysis (MTT assay and MG63 cell line) showed that all alloys exhibited 

cell viability above 75%, with Mg-10Gd-1Zn-0.5Zr demonstrating the highest viability (>95%) 

even in 100% extract concentration, further confirming its potential as a biocompatible implant 

material. 

Despite the promising properties observed in the as-cast Mg-Zn-Gd-Zr alloys, they did not 

fully meet the mechanical property requirements for biodegradable implants, particularly in 

yield strength (>200 MPa), elongation (>10%), and biodegradation rate (<0.5 mm/y). 

Therefore, Chapter 6 focused on the effect of extrusion as a secondary processing method to 
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enhance alloy performance. The extruded (extrusion ratio: 12:1) Mg-Zn-Gd-Zr alloys 

demonstrated significant improvements in tensile strength and ductility, with all compositions 

achieving YS > 200 MPa and % elongation > 10, making them suitable for orthopedic 

applications. Among the studied alloys, Mg-10Gd-1Zn-0.5Zr exhibited optimum tensile 

properties [YS: 260 (±9.29) MPa, UTS: 328 (±15.8) MPa and %Elongation: 12.76 (±2.36)], 

due to higher dislocation density, lower Schmid factor, and strong basal texture development 

during extrusion. Biodegradation and biocompatibility studies further reinforced the suitability 

of the alloy, as Mg-10Gd-1Zn-0.5Zr exhibited over 95% cell viability in 100% extract. 

Additionally, the alloy maintained mechanical integrity even after immersion in cell culture 

medium for 14 days, as it showed only a moderate reduction in UTS (16.17%), YS (7.41%), 

and elongation (45%). Given its outstanding performance, Mg-10Gd-1Zn-0.5Zr was selected 

for in vivo testing, where subcutaneous implantation in rats confirmed a degradation rate of 

0.35 (±0.04) mm/y after 30 days, aligning with clinical requirements (<0.5 mm/y). Histological 

analysis of vital organs further revealed no adverse effects, indicating that the degradation 

products were biocompatible.  

Overall Conclusions 

The present study established that Mg-Zn-Gd-Zr alloys have a strong potential as 

biodegradable orthopedic implants, provided they undergo careful alloy design and secondary 

processing. The key findings of the research work are: 

1. Zr addition significantly improves grain refinement, enhancing corrosion resistance and 

tensile properties. 

2. The Zn/Gd ratio plays a crucial role in tailoring the microstructure that allowing fine-

tuning of tensile and degradation properties. 

3. Extrusion processing effectively enhances mechanical integrity and biodegradation 

behavior, making Mg-Zn-Gd-Zr alloys more viable for biomedical applications. 

4. Among all compositions, Mg-10Gd-1Zn-0.5Zr demonstrated the best overall 

performance, with superior strength, high cytocompatibility, and controlled 

biodegradation in vivo, making it a strong candidate for next-generation biodegradable 

orthopedic implants. 
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These findings provide a solid foundation for further development of Mg-based biomaterials, 

potential alternative to WE43. Future research should focus on long-term in vivo studies and 

clinical validation to fully establish Mg-Zn-Gd-Zr alloys as viable implant materials. 

7.2 Future Perspectives 

Although Mg-10Gd-1Zn-0.5Zr showed strong potential as a biodegradable implant, further 

validation is required through longer-term in vivo studies in different animal models. Further 

improvement in strength properties and degradation resistance ensure the suitability of the alloy 

for the said applications.  Improvements in alloy purity, further microstructural optimization 

through extrusion and surface treatment, mainly biocompatible coatings could further enhance 

performance of the alloy. Thus some of the key aspects that can be focused on the future work 

are: 

 Alloy purity: Impurities play a vital role in deciding the corrosion or degradation 

behavior of Mg alloys. Threshold of impurity elements in commercial Mg alloys: Fe < 

50 ppm, Ni < 50 ppm and Cu < 300 ppm. However, even the Mg-10Gd-1Zn-0.5Zr alloy 

which showed better degradation resistance had 180 ppm of Fe, 51 ppm Cu and 44 ppm 

of Ni. Thus strategies such as using high pure elements, or by using Ni free stainless 

crucibles (to reduce Fe and Ni contamination from crucible) and by adding Mn (to 

reduce Fe contamination), the degradation resistance can be enhanced even further. 

 Optimization of extrusion process: All the alloys were extruded under identical 

conditions however, not with the optimum conditions as none of the studied alloys 

achieved complete recrystallization after extrusion. Optimizing the extrusion 

parameters, such as extrusion ratio and extrusion temperature, to achieve a fully 

recrystallized microstructure can ensure uniform and better tensile and degradation 

properties.  

 Biocompatible coating: Biocompatible coatings play a crucial role in delaying the initial 

degradation and enhancing biocompatibility of Mg-RE alloys for biodegradable 

implants. coatings such as calcium phosphate (CaP), hydroxyapatite (HA), 

biodegradable polymers (e.g., PLGA, PLLA, chitosan) etc., can act as protective 

barriers, reducing early corrosion and controlling ion release. 

 Detailed in-vivo studies: Extended in vivo studies need to be conducted, at least for 3–

6 months in rat or rabbit models to understand long-term implant behaviour. Similarly, 
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implantation in different locations (subcutaneous, femoral bone etc.,) and under 

different conditions (fracture and non-fracture model, etc.) are also provide more 

insights about the alloy behaviours.    
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Magnesium (Mg) and its alloys have emerged as promising biodegradable materials for 

orthopaedic implants due to their ability to mitigate stress shielding effect and naturally degrade 

in the human body. However, their clinical application is hindered by challenges such as rapid 

degradation and lower tensile strength. This research presents a systematic investigation into 

the microstructural, mechanical, and biological properties of Mg-Zn-RE (rare-earth) alloys, 

with a focus on optimizing alloy composition and processing routes to enhance their 

performance as biodegradable implants. The study explored the effects of rare-earth elements 

(Gd and Nd), grain refinement through zirconium (Zr), and Zn/RE ratio variations on the 

microstructure, corrosion resistance, and mechanical properties of Mg-Zn-RE alloys. Initial 

corrosion studies in 1 wt.% NaCl revealed that Mg-4Zn-1Nd exhibited superior corrosion 

resistance due to grain refinement and the formation of a protective Nd₂O₃ layer. Although the 

Mg-4Zn-1Gd alloy had lower corrosion resistance, the introduction of Zr significantly refined 

the grain structure, improving its tensile properties and corrosion resistance. Further 

investigations into Zn/Gd ratio variations led to the development of Mg-10Gd-1Zn-0.5Zr, 

which exhibited the best combination of tensile strength and degradation resistance. The 

presence of long-period stacking order (LPSO) phases contributed to superior yield strength, 

while the formation of a protective Gd₂O₃ layer reduced degradation rates, making it a strong 

candidate for load-bearing orthopaedic applications. However, as-cast alloys did not meet the 

required tensile properties for biomedical use, necessitating secondary processing. To address 

this, extrusion processing was employed, resulting in a significant enhancement in mechanical 

properties and biodegradation behaviour. The extruded Mg-Zn-Gd-Zr alloys demonstrated 

yield strength (YS) > 200 MPa and elongation > 10%, with Mg-10Gd-1Zn-0.5Zr exhibiting 

the highest mechanical performance (YS: 260 MPa, UTS: 328 MPa, %Elongation: 12.76). 

Biocompatibility assessments using MG63 cell lines confirmed excellent cytocompatibility, 

with Mg-10Gd-1Zn-0.5Zr achieving >95% cell viability in 100% extract concentration. Given 

its superior properties, Mg-10Gd-1Zn-0.5Zr was selected for in vivo testing via subcutaneous 

implantation in Sprague Dawley rats for one month. The alloy exhibited a degradation rate of 

0.35 mm/year, well within clinically acceptable limits (<0.5 mm/year), with no observed 

toxicity to surrounding tissues. Histological analysis confirmed excellent biocompatibility, 

further validating its potential as a biodegradable implant material. 
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Abstract 

Magnesium alloys have emerged as promising candidates for biodegradable bio-implant 

applications due to their inherent biocompatibility, favorable mechanical properties, and 

natural ability to degrade in vivo. In this presentation, we focus on the development and 

characterization of Mg-RE (rare earth) based alloys tailored for orthopedic implant 

applications. Our research explores the influence of rare earth additions on the microstructure, 

corrosion behavior, and mechanical performance of these alloys, aiming to achieve an optimal 

balance between strength, controlled biodegradation, and biocompatibility. 

Key investigations include the evaluation of processing routes ranging from 

conventional casting to advanced extrusion techniques to refine grain structures and enhance 

corrosion resistance. Electrochemical assessments, hydrogen evolution tests, and in vitro 

cytocompatibility assays collectively indicate that select Mg-RE compositions exhibit a 

controlled degradation rate, superior tensile properties, and excellent cell viability under 

simulated physiological conditions. These findings underscore the potential of Mg-RE based 

alloys as next-generation biodegradable implants, offering a viable alternative to conventional 

permanent metallic implants while mitigating the risks associated with stress shielding and 

premature failure. The presentation will address both the current challenges and future 

prospects in the application of magnesium alloys for bio-implant applications, providing 

insights into their clinical translation. 
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Abstract 

Being a biocompatible metal with similar mechanical properties as bones, magnesium 

bears both biodegradability suitable for bone substitution and chemical reactivity detrimental 

in bio-ambiences. Hence, extensive research is focused on the development of Mg based alloys 

with superior mechanical and degradation performance. Among the different alloy systems 

being pursued, combination of rare earth and zinc with magnesium shows promising properties 

as a potential bio degradable implant. To benefit biomaterial applications of Mg, different 

alloys with varying Zn/Gd ratios ranging from 0.1 to 3 were extruded at an extrusion ratio of 

12.25:1 and a die temperature of 3500C. As the Zn/Gd ratio of alloys varies the major secondary 

phases changes from W (Mg3Zn3Gd2), X (Mg12GdZn) and I (Mg3Zn6Gd) which influences the 

mechanical as well as biological characteristics of the alloys. X phase containing Mg-10Gd-

1Zn-0.5Zr alloy showed highest yield strength and ultimate tensile strength of 270 and 330 

MPa respectively and its elongation is 12%. The biodegradation rate was the lowest for Mg-

10Gd-1Zn-0.5Zr as well as it showed the highest viability and cell proliferation. The optimum 

combination of mechanical strength as well as biological characteristics of Mg-10Gd-1Zn-

0.5Zr alloy is really promising and needs further validation using in vivo analysis. 
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Corrosion Behavior of Mg-Zn-RE Alloys (RE=Gd, Y, Nd)
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The effect of different rare earth elements (Gd, Y, Nd) with similar atomic percentage on the corrosion
behavior of Mg-1.52Zn (at.%) was investigated. The secondary phases and corrosion film formed on the
surface of the alloys during immersion in aqueous NaCl solution affects the corrosion behavior of the alloy.
The electrochemical, weight loss and hydrogen evolution tests revealed that corrosion rate of Mg-1.52Zn-
0.15Gd was the highest and the corrosion rate of other three alloys were almost similar. The discrete second
phases in Mg-1.52Zn-0.15Gd acted as severe cathodes to the matrix and accelerated the micro-galvanic
corrosion whereas network shaped and uniformly distributed phases in Mg-1.52Zn-0.15Nd alloy effectively
retarded corrosion. The immediate formation of Nd2O3 in the corrosion film of Mg-1.52Zn-0.15Nd alloy
also contributed in improved corrosion resistance. Dominant presence of Y2O3 in Mg-1.52Zn-0.16Yalloy
contributed to its better corrosion resistance.

Keywords B. magnesium, C. rare earths, corrosion

1. Introduction

The high strength to weight ratio, low density, high specific
strength, specific stiffness and appreciable biocompatibility of
magnesium and its alloys makes them suitable for applications
in aerospace, automobile and biomedical industries (Ref 1, 2).
Further wide spread use of Mg alloys is possible by improving
the corrosion resistance (Ref 3, 4). Researchers are constantly
working to enhance the corrosion resistance of Mg alloys by
analyzing the role of different alloying elements in corrosion
behavior (Ref 5, 6). Among the alloying elements, rare earth
(RE) improve the corrosion resistance of Mg based alloys
significantly (Ref 7–9). The enhancement of corrosion resis-
tance of Mg-RE based alloys is attributed to (1) the presence of
RE elements in the surface film which enhances the protective
nature of the surface film thereby reducing the dissolution of
the alloy (2) scavenger effect, i.e., RE elements form inter-
metallic phases with the common impurity elements found in
Mg alloys such as Fe, Cu and Ni and thus the micro-galvanic
corrosion associated with these impurities is reduced (Ref 9,
10). In addition, the Mg-RE based alloys invites special
attention as they find application in biomedical industries due to
their optimum combination of mechanical strength and
biodegradation.

The effect of different REs on the corrosion behavior of Mg-
RE binary alloys were investigated earlier (Ref 11, 12). Birbilis
et al. (Ref 11) reported that Mg-Ce alloy exhibited highest
corrosion rate compared with Mg-Nd or Mg-La alloys, and also
found that an increase in the volume fraction of secondary
phases in all these alloys resulted in an increase in corrosion
rate. Moreover, the micro capillary electrochemical test
revealed that Mg12Ce was the most inert and Mg12La was the
least inert, thus Mg-Ce alloys suffered severe micro-galvanic
corrosion due to the presence of secondary phases (Ref 11). In
contrast, Azzedine et al. (Ref 12) reported that Mg-Ce binary
alloy showed better corrosion resistance than that of Mg-La and
Mg-Nd. With different RE elements studied, they found that
corrosion rate of alloys increased in the following order: Mg-
0.41Dy<Mg- 0.3Ce<Mg-0.63Gd<Mg- 1.44Nd<Mg-1.43La
(wt.%). The presence of complete protective oxide film formed
in Mg- 0.41Dy, and partially protective oxide film formed on
Mg- 0.3Ce, Mg- 1.44Nd and Mg-0.63Gd were reported to
contribute in corrosion resistance of these alloys. Although the
corrosion mechanism of Mg- 0.3Ce, Mg- 1.44Nd and Mg-
0.63Gd were similar, the small grain size (70 μm) observed in
Mg-0.3Ce alloy enhanced the corrosion resistance whereas the
presence of diverse secondary phases (Mg12Nd, Mg41Nd5 and
Mg24Nd) in Mg- 1.44Nd resulted in its poor corrosion
resistance compared to Mg- 0.3Ce and Mg-0.63Gd. The poor
corrosion resistance of Mg-1.43La alloy was attributed to the
presence of Mg12La secondary phase along the grain bound-
aries. It should be noted that the weight percent of RE elements
were not uniform in these alloys and the effect of volume
fraction of secondary phases on the corrosion behavior was not
discussed.

Recently, combination of RE and Zn in Mg alloys draw a
special attention due to the enhanced mechanical properties as
well as corrosion resistance (Ref 13, 14). Moreover, ZE41 (Mg-
4Zn-1RE, wt.%) alloy already find potential applications
ranging from aerospace to biomedical industries (Ref 15, 16).
In early stage of development, La based misch metal (MM)
were added to Mg-Zn to prepare ZE alloys. Later MM was
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replaced by Nd for the better mechanical properties. As
observed in Mg-RE binary alloys, corrosion rate of Mg-Zn-RE
alloys is influenced by RE elements as different elements
introduce different secondary phases with different electro-
chemical behaviors. However, a study devoted to establish the
influence of different REs on the corrosion behavior of Mg-Zn-
RE alloys is not reported elsewhere. Given this background,
four different Mg-Zn-RE alloys (RE=Gd, Y and Nd) were
prepared (having same at.% of RE and Zn, to replicate ZE41
alloys) and the effects of these REs on the microstructure and
corrosion behavior of Mg-Zn-RE alloys were investigated.

2. Materials and Methods

2.1 Materials Preparation

The magnesium alloys with compositions of Mg-1.52Zn-
0.15Gd, Mg-1.52Zn-0.16Y and Mg-1.52Zn-0.15Nd (at.%,
hereinafter referred to as GZ, YZ and NZ, respectively) were
prepared in a steel crucible protected by a gas mixture of Ar
+0.02% SF6. The alloys were prepared using Pure Mg, Zn, Y,
Gd and Mg-30Nd master alloy. The required amount of Mg
ingots was melted and at 740 °C RE and Zn was added. The
chemical composition the alloys analyzed using ICP-AES is
shown in Table 1. After the complete addition of different
elements, the melt was stirred manually for 2 min. to achieve a
homogeneous composition as well as to ensure the complete
dissolution of these elements. The superheated melt was then
poured into a preheated (300 °C) steel mold to obtain a casting
block of size 200 mm9120 mm925 mm.

2.2 Microstructure Characterization

The microstructure of the alloys was observed using Leica
DMRX optical microscope and the grain size and volume
fraction of the secondary phases were measured using imageJ
software (free software). The grain size measurement was done
using linear intercept method. The microstructure and corrosion
morphology of the alloys were observed using a scanning
electron microscope (SEM, Zeiss EVO 18 cryo-SEM) equipped
with energy dispersive X-ray spectroscopy (EDS). The spec-
imens prior to microstructural observations were ground with
different grades of SiC abrasive papers followed by cloth
polishing with 1 µm alumina suspension. Subsequently, the
specimens were etched in a solution of 6 g picric acid, 5 mL
glacial acetic acid, 10 mL distilled water and 100 mL ethanol
for 5 s.

2.3 Corrosion Studies

2.3.1 Electrochemical Measurements. The electrochem-
ical tests were performed using AMETEK VersaStat 4, with
reference electrode of saturated calomel electrode (SCE),

counter electrode of platinum mesh, and the working electrode
as sample. The tests were performed under ambient conditions
(room temperature 25±1 °C) and in electrolyte of 1 wt.%
NaCl. A sample surface area of 1 cm2 was exposed to 200 mL
electrolyte solution throughout the testing period. The samples
were immersed in the electrolyte for 30–40 min. prior to open
circuit potential (OCP) measurements. The samples were
scanned at a rate of 1 mV/s from−250 to+350 mV with
respect to their OCP values. The corrosion potential (Ecorr vs.
SCE) and corrosion current density (icorr) were obtained from
the Tafel plot. The impedance of the alloys was measured at
their OCP with a peak-to-peak amplitude of 10 mV in the
frequency range from 104 to 10–1 Hz. The impedance values of
all the alloys were fitted using equivalent circuit and the
corresponding circuit element values were obtained from
ZSimpWin 3.21 software. The electrochemical tests were
performed three times for repeatability. Electrochemical exper-
iments were done according to ASTM G3-89 (Ref 17).

2.3.2 Weight Loss Measurement. Weight loss measure-
ment was performed on samples having dimension of 15 mm9
15 mm93 mm maintaining solution volume to surface area as
50 mL/cm2. Each cleaned and weighed samples were immersed
separately in 1 wt.% NaCl solution for a period of 1, 3, 7 and 14
days at room temperature (25±1 °C). Distilled water followed
by ethanol was used to clean the samples after weight loss
measurement. The corrosion products were removed using
chromic acid (180 g/l) at room temperature for 10 min
according to ASM handbook on Magnesium and Magnesium
alloys (Ref 18). The following formula was used for calculating
the corrosion rate of samples in millimeter per year (mm/y):

Corrosion rate ¼ 8:76X104XD
qXAXt

ðEq 1Þ

where Δ is weight loss in g, A is total surface area in cm2, ρ
is density of the alloy in g/cm3, t is immersion time in h. The
weight loss measurements were done in accordance with
ASTM G31-72 (Ref 19).

2.3.3 Hydrogen Evolution Test. Reduction in hydrogen
ions is the main cathodic reaction during the corrosion of
magnesium alloys. Hence, volume of hydrogen evolved during
corrosion can be related to the corrosion rate of magnesium
alloys. Hydrogen evolution tests were done using samples
having dimension of 15 mm915 mm93 mm. Similar to
weight loss measurement test, solution volume to surface area
of 50 mL/cm2 was maintained. The hydrogen evolution tests
were carried out for 14 days and the evolved hydrogen was
collected using a setup similar to eudiometer (Ref 20).

2.4 Corrosion Surface and Corrosion Product Analysis

2.4.1 X-ray Photoelectron Spectroscopy (XPS). The
composition of the oxide layers formed on the surface of the
alloys immersed in 1 wt.% NaCl solution for 30 min. were

Table 1 Chemical composition of the developed alloys (at.%)

Nominal composition

Analyzed chemical composition (at.%)

RE Zn Fe Cu Ni Mg

Mg-1.52Zn-0.15Gd (GZ) 0.146 1.42 0.0068 0.0036 0.0012 Bal
Mg-1.52Zn-0.16Y (YZ) 0.157 1.45 0.0072 0.0046 0.0020 Bal
Mg-1.52Zn-0.15Nd (NZ) 0.148 1.44 0.0087 0.0041 0.0033 Bal
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studied using XPS (PHI 5000 VersaProbe II, ULVAC-PHI Inc.,
USA) equipped with micro-focused (200 μm, 15 KV)
monochromatic Al-Kα X-Ray source (hν = 1486.6 eV). XPS
data were analyzed using multipak software in the instrument.

2.4.2 2.4.2. X-ray Diffraction (XRD). XRD studies were
carried out on the corrosion product collected from the samples
immersed in 1 wt.% NaCl for 14 days. Cu-Kα radiation
(wavelength λ=0.15406 nm, voltage=40 kV and current=40
mA) was used to carry out the analysis with a scanning range of
10–90° (step interval=0.033°, scan rate=0.05/s). XRD data
analysis was done using X’Pert highscore Plus 2.1 software.

3. Results

3.1 Microstructure

The grain size of the alloys was different owing to the
different RE elements (Fig. 1). Lowest grain size was seen in
Nd containing alloy whereas highest grain size in Y containing
alloy. The average grain size of the alloys GZ, YZ and NZ were
260 (±43.96), 522 (±17.24) and 164 (±11.06) μm, respec-
tively. The measured volume fraction of secondary phases in
GZ, YZ and NZ were 12, 10 and 15%, respectively. Although a
significant change in volume fraction of secondary phases was
not observed, the alloy with slightly higher volume fraction of
secondary phases (NZ) exhibited relatively finer grain size.

Figure 2 shows the SEM micrographs of the developed
alloys and Table 2 shows EDS analysis of various phases
observed in these alloys. The GZ and YZ alloys had bulk
secondary particles distributed along the grain boundaries
[Fig. 2(a and b)] whereas NZ alloy had network of secondary
phases distributed more evenly throughout the grain/dendritic
boundaries [Fig. 2(c)]. GZ alloy consisted of secondary phases
with different morphologies as seen in Fig. 2(a). Elongated
phases and large spherical particles [shown as A & B in Fig. 2
(d)] had stoichiometric composition of Zn/Gd ratio equal to
3.21 and 4.17, respectively, which are close to the ideal ratio 2
reported for W (Mg3Zn3Gd2) phase (Ref 20). The cuboid
phase, marked as C in Fig. 2(d), was identified as Mg5Gd. EDS
analysis of small spherical particles, [marked as D in Fig. 2(d)],
revealed that these were Mg-Zn binary phases. EDS analysis of
bulk phases in YZ alloy [marked as A and B in Fig. 2(e)]

suggested that the Zn/Gd ratio was 5.28 and 4.97, respectively,
which is close to the ideal Zn/Gd ratio of 6 for I phase
(Mg3Zn6Y) (Ref 21). Small spherical particles marked as C and
D in Fig. 2(e) were Mg-Zn binary phases. Unlike GZ and YZ
alloys, a semi network of secondary phases along with small
sized particles were observed in NZ alloy. From the EDS
analysis, both these phases [marked as A, B and C in Fig. 2(f)]
were identified as T (Mg7Zn3Nd) phases as the measured
composition of Mg, Zn and RE were approximately 7:3:1 (Ref
22, 23). Though few binary phases were (Mg-Zn, Mg-RE)
observed in all alloys, ternary phases such as W phase in GZ, I
phase in YZ, and T phases in NZ alloy were dominant.

3.2 Electrochemical Measurement

The cathodic and anodic branches of a polarization curve
represents the hydrogen evolution and Mg matrix dissolution,
respectively, during the polarization measurement. The polar-
ization curves (Fig. 3) and Table 3 show that the YZ Alloy had
a more negative Ecorr compared to that of GZ alloy. However,
icorr value of YZ alloy was lower than that of GZ indicating that
YZ had better corrosion resistance. The lower corrosion
potential of YZ alloy indicated that the corrosion potential
difference between Y containing secondary phases and Mg
matrix was lower and hence resulted in lesser cathodic activity
as evident from the cathodic branch of polarization curve.
Though NZ alloy showed higher cathodic activity (relatively
high cathodic current density at all cathodic potentials), it
exhibited a more positive corrosion potential due to the lesser
anodic dissolution behavior. However, the icorr of alloys NZ
were the lowest.

Electrochemical Impedance behavior of alloys after immer-
sion in 1 wt.% NaCl for 30 min., and 1, 3, 7 and 14 days (Fig.
4) show that initially all the alloys had a similar behavior
(although the dimensions of the loops seem to be different
indicating marginal differences in corrosion rates). The Nyquist
plots of alloys measured after 30 min. immersion in electrolyte
[Fig. 4(a)] showed two capacitive loops: well defined at high-
medium frequencies and depressed at low frequencies. How-
ever, all the alloys showed inductive loop [Fig. 4(b)] after 1 day
immersion indicating the initiation of pits. Also the capacitive
loops became single with reduced diameters suggesting that the
dissolution of corrosion layers occurred. Similarly, the contin-
uous decrease in size of the capacitive loops after 3, 7 and 14

Fig. 1 Optical micrographs of the developed alloys (a) GZ, (b) YZ, (c) NZ
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days of immersion indicated that the corrosion layer was
unstable and leading to continuous dissolution of alloys.
However, initially the alloys showed strong inductive loops
after 1 day immersion but as immersion time increased this
behavior was suppressed. It seems that the formation of pits
during initial stage of corrosion leads to a strong inductive loop
whereas spreading of pits further into the matrix leads to
weakened inductive loops (Ref 20, 24, 25).

For more details on the corrosion characteristics of the
alloys, the EIS spectra were fitted using the equivalent circuits
as shown in Fig. 5. The data were fitted using ZSimpWin 3.20
software where, Rs refers to solution resistance, Rct represents
charge transfer resistance, CPEdl represents electric double
layer capacitance at the interface of substrate and solution, Rf

represents film resistance, CPEf represents film capacitance,

and RL and L represents resistance and inductance of the low
frequency inductive loop, respectively. The capacitive loop at
high frequencies represents double layer capacitance and
charge transfer resistance. The resistance offered by the

Fig. 2 SEM micrographs of alloys (a&d) GZ, (b&e) YZ, (c&f) NZ

Table 2 EDS analysis of different secondary phases in the
alloys

Alloy Position

Elements (at.%)

PhaseMg Zn RE

GZ Figure 2 (d)-A 61.9 28.83 8.97 W (Mg3Zn3Gd2)
Figure 2 (d)-B 69.35 24.73 5.92 W (Mg3Zn3Gd2)
Figure 2 (d)-C 76.53 1.37 22.09 Mg5Gd
Figure 2 (d)-D 87.34 10.94 1.73 Mg-Zn binary
Figure 2 (d)-E 98.5 1.05 0.45 Matrix

YZ Figure 2 (e)-A 71.07 24.33 4.6 I (Mg3Zn6Y)
Figure 2 (e)-B 50.98 40.91 8.11 I (Mg3Zn6Y)
Figure 2 (e)-C 91.33 7.59 1.07 Mg-Zn binary
Figure 2 (e)-D 78.75 18.72 2.53 Mg-Zn binary
Figure 2 (e)-E 98.79 1.21 0.01 Matrix

NZ Figure 2 (f)-A 71.9 22.11 6 T (Mg7Zn3Nd)
Figure 2 (f)-B 72.03 22.58 5.38 T (Mg7Zn3Nd)
Figure 2 (f)-C 69.52 24.17 6.31 T (Mg7Zn3Nd)
Figure 2 (f)-D 98.82 1.11 0.07 Matrix

Table 3 OCP, Ecorr and icorr values of alloys obtained
from polarization measurements in 1 wt.% NaCl

Alloy OCP, mV vs SCE Ecorr, mV vs SCE icorr, μA/cm
2

GZ −1571 −1486 12.58
YZ −1554 −1500 10
NZ −1423 −1430 5.16

Fig. 3 Polarization curves of alloys in 1 wt.% NaCl solution at
25 °C
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corrosion film on the surface was indicated by the capacitive
loop at medium or lower frequencies. Inductive loop is an
indication of the failure of the surface film and initiation of pits
(Ref 20, 26). The polarization resistance Rp (Rct + Rf or Rct + Rf

+ RL) (Ref 27–29) calculated for all the alloys (Fig. 6) after 30
min. immersion indicated that NZ alloys had the highest
whereas GZ alloys had the lowest resistance which was in
agreement with the icorr values obtained from Tafel plots. After
1 day of immersion, due to inductive loops at lower frequencies
the Rp values of all the alloys dropped. However, beyond 3
days the resistance of the alloys had only a marginal change till
the 14 days immersion. GZ alloys exhibited lowest resistance at
all immersion times indicating that it was most susceptible to
corrosion among the studied alloys.

3.3 XPS Analysis of Corrosion Layer

To analyze the composition of corrosion layer, XPS
measurements were done on the samples immersed in 1wt.%
NaCl for 30 min. Depth profiling measurement was carried out
for 1800 seconds of sputtering and the sputtered depth was
calculated from a related removal rate of 20 nm/min. for SiO2

which was found to be approximately 600 nm (The sputtering
was not carried out beyond 600 nm due to the limitations of the
instrument and machine safety concerns). The depth profiles of
the corrosion films on the samples (Fig. 7) indicated that the
atomic concentration of Mg at a depth of 600 nm increased in

Fig. 4 Nyquist plots of alloys measured in 1 wt.% NaCl at different times (a) 30 min.; (b) 1 day; (c) 3 days; (d) 7 days; (e) 14 days

Fig. 5 Equivalent circuits used to fit Nyquist plots of the alloys ob-
tained at different immersion times in 1 wt.% NaCl (a) 30 min.; (b)
1–14 days

Fig. 6 (a) Rp (Rct+Rf or Rct+Rf+RL) of alloys obtained from im-
pedance measurement in 1 wt.% NaCl at different immersion time
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the order YZ< NZ< GZ. The above result revealed that after 30
min. immersion, corrosion layer thickness was lowest for GZ
and highest for YZ. Moreover, all the alloys showed the
presence of Zn and relatively minimum or negligible atomic
concentration of rare earths in the corrosion layers. In contrast,
an appreciable amount of Nd was present in the oxide layer on
NZ alloy from the surface to the end of sputter depth up to 600
nm.

The DP-XPS spectra of O1s, Mg2p and Zn2p3 of the alloys
were similar. Therefore, for analysis, XPS depth profiling (DP-
XPS) spectra of O1s, Mg2p and Zn2p3 of the corrosion film on

the GZ alloy is shown in Fig. 8. The higher bond energy (BE)
peak centered at 533.5 eV in O1s spectra [Fig. 8(b)] and the
broader low BE peak at 300 nm depth centered at 531 eV
confirmed the presence of hydroxide and oxide state of oxygen,
respectively (Ref 14). Mg2p spectra [Fig. 8(a)] were in good
agreement with the O1s spectra [Fig. 8(b)]. The Mg2p spectra
of the surface of GZ alloy shows the BE peak is centered
between 49.5 eV (Mg(OH)2) and 50.25 eV (MgO). The energy
peak at 49.6 eV and 51 eV at 400 nm corresponded to
magnesium hydroxide and magnesium oxide (Ref 30). Energy
peak of Mg2p spectra at 600 nm shows the presence of Mg

Fig. 7 Depth profile analysis of the corrosion layers on the samples immersed in 1 wt.% NaCl for 30 min. (a) GZ, (b) YZ, (c) NZ

Fig. 8 DP-XPS spectra of the corrosion layers on GZ alloy sample immersed in 1 wt.% NaCl for 30 min. (a) Mg2p (b) O1s (c) Zn2p3
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(49.4 eV) and MgO (50.8 eV). However, the area fraction of the
Mg(OH)2 decreased where as that of MgO and Mg increased as
the sputtering depth increased. This also explains why the
atomic percentage of oxygen decreases as the sputtering depth
increases. Zn2p3 profile [Fig. 8(c)] showed a distinguishable
peak after 400 nm at 1021.2 eV that corresponds to ZnO (Ref
31). However, no such distinguishable peaks were seen in the
DP-XPS spectra of Gd and Y [Fig. 9(a and b)], indicating that
the presence of Gd and Y were minimal in the corrosion film till
600 nm of depth. However, in the NZ alloy presence of broader
BE peaks at 983.2 eV [Fig. 9(c and d)] in Nd3d5 spectra
indicating the presence of Nd2O3 in the corrosion layer.

Thus, the XPS analysis of corrosion layer after 30 min.
immersion revealed that all the alloys consisted of Mg(OH)2 in
the outer layer and MgO and ZnO in the inner layer (Fig. 7). In
addition, NZ alloy had the presence of Nd2O3 in the corrosion
layer. Although the presence of rare earths in GZ and YZ were
minimal in corrosion layer, the surface films were reasonably
protective in nature initially as it was evident from EIS analysis
of the alloys after 30 min. immersion [Fig. 4(a)] that there were
no inductive loops in any of the alloys. The Rp values obtained
using electrochemical impedance measurement (Fig. 6) show
that NZ alloy had the highest resistance at 30 min. immersion
owing to the presence of Nd2O3 on the surface [Fig. 7(d) and
Fig. 11(d)]. Though, YZ alloy had similar surface film

characteristics to that of GZ, yet the Rp value of the YZ alloy
was slightly higher (Fig. 6). This might be due to the thicker
oxide film found in YZ alloy.

Fig. 9 DP-XPS spectra of the rare earth elements on the corrosion layers on the alloys immersed in 1 wt.% NaCl for 30 min. (a) Gd4d (b)
Y3d (c) Nd3d5

Fig. 10 Corrosion rate of the alloys calculated from weight loss
measurement of samples immersed in 1 wt.% NaCl at different
immersion times
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3.4 Weight Loss Measurement

The results of weight loss measurement in 1 wt.% NaCl for
3, 7 and 14 days (Fig. 10) show that GZ alloy exhibited highest
corrosion rate at all immersion time intervals. However,
corrosion rates of other two alloys (YZ and NZ) were similar
and much lower than that of GZ alloy at all-time intervals.
Slight increase in corrosion rate beyond 3 days of immersion
was observed for all these alloys and the corrosion rate was
more or less same till 14 days of immersion. This is in
agreement with the EIS results as the Rp value (Fig. 6)
decreases as immersion time increases but the changes in Rp

values is marginal beyond 3 days immersion.

3.5 Hydrogen Evolution

Figure 11 shows the hydrogen volume measured during
immersion of samples in 1 wt.% NaCl for 336 h (14 days).
Among all the alloys, GZ alloy had the highest slope of
hydrogen volume curve which indicated that it had undergone
severe corrosion compared to rest of the alloys. The measure-
ment for GZ alloy was stopped at 120 h since the maximum
measurable amount of H2 was reached (the maximum limit of
the apparatus was 330 mL). The result of hydrogen evolution of
the alloys was in good agreement with the weight loss
measurements as the total hydrogen evolution volume was
lowest for alloy YZ and highest for alloy GZ.

3.6 Corrosion Product Analysis

The XRD analysis (Fig. 12(a–c)) of the corrosion product
obtained by immersing the samples in 1 wt.% NaCl for 14 days
suggested that they mainly composed of Mg(OH)2 (JCPDS:
019–0771) and traces of ZnO (JCPDS: 001–1136). Other than
these elements the diffraction patterns suggested the presence
of Gd2O3 (JCPDS: 01–088-2165) in GZ alloy, Y2O3 (JCPDS:
039-1063) in YZ alloy and Nd2O3 (JCPDS: 040-1283) in NZ
alloy. As expected, the number of peaks corresponding to
Gd2O3 in GZ alloy was minimal. Interestingly, predominant
peaks corresponding to Y2O3 observed in YZ alloys indicated
the presence of reasonable amount of Y2O3 in the corrosion
product after 14 days of immersion. The above observation was
in contrast to the XPS analysis of 30 min. immersed samples,
where negligible amount of Y2O3 was present in the corrosion

layer in YZ alloy in the beginning of corrosion. Thus the
corrosion layer in the YZ alloy became rich in Y2O3 after long
time immersion which made the otherwise porous oxide layer
more compact and offered better protection to the alloy surface.
No diffraction peaks corresponding to any of the second phases
in the alloys were seen and might be due to the restriction in the
detecting limit of XRD.

3.7 Corrosion Morphology

SEM analysis of the corroded samples at different immer-
sion times were carried out to understand the corrosion
initiation and propagation in the alloys. The second phases in
Mg alloys are usually more inert than α-Mg matrix and they act
as cathodic sites resulting in initiation of corrosion in the matrix
next to the second phase (Ref 4). The corrosion then spreads
and gets accelerated as immersion time increases. The SEM
micrograph of the alloys (Fig. 13(a–c)) immersed in 1 wt.%
NaCl for 30 min. and without removing the corrosion products
revealed that the corrosion was initiated next to the secondary
phases as corrosion products (marked in white arrows) could be
seen in the close proximity of secondary phases. More
corrosion products were seen around the secondary phases in
GZ alloy unlike other alloys, suggesting that secondary phases
found in GZ alloys were more cathodic in nature and
susceptible to severe micro-galvanic corrosion. As the immer-
sion time increased to 12 h, the SEM micrographs of all the
alloys taken after cleaning the corrosion products exhibited a
filament type propagation [Fig. 14(a-c)] of corrosion indicating
the occurrence of filiform corrosion. Filiform corrosion occurs
due to the movement of an active corrosion cell across the
metal surface. Filament head acts as the anode and the tail acts
as cathode. It is usually observed in anodized or protective
coated surfaces. However, the filiform corrosion in uncoated
Mg alloys are also reported due to breakage of protective
corrosion film on the alloy surfaces (Ref 32, 33). The filaments
propagated through the matrix adjacent to the secondary
phases. Pitting corrosion occurred in all the alloys but was
least in YZ alloy. Few secondary phases still intact in the alloys
are shown in Fig. 14(d-f) by white arrows. The cross section of
the alloys after 12 h immersion shows that severe pitting has
occurred in GZ alloy and that the secondary phases are in fact
accelerating the corrosion [Fig. 15(a)]. No such pits were
observed in YZ alloy, and the corrosion product formation
[marked in white arrows, Fig. 15(b)] is also not seen in the
vicinity of I phase [marked in blue arrows Fig. 15(b)]. Similar
to GZ alloy, the cross section of the NZ alloy also showed small
pits; however, the propagation of pits further seemed to be
impeded by the dendritic T phase [marked in blue arrows, Fig.
15(c)]. Similarly, the cross-sectional SEM images of the alloys
immersed after 3 days showed that GZ alloy exhibited severe
pitting corrosion [Fig. 16(a)]. However, careful examination
revealed that the elongated dendritic shaped W phase [marked
in white arrows, Fig. 16(b)] was still intact, although the
corrosion pits were spreading into the grain interior. This
suggests that the dendritic W phase was not accelerating the
corrosion unlike other discrete secondary phases found in GZ
alloy and was able to retard it to an extent. YZ alloy also
showed pits after 3 days immersion [Fig. 16(c)]; however, the
corrosion propagation was not initiated near the I phase. The
cross sectional morphology of the 3 days immersed NZ alloy
showed that T phase [marked in white arrows, Fig. 16(d)] was
able to impede the corrosion propagation.

Fig. 11 Volume of evolved hydrogen from the alloys immersed in
1 wt.% NaCl for 14 days
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4. Discussion

4.1 Effect of Microstructure

Mg is highly active due to the negative standard potential of
about−2.4 V, which is more negative than any other standard

engineering metal. In addition, the non-uniform microstructure,
composition and crystalline orientation in a Mg alloy can
generate micro-galvanic couples. The activity of anodic and
cathodic processes in a Mg alloy vary from area to area, grain
to grain and phase to phase. The Mg matrix with lower alloying
element always acts as a micro anode and gets corroded. On the

Fig. 12 XRD analysis of the corrosion products obtained from samples immersed in 1 wt.% NaCl for 14 days (a) GZ (b) YZ (c) NZ alloys

Fig. 13 Corrosion morphology of alloys immersed in 1 wt.% NaCl for 30 min. without the removal of corrosion products (a) GZ (b) YZ (c)
NZ alloy (corrosion products are marked in white arrows)

Fig. 14 Corrosion morphology of samples immersed in 1 wt.% NaCl after the removal of corrosion product for 12 h (a& d) GZ, (b & e) YZ,
(c & f) NZ (secondary phases are marked in white arrows)
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other hand, the impurity elements, intermetallic particles,
secondary phases and matrix with higher amount of alloying
elements act as micro cathodes (Ref 32, 34). Moreover, the
grain size, volume fraction and distribution of secondary phases
play a decisive role in the corrosion behavior of alloys. Grain
refinement usually decreases the corrosion rate owing to the
formation of a uniform oxide layer over the surface (Ref 35).
The grain size of the studied alloys increase in the order of NZ,
GZ and YZ. However, NZ alloys had only a marginal
difference in grain size. Though the poor corrosion resistance
of GZ alloy could be attributed to the coarse grain structure and
better performance of NZ alloy could be related to the fine
grains, the enhanced corrosion resistance of YZ need further
explanation. In general, the various studies reported on the
microstructure and corrosion behavior of alloys suggests that

the influence of grain size on corrosion resistance is still
ambiguous. In addition, most of the studies have discussed the
effect of change in grain size on corrosion performance of the
same material under varying conditions (Ref 36, 37). The above
observation suggested that grain size is not the deciding factor
in corrosion performance and the influence of secondary phases
must be considered to understand the corrosion behavior of
these alloys.

The secondary phase in Mg alloys can either act as micro
cathode to accelerate corrosion or to retard corrosion by acting
as an effective barrier depending up on the volume fraction and
distribution. This dual role of secondary phase is more obvious
in AZ alloys where continuously distributed β phase (second
phase) effectively retards the corrosion whereas corrosion is
accelerated by the presence of discontinuously distributed β

Fig. 15 Corrosion morphology of the cross section of samples immersed in 1 wt.% NaCl after the removal of corrosion product for 12 h (a)
GZ, (b) YZ and (c) NZ

Fig. 16 Corrosion morphology of the cross section of samples immersed in 1 wt.% NaCl after the removal of corrosion product for 3 days (a
&b) GZ, (c) YZ and (d) NZ
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phase (Ref 14, 38). Although almost all secondary phases
found in Mg alloys are cathodic in nature, the secondary phases
in certain Mg alloys are reported to be relatively anodic, and
corrodes preferentially (Ref 4, 32). In the present study, micro-
galvanic corrosion initiated around the secondary phases in all
the alloys (Fig. 13) and it gradually spread into grain interior
(Fig. 14), indicating that secondary phases present in these
alloys were cathodes to α Mg matrix. It was also evident from
the SEM analysis of YZ alloy after 30 min. immersion [Fig. 13
(b)] that the corrosion products nucleated near the secondary
phases were relatively less. On the other hand, the secondary
phases in GZ alloys were more cathodic [Fig. 3] and more
cluster of corrosion products near the phases in GZ alloy after
30 min. immersion [Fig. 13(a)]. In addition, severe pits in the
corrosion morphology after 12 h immersion [Fig. 14(d)]
suggesting that severe micro-galvanic corrosion occurred in
GZ alloy. Similarly, Tafel analysis (Fig. 3) showed higher
cathodic activity in NZ alloy due to second phase, and the
corrosion pits evident from the SEM analysis of corrosion
morphology after 12 h immersion [Fig. 14(f)] suggesting that
the secondary phase in NZ acted as cathodic and accelerated
micro-galvanic corrosion. In spite of that, the uniformly
distributed network shaped secondary phases in NZ alloys
inhibited the corrosion and improved the overall corrosion
resistance of the alloy. The corrosion barrier effect of network
secondary phases was also evident from the SEM analysis of
corrosion morphology after 12 h immersion [Fig. 14(f)] that
showed a severely corroded matrix surrounded by a network of
secondary phases. Since, only a marginal change was observed
in the volume fraction of secondary phases in the studied alloys
(within a range of 10 to 15%), the effect of volume fraction on
the corrosion behavior of these alloys was minimal. However,
the distribution of secondary phases was different from alloy to
alloy, and continuous network of phases retarded the corrosion
spreading as evident from NZ alloy.

4.2 Effect of Surface Films

The electrochemical reactions when magnesium is exposed
to an aqueous medium are (Ref 14):

Mg ! Mg2þ þ 2e� Anodic reactionð Þ; ðEq 2Þ
2H2O þ 2e� ! H2 þ 2OH� Cathodic reactionð Þ; ðEq 3Þ

Mg2þ þ 2OH� ! Mg OHð Þ2 Product formationð Þ; ðEq 4Þ

Mg þ 2H2O ! Mg OHð Þ2þH2 Overall corrosion reactionð Þ
ðEq 5Þ

The Mg(OH)2 thus formed has a hexagonal crystalline
structure and makes way for an easy basal cleavage. The
hydrogen evolution accompanied with the cathodic reaction
further weaken the surface film. The equilibrium pH of Mg
(OH)2 is around 11 which suggests that the film is non
protective in normal aqueous environments where the pH is
usually less than 11. Moreover, anions such as chloride, sulfate,
and nitrate tends to destroy the passivity of Mg as they are
capable of breaking down the surface film on Mg (Ref 39).
However, the incorporation of alloying elements in the surface
film influences the stability as well as dissolution kinetics of the
film. For example, the presence of Al2O3 in the surface film of
Mg-Al alloy offers better protection to the surface compared to
Mg(OH)2 or MgO (Ref 40, 41). The XPS analysis (Fig. 7-9) of

the corrosion film formed on alloys (after 30 min. immersion in
1 wt.% NaCl solution) and the XRD analysis (Fig. 12) of the
corrosion product after 14 days immersion established that the
corrosion film was dominated by Mg(OH)2, MgO and ZnO
followed by the corresponding rare earth oxides in the alloys.
However, the presence of rare earths oxides was found to be
minimal in GZ alloy. On the other hand, the presence of Nd2O3

in the surface film immediately after 30 min. [Fig. 7(d) and Fig.
9(c)] immersion, and the dominant presence of Y2O3 in the
corrosion product after 14 days immersion in the YZ alloy [Fig.
12(b)] indicated that the presence of RE oxides in the surface
film played a major role in the better corrosion resistance of
these alloys. It was reported that the reason for the enhanced
corrosion resistance of WE43 alloy was due to the enrichment
of Y2O3 in the corrosion products (Ref 42). Similarly, Zhang
et al. reported that the spontaneous formation of Nd2O3 on the
corrosion layer enhanced the compactness of the surface film in
Mg-2Zn-0.2Mn-xNd (Ref 43). Incorporation of the Nd2O3 on
the corrosion film found to improve the corrosion resistance of
AZ91 alloy (Ref 44) as well as in Mg-8Li-3Al-2Zn alloy
containing Nd (Ref 45).

5. Conclusion

● Among the studied RE elements (Gd, Y and Nd) with
similar atomic percentage, corrosion rate of Gd containing
alloy was the highest and Y and Nd containing alloys
were the lowest.

● Although the volume fraction of secondary phases were
similar, secondary phases observed in Mg-1.52Zn-0.15Gd
and Mg-1.52Zn-0.16Y alloys were discrete whereas they
were distributed as network shape in Mg-1.52Zn-0.15Nd
alloys.

● The discontinuously distributed secondary phases acceler-
ated corrosion in Mg-1.52Zn-0.15Gd alloy. On the other
hand, low corrosion potential of second phases and the
presence of Y2O3 in the corrosion layer were attributed to
the better corrosion resistance in Mg-1.52Zn-0.16Y alloy.

● In spite of higher cathodic activity of second phases, the
network morphology as well as the presence of Nd2O3 in
the corrosion layer significantly improve the corrosion
resistance of Mg-1.52Zn-0.15Nd alloy.
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ABSTRACT
Microstructure, mechanical, in vitro and in vivo behavior of extruded Mg alloys with varying Zn/Gd ratios, Mg-2Gd-2Zn-0.5Zr 
(Zn/Gd = 1), Mg-2Gd-6Zn-0.5Zr (Zn/Gd = 3), and Mg-10Gd-1Zn-0.5Zr (Zn/Gd = 0.1) were investigated. The results revealed that 
the major secondary phases such as W (Mg3Zn3Gd2), (Mg,Zn)3Gd, LPSO (Long period stacking order) and I (Mg3Zn6Gd) phase 
in alloys depended on Zn/Gd ratio. These second phases influenced the mechanical as well as biological characteristics of the 
alloys. Among studied alloys, Mg-10Gd-1Zn-0.5Zr alloy showed the highest yield strength and tensile strength of 270 (±9.29) and 
330 MPa (±15.8), respectively, with a reasonably good elongation of 12% (±2.36). The presence of Gd2O3 in the degradation film of 
Mg-10Gd-1Zn-0.5Zr enhanced the resistance offered by the film, which resulted in its lowest biodegradation, better viability, and 
cell proliferation under in vitro condition. The short term (subcutaneous implantation in rats for 1 month) in vivo studies showed 
that the alloy Mg-10Gd-1Zn-0.5Zr degraded at a rate of 0.35 mm/y (±0.02) and did not induce any toxicity to the vital organs.

1   |   Introduction

Magnesium and its alloys have been widely researched as a 
potential biodegradable implant material in recent decades. 
Magnesium is a vital element in the human body, with an adult 
requiring a daily intake of 240–420 mg. Use of magnesium alloys 
can avoid the stress shielding effect observed with permanent 
metallic implants as the Young's modulus and density of mag-
nesium (E = 45 GPa, ρ = 1.7 g/cc) are similar to those of human 
bone (E = 15–25 GPa, ρ = 1.8–2.1 g/cc). Furthermore, magne-
sium has been shown to stimulate bone regeneration when used 
as a bone-regenerative material. The biodegradable nature of 
magnesium in the body makes it a suitable replacement for per-
manent implants, eliminating the need for a second surgery to 
remove the implant. In case of magnesium alloys as implants, 
the degradation products are typically bio-absorbable and can 

be excreted through the kidneys. However, the highly active 
magnesium (−2.37 V vs. SHE) tends to severely degrade in the 
presence of chloride ions in bodily fluids that may results in the 
dissolution of the alloy into the body before bone healing is com-
pleted. Rapid degradation can also lead to the formation of gas 
pockets in adjacent tissues, delaying bone healing. Therefore, re-
searchers focus on developing magnesium alloys with high deg-
radation resistance and mechanical strength that can maintain 
their integrity until bone healing is completed [1–5].

RE added Mg alloys are familiar as addition of RE provide many 
advantages such as enhancing melt purification and improving 
the properties. Rare earth elements acts as nucleation sites for 
various non-metallic inclusions like oxides, sulfide, and nitrides. 
Rare earth elements forms compounds with these inclusions 
which are heavier than the surrounding Mg matrix and thus 
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they settle readily thus enhancing their removal from the melt 
by gravitational forces. This purification process concomitantly 
increases the corrosion resistance, mechanical properties, and 
overall performance of Mg alloys in various industrial applica-
tions. Moreover, the presence of rare earth elements refines the 
microstructure of Mg alloys, resulting in enhanced mechanical 
strength, creep resistance, and ductility. Additionally, the incor-
poration of rare earth elements can also improve the high tem-
perature stability and corrosion resistance of Mg alloys, making 
them suitable for a wide range of applications [6–10]. Though, 
certain RE elements such as cerium, praseodymium, and hol-
mium have been reported to be toxic to the body, elements such 
as gadolinium and neodymium are acceptable up to a specific 
limits [11, 12]. It's worth mentioning that the Mg-RE based 
Magnezix screws developed by Syntellix and drug eluting stents 
(Magmaris) developed by Biotronik, Germany had received CE 
(Conformité Européene) approval for commercial use in 2013 
[13, 14].

Additionally, gadolinium-based particles are used as contrast 
agents for magnetic resonance imaging. Also, Gd has been 
shown to possess anti-inflammatory and immunomodulatory 
properties, which can be beneficial in minimizing adverse tissue 
reactions and promoting the healing process. While challenges 
like controlling the degradation rate and managing the release 
of alloy constituents remain, Gd containing alloys hold poten-
tial in the development of safer and more effective biodegrad-
able implants [15–18]. Studies show that the release of Gd from 
Mg-xGd alloys has been demonstrated to remain below toxicity 
thresholds in cell culture [12, 19]. Furthermore, Mg-10Gd alloy 
has exhibited enhanced osteoblast-induced mineralization in 
cell culture conditions [20]. Cells cultured on Mg-10Gd alloy 
have demonstrated healthy cellular structures, promoting strong 
adhesion to the surface [21]. Krüger et al. [22], studied the degra-
dation behavior of Mg-5Gd and Mg-10Gd screw implants and re-
ported that Mg-10Gd exhibited lower degradation rate, and less 
pronounced texture compared to Mg-5Gd. The weaker texture, 
characterized by a more random orientation of crystallographic 
poles within grains, results in favorable mechanical proper-
ties [22]. Furthermore, Harmuth et al. [23] demonstrated that it 
is possible to tailor the mechanical properties of Mg-Gd alloys to 
meet medical requirements by adjusting the extrusion process 
and Gd content, without affecting the degradation rate.

Moreover, Mg alloys with the combined Gd and zinc have shown 
to enhance both strength and corrosion resistance in magne-
sium alloys. Mg-Zn-Y based alloys are already familiar and sub-
jected to in depth investigations. Gadolinium is also one such 
RE elements having high solubility (22.8%) in Mg, recently con-
sidered as more effective alloying element to Mg. The properties 

of Mg-Zn-Gd alloy can be tailored with different combination 
of Zn and Gd additions as Zn/Gd ratio leads to different ternary 
phases, such as W phase (Mg3Zn3Gd2) with a cubic structure, I 
phase (Mg3Zn6Gd) with an icosahedral quasicrystalline struc-
ture, and X phase (Mg12ZnGd) with a long period stacking order 
(LPSO) structure [18, 24]. As far as medical applications are con-
cerned, the daily allowable limits of zinc and RE in the human 
body are around 15 and 4.2 mg, respectively [11, 25].

In spite of these, Gd added Mg alloys are not explored much as 
like conventional WE43 and Mg-Zn-Ca alloys for biomedical 
applications. In the present work, three different Mg-Zn-Gd-Zr 
alloys with different Zn/Gd ratios were prepared to have differ-
ent ternary phases and studied their mechanical and biological 
properties in extruded condition.

2   |   Materials and Methods

2.1   |   Preparation of Mg-Zn-Gd-Zr Alloys

The alloys Mg-2Gd-2Zn-0.5Zr (GZ22), Mg-2Gd-6Zn-0.5Zr 
(GZ26), and Mg-10Gd-1Zn-0.5Zr (GZ101) were prepared in a 
resistance furnace under a protective gas mixture of argon and 
0.1% sulfur hexafluoride (SF6). Pure magnesium, gadolinium, 
zinc granules, and Mg-30 Zirconium master alloy were used for 
preparation. Magnesium was melted and superheated to 740°C, 
and then gadolinium was added to the melt. After 20 min, zinc 
granules were added, followed by the Mg-30Zr master alloy, and 
the melt was hand-stirred for 2 min to obtain a homogenous 
composition throughout the melt. The melt was poured into 
a preheated (350°C) rectangular-shaped cast iron mold. The 
chemical composition the alloys were determined using ICP-
AES (Table 1). Ingots of 35 mm diameter and 40 mm length were 
machined from the cast blocks and extruded into 10 mm rods. 
The ingots were preheated at 400°C for 1 h and were extruded at 
350°C with an extrusion ratio of approximately 12.25:1.

2.2   |   Microstructure Characterization

The morphology and composition analysis of different phases 
were carried out with a scanning electron microscope (SEM, Carl 
Zeiss EVO18) with energy-dispersive X-ray spectroscopy (EDS). 
The samples for microstructural characterization underwent 
grinding using different grades of SiC papers and by cloth polish-
ing using 1 μm size alumina suspension. The samples were then 
etched using a solution containing 10 mL distilled water, 100 mL 
ethanol, 6 g picric acid, and 5 mL glacial acetic acid. The TEM 
analysis was done in JEOL JEM F 200 with STEM EDA EELS 

TABLE 1    |    Chemical composition of the developed alloys (wt.%).

Nominal composition

Analyzed chemical composition

Gd Zn Zr Fe Cu Ni Mg

Mg-2Gd-2Zn-0.5Zr (GZ22) 1.92 2.05 0.42 0.0089 0.0045 0.0020 Bal.

Mg-2Gd-6Zn-0.5Zr (GZ26) 2.08 6.43 0.48 0.0075 0.0034 0.0032 Bal.

Mg-10Gd-1Zn-0.5Zr (GZ101) 10.24 1.40 0.45 0.0110 0.0051 0.0044 Bal.
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HRTEM. The specimens for TEM observations were initially 
ground to a thickness of 100 μm, then 3 mm discs were punched 
out and thinned down using ion milling (Gatan precision ion-
polishing system). Electron backscatter diffraction (EBSD) anal-
ysis was carried out using a Nova Nano SEM 450 with velocity 
pro EBSD detector at a scan step size of 0.08 μm. The specimens 
for EBSD analysis was electro polished using a solution having 
10% perichloric acid in methanol at 20 V and −15°C. The EBSD 
data was analyzed using TSL OIM software.

2.3   |   Tensile Test

Threaded tensile samples of 6 mm gauge diameter and a gauge 
length of 25 mm were made from extruded rods according to 
ASTM standard B557M-10. The tensile testing was carried out 
at a crosshead speed of 2 mm/min (strain rate: 1.66 × 10−3) and 
at room temperature. Minimum four to five samples from each 
alloy were tested and average values were reported.

2.4   |   In Vitro Biodegradation Behavior

2.4.1   |   Electrochemical Test

The electrochemical experiments were carried out using an 
AMETEK Versastat4 instrument. A saturated calomel elec-
trode (SCE), a platinum mesh, and the specimen were used as 
reference, counter, and working electrodes, respectively. The 
electrochemical experiments were conducted at 37 ± 1°C with 
minimum essential medium (MEM) as the electrolyte. The 
specimen was exposed to α-MEM for around 30 min before open 
circuit potential (OCP) measurement. A scan rate of 1 mV/s and 
a scan range of −400 mV to +400 mV concerning OCP value 
was followed for the Tafel experiment. The impedance values 
of the alloys were measured in the frequency range from 105 to 
10−1 Hz at open potential with a scanning rate of 2 mV/s, and im-
pedance values were fitted using the corresponding equivalent 
circuit using ZSimpWin 3.21 software. The experiments were 
performed in triplicates.

2.4.2   |   Immersion Test

The samples were immersed in cell culture medium contain-
ing MEM supplemented with 10% fetal bovine serum (BSA) 
and 1% penicillin for 14 days, maintaining a medium volume 
to the surface area of sample ratio of 1.25 cm2/mL according to 
ISO 10993 under cell culture conditions (37°C, 5% CO2, 20% O2, 
95% relative humidity). The medium was changed every 2 days 
to maintain the pH and semi-static conditions. After 14 days of 
immersion, the specimens were cleaned using distilled water 
and 100% ethanol. After immersion, the degradation products of 
the samples were removed by immersing them in a chromic acid 
solution (180 g/L) for 15 min at room temperature. The weight 
loss measurement was taken after the 14 days immersion in cell 
culture medium. The formula used for calculating the degrada-
tion rate in millimeters per year (mm/year) is as follows:

Where, ∆g = weight loss (g), ρ = density of the alloy (g/cm3), 
A = exposed area (cm2), and t = exposure time (h) [26].

2.4.3   |   X-ray Photoelectron Spectroscopy (XPS)

The composition of the degradation layer developed on the 
sample surface after being immersed in cell culture medium 
for 24 h was analyzed with PHI 5000 VersaProbe II, ULVAC-
PHI Inc., USA equipped with a micro-focused monochromatic 
Al-Kα X-Ray source (hν = 1486.6 eV) with a spot size of 200 μm 
and an acceleration voltage of 15 kV. The X-ray Photoelectron 
Spectroscopy (XPS) data were analyzed using multipak soft-
ware integrated into the instrument.

2.4.4   |   Mechanical Integrity

The tensile samples were immersed in MEM + 10% FBS under 
cell culture conditions (37°C, 5% CO2, 20% O2, 95% relative hu-
midity) for 14 days before testing. To restrict the degradation on 
the gauge length, the samples were covered using parafilm in 
such a way that the gauge length of the samples were only ex-
posed to the culture medium. The volume of culture medium to 
sample surface area of 1.25 cm2/mL was maintained. The me-
dium was refreshed every 2 to 3 days. After 14 days' immersion 
period, samples were taken out and cleaned with distilled water. 
Then the samples were tensile tested at a cross head speed of 
0.1 mm/min.

2.5   |   In Vitro Cell Culture Tests

2.5.1   |   Extract Preparation

The metallic samples (diameter: 10 mm, height: 2 mm) were im-
mersed in cell culture medium (CCM) containing MEM, 10% 
FBS and 1% penicillin for 3 days by maintaining a medium vol-
ume to the surface area of sample ratio of 1.25 cm2/mL. The su-
pernatant solution was then centrifuged at 3000 rpm for 15 min 
and filtered using a 0.22 μm filter, and the extract was then used 
for indirect cell culture studies.

2.5.2   |   Indirect Cell Viability Tests

2.5.2.1   |   MTT (3-(4,5-Dimethylthiazol-2-Yl) −2,5 Diphen-  
yltetrazolium Bromide) Assay.  MTT assays were 
performed according to ISO 10993:2009 to evaluate the toxicity 
of the alloys. MG-63 cells (from National Centre for Cell Science 
[NCCS] Pune) were cultured with CCM and incubated in a 
CO2 incubator at 37°C. A cell suspension (100 μL) with CCM 
containing 1 × 104 cells was seeded in the 96-well cell culture 
plate. After 24 h, the culture medium was replaced with extracts 
(100%, 50%, or 25%) and was incubated for 1 and 3 days. After 
the specified incubation time, the extracts were discarded, 
and MTT was added to each well (1 μL MTT in 100 μL MEM) 
and was incubated for 2–4 h in the cell culture conditions. After 
incubation, 100 μL of dimethyl sulfoxide (DMSO) was added 
to each well. Viability of cells was determined by measuring 
the absorbance at 570 nm using a TECAN microplate reader 

(1)Degradation rate =
8.76 × 104 × Δg

� × A × t
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(USA). The assay was performed in triplicates, and the percentage 
of cell viability was calculated as follows:

2.5.2.2   |   Elemental Toxicity Evaluation.  The chlorides 
of Mg, Zn, and Gd obtained from Sigma–Aldrich was used 
for elemental toxicity studies. The chlorides were dissolved in sterile 
water at a concentration of 50,000 μM. Cell culture medium was 
used to dilute the chloride solutions to different concentrations. 
The toxicity study was done using MT assay as explained above.

2.5.2.3   |   Live/Dead Staining.  A cell suspension (100 μL) 
with MEM containing 1 × 104 cells was seeded in the 96 
well black cell culture plate. After 24 h, the culture medium 
was replaced with extracts (100%, 50%, or 25%) and was 
incubated for 1 and 3 days. After the specified incubation 
time, the extracts were discarded, and wells were washed 
with 1×-phosphate buffer saline (PBS). The cells were 
stained using acridine orange and ethidium bromide solution 
for 10 min. Finally, wells were rinsed with PBS and observed 
under fluorescence microscope (Olympus IX–83). At least five 
images were taken and analyzed to quantify the fluorescence 
using free software ImageJ.

2.5.3   |   Inductively Coupled Plasma Mass Spectroscopy 
(ICP-MS) Analysis

The extract solutions used for viability studies analyzed using 
ICP-MS to find out the concentration of different elements in 
the solution. Inductively coupled plasma spectrometer iCAP 
RQ (Make:Thermo Scientific) equipped with quadrupole mass 
analyzer and an auto-sampler ASX-280 (Teledyne, CETAC 
Technologies, USA) was used for the multi-elemental analysis.

2.5.4   |   Cell Attachment and Proliferation

2.5.4.1   |   DAPI Staining.  The metallic samples (diameter: 
10 mm, height: 2 mm) were immersed in CCM for 3 days by 
maintaining a medium volume to the surface area of sample 
ratio of 1.25 cm2/mL. After discarding the CCM, 50,000 cells 
were seeded on top of the samples and incubated for 1 h, 
followed by adding 3 mL of CCM to the wells containing 
metallic samples. After 1 and 3 days of culturing, the samples 
were washed using PBS, then stained using DAPI (1:1000 
in MEM) for 15 min. Finally, samples were rinsed with PBS 
and observed using fluorescence microscope (Olympus IX–
83). At least six images were taken and analyzed to quantify 
the cells using the free software ImageJ.

2.5.4.2   |   Cell Observation Using SEM.  The cells were 
seeded on top of the metallic samples as in DAPI staining 
analysis. After the respective incubation, the cells were fixed in 
2.5% glutaraldehyde for 30 min. Then the samples were washed 
with PBS and subjected to gradual ethanol dehydration with 
various concentrations of 10%, 20%, 40%, 60%, 80%, or 100% 
for 10 min each. The samples were air-dried and were images 
were taken using SEM Carl Zeiss EVO18.

2.6   |   In Vivo Studies

2.6.1   |   Animal Model and Experimental Design

The animal experiments conducted in this study were ap-
proved by the institutional animal ethical committee at KMCH 
College of Pharmacy, Coimbatore, India (Approval Number: 
KMCRET/ReRc/Ph.D/33/2021). Sprague dawley rats, aged 
four to 8 weeks and weighing between 180 and 220 g, were ob-
tained and housed in a controlled, pathogen-free environment 
throughout the duration of the experiment. The rats were di-
vided into three groups (n = 3) and underwent anesthesia using 
Ketamine hydrochloride injection. Following anesthesia, the 
rats were shaved, and a subcutaneous injection of buprenor-
phine (0.6 mg/kg) was administered. After sterilizing the area 
with betadine, a 20 mm dorsal midline incision was made over 
the thoracolumbar region. Two tissue scaffolds were inserted 
on both sides, and the adjacent fascia was released. Segments 
of cellular porcine pericardium, measuring 20 mm × 20 mm, 
were placed over the muscle beneath the skin. The samples 
(5 mm in diameter and 2 mm in height) were subcutaneously 
implanted without the need for suturing or fixation. The sub-
cutaneous implantation sites were closed using Vicryl 4-0, and 
topical tetracycline was applied. The rats were then monitored 
for a period of 30 days post-implantation.

2.6.2   |   Histological Evaluation After Surgery

Subcutaneous tissues and vital organs (heart and liver) were 
harvested after 30 days. The subcutaneous tissues and vital 
organs were fixed in 10% formalin and embedded in paraffin. 
The tissue sections were deparaffined by xylol for 5 to 10 min, 
and xylol was removed by 100% ethanol. The tissue sections 
were stained using hematoxylin, counter-stained with 0.5% 
eosin, and observed under microscope for any ultrastructural 
changes.

2.7   |   Statistical Analysis

The data are reported as mean ± standard deviation, and the 
statistical significance of difference between groups was eval-
uated using one-way analysis of variance (ANOVA). A signifi-
cance level of p < 0.05 was considered significant. The statistical 
analyses were conducted using GraphPad Prism 8 software 
(GraphPad Software Inc., San Diego, CA).

3   |   Results and Discussion

3.1   |   Microstructures of As-Cast and Extruded 
Mg-Zn-Gd-Zr Alloys

The SEM micrographs and the EDS analysis of the as-cast 
alloys are shown in Figure  1 and Table  2, respectively. As 
the Zn/Gd ratio varied, the microstructures of alloys also 
showed significant changes. Network-like secondary phases 
were dominant in GZ22 alloy (Zn/Gd ratio of 1) whereas, 
skeleton-shaped secondary phases and discrete particles 
were uniformly distributed in GZ26 alloy (Zn/Gd ratio of 

(2)Cell viability =
Absorbance of sample

Absorbance of control
× 100
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5 of 26

3). GZ101 alloy (Zn/Gd ratio of 0.1) exhibited mainly flake-
like secondary phases. The EDS analysis revealed that the 
network-shaped phase (marked as A in Figure  1d) and dis-
crete particle (marked as B in Figure  1d) in GZ22 had a Zn 
to Gd atomic ratio of 1.92 and 1.79, respectively, which is 
close to the ideal atomic ratio of 1.5 for Mg3Zn3Gd2 phase (W 
phase). Similarly, the skeleton-shaped phase (marked as A in 
Figure 1e) in GZ26 had a Zn/Gd atom ratio of 2.23 which is 
similar to the W phase, and small discrete particles (marked as 
B in Figure 1e) had a Zn/Gd atom ratio of 7.08 which is close to 
the ideal Zn/Gd ratio of 6 for Mg3Zn6Gd phase (I phase). The 
flake-like phases (marked as A in Figure 1f) and other discrete 
phases (marked as B and C in Figure 1f) in GZ101 had a Zn/
Gd ratio close to 0.6. However, the stoichiometric composition 
of this particular phase was not similar to the well-reported 
(Mg,Zn)3Gd phase found in high Gd containing Mg-Gd-Zn al-
loys in the literature [27, 28]. Hence TEM analysis was carried 
out to identify the phase (Figure 2a) and confirmed that the 
phase was (Mg,Zn)3Gd phase with face-center-cubic structure 
with a lattice constant of 0.73 nm. Also, the TEM micrograph 
showed the presence of LPSO phase in α-Mg matrix of GZ101 
(Figure 2b).

The number of different secondary phases in the alloys was an-
alyzed using SEM analysis by considering at least 800 particles 
in each alloy (Figure  3). For making the analysis simple, Zn/
Gd ratio between 0 and 0.5 was considered as the Mg-Gd binary 
phase, 0.5 to 1 as (Mg,Zn)3Gd, 1 to 3.5 was considered as the W 
phase, 3.5 to 8.5 was I phase and greater than 8.5 was consid-
ered as Mg-Zn binary phase. The analysis revealed that GZ22 
had 75% of the W phase, GZ26 had 43.7% I phase and 29.5% W 
phase, and GZ101 had 72.7% (Mg,Zn)3Gd phase. Thus the major 
ternary phases were found to be the W phase in GZ22, a mixture 
of W and I phase in GZ26, and (Mg,Zn)3Gd phase in GZ101 alloy.

In general, the secondary phases in all the alloys seemed to have 
fragmented during the extrusion process, and the distribution 
seems almost uniform (Figure 4). The network-shaped W phase 
observed in the as-cast GZ22 alloy was broken into discrete par-
ticles. In the case of GZ26 alloys, the skeleton-shaped W phases 
were not entirely broken down, as there were still a few phases 
that retained their cast morphology in the extruded state. The 
secondary phases in GZ101 alloy were distributed uniformly 
throughout and had the highest volume fraction of secondary 
phases.

FIGURE 1    |    SEM micrographs of as-cast alloys (a, d) GZ22, (b, e) GZ26, and (c, f) GZ101.
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The grain boundary overlaid inverse pole figure (IPF) maps 
(Figure 5a–c) of the alloys showed a bimodal microstructure 
for all the alloys with fine equiaxed grains and elongated de-
formed grains. The above observation might be due to an in-
sufficient extrusion ratio (12.25:1) or due to the segregation 
of rare earth elements at grain boundaries that could hinder 
the dynamic recrystallization (DRX) by arresting the grain 
boundary mobility, leading to a non-uniform grain size dis-
tribution [29–31]. Kernel average misorientation (KAM) maps 
were used to identify the localized lattice distortions, and lo-
calized deformations and to calculate the geometrically nec-
essary dislocations [32, 33]. Severe dislocation accumulation 
could be seen in GZ22 (green region in Figure 5d) and GZ101 
(Figure  5f) indicating higher strain energy accumulated in 

these alloys during extrusion. Similarly, the grain orientation 
spread (GOS) value for the alloys are calculated as 1.67, 2.56, 
and 5.28 for GZ22, GZ26, and GZ101, respectively. GOS is the 
ratio of the average deviation of orientations of each point in 
grain to the average orientation of grains and it is an indica-
tor of the energy stored in the grains [34, 35]. Thus the strain 
energy stored in the GZ101 alloy (Figure 5i) was the highest, 
and it had a higher dislocation density. The highest dynamic 
recrystallization of 65.8% was observed in GZ26 alloy, and 
a lowest fraction of dynamic recrystallization of 29.7% was 
observed in GZ101 alloy. The low dynamic recrystallization 
fraction observed in GZ101 might be due to the presence of 
the LSPO phase, which has a highly stable and ordered struc-
ture that could resist deformation and delayed the DRX. The 

TABLE 2    |    EDS analysis of different phases in the alloys.

Position

Elements (atm.%)

Zn/Gd PhaseMg Zn Gd

Figure 1d (A) 85.98 9.22 4.80 1.92 W phase

Figure 1d (B) 94.16 3.75 2.09 1.79 W phase

Figure 1d (C) 84.36 10.48 5.16 2.03 W phase

Figure 1d (D) 99.02 0.7 0.28 — Matrix

Figure 1e (A) 67.93 22.15 9.92 2.23 W phase

Figure 1e (B) 62.83 32.57 4.60 7.08 I phase

Figure 1e (C) 98.67 1.08 0.25 — Matrix

Figure 1f (A) 89.88 4 6.12 0.65 (Mg,Zn)3Gd

Figure 1f (B) 91.53 3.27 5.20 0.62 (Mg,Zn)3Gd

Figure 1f (C) 91.68 3.19 5.13 0.62 (Mg,Zn)3Gd

Figure 1f (D) 98.52 0.10 1.38 — Matrix

FIGURE 2    |    Bright-field TEM micrographs and corresponding diffraction patterns of (a) (Mg,Zn)3Gd phase and (b) LPSO phase in GZ101 alloy.
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average grain size of the dynamically recrystallized grains in 
all three alloys was similar, 1.85, 3.5, and 1.2 μm for GZ22, 
GZ26, and GZ101 alloys, respectively (refer Figure 6).

3.2   |   Tensile Properties

The tensile properties of the alloys (YS, UTS, and % elon-
gation) are summarized in Table  3, and the corresponding 
stress–strain curves are shown in Figure  7. The GZ26 alloy 
had the lowest YS of 210 MPa, but it had the highest elongation 
of 18.5%. On the other hand, the GZ101 alloy showed the high-
est YS and UTS of 270 and 328 MPa, respectively. The tensile 
properties of the alloys can be influenced by the factors such 
as grain size, dislocation density, secondary phases present, 
and texture development during extrusion. Since the DRXed 
grain size was almost similar for all the alloys, the influence 
of grain size on strength enhancement might be marginal. The 
bimodal microstructure of fine and coarse grains observed in 
the alloys led to an excellent combination to improve both 

strength and ductility. The coarse grains can accommodate 
more dislocations and improve ductility through enhanced 
slip activities, while the refined grains result in more grain 
boundaries, leading to enhancement of strength through the 
pile-up of dislocations [33, 36]. The dislocation density in the 
extruded alloys was significantly different, which had a sig-
nificant impact on the mechanical properties. The increase in 
dislocation density induces a higher strain-hardening effect, 
as the flow stress is proportional to the dislocation density 
[37]. This is in agreement with the fact that the GZ101 alloy, 
with the highest dislocation density, showed the highest ten-
sile strength, while the GZ26 alloy, with the lowest dislocation 
density, showed the lowest yield strength.

Even though the dislocation density and grain size of the GZ22 
and GZ101 alloys were almost similar, the yield strength was 
significantly lower for the GZ22 alloy with respect to GZ101. 
According to Schmid law, the decrease in the Schmid factor will 
increase the yield strength of the material [38], as � =

�

m
; � is the 

yield strength of the material, � is the critically resolved shear 

FIGURE 3    |    The number of different ternary phases in as-cast alloys (a) GZ22, (b) GZ26, and (c) GZ101.
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stress and m is the Schmid factor of the material. In the present 
study, the average Schmid factor calculated using TSL OIM soft-
ware was 0.33, 0.34, and 0.24 for alloys GZ22, GZ26, and GZ101, 
respectively. Thus, the low Schmid factor also contributed to the 
better yield strength of the GZ101 alloy.

The influence of secondary phases also needs to be carefully 
investigated, as the ternary phases present in the alloys were 
different. The SEM micrographs of the fracture surfaces of 
the tensile test samples are shown in Figure 8. The fracture 
surface of the GZ22 (Figure  8a) alloy primarily consisted of 

dimples and micro-voids (marked by dotted black circles), 
indicating ductile fracture. The higher magnification image 
(Figure 8d) shows that the cracks originated near the second-
ary phase and the crack spread through the matrix. The EDS 
analysis revealed that the second phase was the W phase and 
the crack initiating near the phase-matrix interface that re-
inforced the fact that the W phase is incoherent with the Mg 
matrix. The fracture surface of GZ26 (Figure  8b) alloy also 
had microvoids and dimples (marked by dotted black circles) 
as well as cleavages (red arrows in Figure 8b). However, the 
dominant presence of dimples suggested that the alloy also 

FIGURE 4    |    SEM micrographs of extruded alloys (a) GZ22, (b) GZ26, and (c) GZ101.

FIGURE 5    |    IPF (a–c), KAM maps (d–f), and GOS maps (g–i) of GZ alloys: (a), (d), and (g) GZ22, (b), (e), and (h) GZ26, and (c), (f), and (i) GZ101.
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exhibited ductile fracture. The higher magnification SEM mi-
crographs show that the crack spread through the W phase 
(marked in white arrows Figure  8e), whereas the I phase 
(marked in yellow arrows Figure 8e) seemed to be intact sug-
gesting that the phase was coherent. The fracture surface of 
GZ101 alloy showed a mixed fracture mode as it had dimples 
and microvoids at certain locations, (marked in black dotted 
circles Figure 8c) and the facets and cleavages (marked in red 
arrows Figure 8c) in most of the regions. High-magnification 
SEM images also revealed the presence of few Mg-Gd binary 
particles (confirmed by EDS) (Figure 8f).

The results also showed that the increase in the yield strength of 
the alloys was accompanied by a reduction in ductility (as seen 
in Table 3). It is a well-known phenomenon in Mg alloys that the 
poor ductility is due to the difficulty in activating <c+a> py-
ramidal dislocations. The deformation mechanism of Mg alloys 

is dominated by the basal slip of {0001} <11–20> which has a 
low critically resolved shear stress. However, basal slip cannot 
accommodate strain along the c-axis and as a result; the alloys 
are at risk of failure at even low strain. Thus, activating slip in 
other directions through alloying or secondary processing can 
improve ductility [33, 34].

The addition of REEs can result in a weakening of the basal tex-
ture of the material as they can inhibit or suppress the growth 
of the basal texture [39–41]. The basal texture in magnesium 
alloys is caused by the preferred orientation of the material's 
hexagonal close-packed (HCP) crystal structure. The addition 
of REEs can disrupt the formation of the preferred orientation 
by altering the nucleation and growth behavior of the grains in 
the material that can result in a more random distribution of 
crystal orientations and weakening of the basal texture [42, 43]. 
The REEs can also form complex intermetallic compounds 
with magnesium, further disrupting the basal texture's growth. 
These compounds can act as nucleation sites for new grains, 
leading to a more uniform distribution of crystal orientations 
in the material [44, 45]. In the present study, inverse pole fig-
ure analysis indicated that the GZ22 and GZ26 alloys had weak 
basal component (000) (Figure 9a,b) but exhibited strong pris-
matic (1010) component (Figure 9a,b) contributed in their bet-
ter ductility. Similarly, the weak prismatic texture in the GZ101 
alloy (Figure 9c), might be the reason for its lowest ductility.

3.3   |   Electrochemical Corrosion Measurement

The potentiodynamic polarization curves and the Tafel fitting 
values of the alloys immersed in α-MEM for 30 min are pre-
sented in Figure 10 and Table 4, respectively. The most nega-
tive Ecorr and lowest icorr values were obtained for the GZ101 
alloy, while the most positive Ecorr and highest icorr values were 
obtained for the GZ26 alloy. Immediately after Mg alloys are 
immersed in MEM, electrochemical cells are formed and in 
most cases α-Mg matrix serve as the anode and the second 
phases serve as the cathode. The standard electrode potentials 
of Mg, Gd, Zn, and Zr are −2.372, −2.279, −0.7618, and −1.45 V, 
respectively. The alloy (GZ26) having the highest amount of 
Zn had the highest positive Ecorr value, and the alloy (GZ101) 
with the lowest amount of Zn and the highest amount of Gd 
had the Ecorr shift towards a more negative value. In addition, 
the highest icorr (64.98 μA/cm2) observed for GZ26, and the 
lowest icorr (25.12 μA/cm2) observed for GZ101 alloy indicated 

FIGURE 6    |    Grain size distribution of alloys (a) GZ22, (b) GZ26, and (c) GZ101.

TABLE 3    |    Yield strength (YS), ultimate tensile strength (UTS), and 
elongation (%) of extruded alloys.

Alloy YS (MPa) UTS (MPa) % Elongation

GZ22 220 (±6.37) 260 (±7.86) 16.2 (±2.23)

GZ26 210 (±14.10) 255 (±13.64) 18.5 (±1.45)

GZ101 270 (±9.29) 328 (±15.8) 12.76 (±2.36)

FIGURE 7    |    Tensile stress–strain curves of the extruded alloys.
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that GZ26 had the lowest degradation resistance and GZ101 
had the highest degradation resistance. The above observa-
tions suggested that the presence of Gd in the alloy improves 
the degradation resistance, while the presence of Zn increases 
the corrosion susceptibility.

The EIS analysis of the alloys was performed using Nyquist 
and Bode plots (Figure 11). The Nyquist plots (Figure 11a) of 
the GZ22 and GZ26 alloys were almost similar, suggesting that 

the corrosion rates and mechanisms were similar. The diame-
ter of the Nyquist plot (Figure 11a) of the GZ101 alloy was al-
most double compared to the other alloys, indicating its better 
corrosion resistance. In addition, the inductive loop was ab-
sent in all the alloys, suggesting that pitting corrosion was not 
initiated [46, 47]. The results were also plotted in Bode plots 
(log Zmod vs. log f, and phase angle vs. log f [Figure  11b,c]). 
The Zmod of the alloys (Figure  11b) increased in the follow-
ing order: GZ26 (600 Ω cm2) < GZ22 (605 Ω cm2) < GZ101 

FIGURE 8    |    SEM micrographs of fractured tensile samples of (a, d) GZ22, (b, e) GZ26, and (c, f) GZ101.

FIGURE 9    |    Inverse pole figures of (a) GZ22, (b) GZ26, and (c) GZ101 alloy.
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(1200 Ω cm2). The Bode plots also revealed that there were no 
sudden dips indicating no pitting corrosion associated with 
any of the alloys.

The EIS spectra of the alloys were fitted using the ZSimpWin 
3.20 software with the electrochemical circuit as shown in 
Figure  11d for GZ22 and GZ26 alloys and Figure  11e for the 
GZ101 alloy. The fitting values are presented in Table 5. The Rs 
indicate the solution resistance, R0 represents the charge trans-
fer resistance, CPE0 represents the double layer capacitance, R1 
represents the resistance to mass transport and CPE1 indicates 
the corresponding capacitance, and R2 and CPE2 indicate the 
film resistance. The GZ22 and GZ26 alloys had two-time con-
stants, while the GZ101 alloy had three-time constants. The 
first time constant representing the capacitive loop in the higher 
frequency region is attributed to the charge transfer resistance. 

FIGURE 10    |    Polarization curves of extruded alloys in α-MEM 
solution at 37°C.

TABLE 4    |    Ecorr and icorr values of extruded alloys (calculated from 
Tafel plots: Polarization measurements done in α-MEM solution at 
37°C).

Alloy Ecorr (mV vs. SCE) icorr (μA/cm2)

GZ22 −1680 (±85) 58.23 (±3.5)

GZ26 −1590 (±75) 64.98 (±6.7)

GZ101 −1820 (±50) 25.12 (±2.8)

FIGURE 11    |    (a) Nyquist plots, (b) Bode plots of log Zmod versus log f, (c) Bode plot of Phase angle versus log f, of alloys measured in α- MEM 
solution at 37°C; equivalent circuits used to fit Nyquist and Bode plots of the alloys (d) GZ22 and GZ26 (e) GZ101.
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The second time constant representing the capacitive loop in the 
medium frequency region is due to the diffusion of ions from 
the electrolyte to the metal surface. The third time constant 
observed in GZ101 represents the resistance offered by the pro-
tective film formed on the surface. GZ101 showed highest po-
larization resistance, Rp (R0 + R1 or R0 + R1 + R2), (1195.2 Ω cm2), 
and exhibited low CPE0 value (2.8 × 10−9 Sn/Ω cm2) compared 
to that of the GZ22 (6.6 × 10−6 Sn/Ω cm2) and GZ26 (4 × 10−6 
Sn/Ω cm2) alloys (Table 5). The low CPE0 value indicated that 
corrosion was restricted to minimum area in GZ101.

3.4   |   Immersion Test

The electrochemical experiments are short-term experiments that 
give an idea about the initial behavior of the alloys in the degrada-
tion medium. For long-term analysis of the degradation behavior, 
the alloys were immersed in cell culture medium for 14 days by 
maintaining the pH between 7.4 and 8. The results (Figure 12a) 
showed that the degradation rate was lowest for the GZ101 alloy 
(0.21 mm/year), similar to the electrochemical results. Though, 
the electrochemical corrosion analysis revealed that the initial 
corrosion resistance of the alloys was almost similar for GZ22 and 
GZ26 alloys, 14 days of immersion test in the cell culture medium 
suggested that the degradation rate of the GZ26 alloy (0.75 mm/
year) was almost double that of the GZ22 alloy (0.38 mm/year). 
The degradation surface of the alloys after 14 days of immersion 
(Figure 12b) showed that the GZ26 alloy suffered severe pitting 
corrosion while the GZ22 had a shallow corroded area. However, 
the GZ101 alloy showed no signs of pits, and the surface exhibited 
a uniformly corroded region indicating its superior resistance to 
degradation in cell culture medium. The cross-section morphol-
ogy of the degraded surface of the alloys was observed using SEM 
(Figure 13), and it was found that the GZ101 alloy had no signs of 
degradation spreading into the interior. In contrast, the GZ22 and 
GZ26 alloys had indications of pitting corrosion, with severe pit-
ting observed in the GZ26 alloy. The pit formation in the alloys was 
spreading into the grain interior adjacent to the secondary phases 
(shown in the inset of Figure  13b), indicating that these phases 
were cathodic to the surrounding matrix.

Factors such as secondary phases, grain size, texture, and the 
degradation layer can influence the degradation of Mg alloys 
[48, 49]. In general, the degradation rate increases with an in-
crease in the number of secondary phases in a Mg alloy due to 
the generation of more micro-galvanic sites [50]. However, in the 
present study, the lowest degradation rate was observed for the 
GZ101 alloy, which had the highest volume fraction of secondary 
phases, indicating that the ill effect of volume fraction of second-
ary phases was nullified by other factors. Likewise, the grain size 
also seemed to have a marginal effect on the degradation rate of 
the alloys, as the measured grain size of the extruded alloys was 
almost similar. However, the EBSD analysis indicated that the 
amount of strain stored in the alloys was significantly different 
after extrusion. Although few reports suggested that the accumu-
lation of dislocation in the grains increase the degradation rate 
of the alloys, in the present study, GZ101 with the highest dis-
location density showed the lowest degradation rate, and GZ26 
with the lowest dislocation density showed the highest degrada-
tion rate (Figure 5) [48, 50]. On the other hand, the texture of the 
alloys also plays a crucial role in determining their degradation T
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resistance [38, 51]. The basal plane {0001} in Mg alloys has a lower 
surface energy compared to the prism planes {1010} and {1120}. 
This results in the basal plane being more resistant to degrada-
tion than the prism planes. The reported theoretical corrosion 
rate of the prism planes is also much higher than that of the basal 
planes, further highlighting the importance of texture in deter-
mining corrosion resistance [52, 53]. For instance, Song et al. [54] 
found that the presence of a dominant basal plane in AZ31 alloy 
contributed to its better resistance. Similarly, Xin et al. [51] re-
ported that the high intensity of {1010} and {1120} planes in rolled 
AZ31 alloy leads to its poor corrosion resistance in 3.5 wt.% NaCl. 
The pole figures that showed the texture of the alloys studied in 
the present study in terms of the orientation of the crystals are 
presented in Figure 14. A very weak basal component was ob-
served with GZ26 alloy, indicating that it had a high proportion 
of prismatic planes, which are normally more susceptible to cor-
rosion. On the other hand, GZ22 and GZ101 showed a high inten-
sity of the basal component and a similar texture intensity in the 
prismatic planes. Still, their degradation resistance was found to 
be significantly different from each other. The above observed 
discrepancies might be due to the characteristics of degradation 
layers formed during degradation.

The XPS analysis of the degradation layer formed on the alloys 
immersed in cell culture medium for 24 h was done, and the 
depth profiling measurement was also carried out till 400 nm 
(Sputtering was limited to 400 nm due to the safety concerns and 
limitation of the machine). Depth profile (DP) analysis showed 
that throughout the thickness of the degradation layer, the ele-
ments such as O, Ca, and Mg did not have significant changes 
in the atomic concentrations indicating that the distribution of 
these elements was almost uniform throughout the degradation 

layers in all the alloys (Figure 15). Moreover, the presence of Gd 
was not detected in GZ22, and GZ26 alloys, and Zn was absent 
in the degradation layer of GZ101 alloy. The DP-XPS spectra of 
O1s and Mg2p of all the alloys were almost similar, and hence for 
representation, only DP-XPS spectra of GZ101 alloy are shown in 
Figure 16. The binding energy (BE) peaks of O1s (Figure 16a) cen-
tered at 530.5, 532.3, and 533.5 eV were attributed to the presence 
of oxide, phosphate, and hydroxide states of oxygen, respectively 
[55]. The Mg2p spectra (Figure 16b) of the surface of the alloy 
showed the presence of MgCO3 (50.81 eV) as well as Mg(OH)2 
(49.7 eV). At 200 nm depth, the presence of MgO (51.1 eV) along 
with MgCO3 and Mg(OH)2 was observed [56]. The Ca2p spectra 
of GZ101 (Figure 16c) confirmed the presence of CaO (350.5 eV) 
and hydroxyapatite (Ca10(PO4)6(OH)2 [347.7 eV]) in the degrada-
tion layer [57, 58]. Though the presence of CaO (350.5 eV) and 
hydroxyapatite (Ca10(PO4)6(OH)2 [347.7 eV]) was observed from 
the Ca2P spectra of GZ26 (Figure 17a), unlike in case of GZ101, 
intensity of Ca10(PO4)6(OH)2 was lower compared to that of CaO 
suggesting that more hydroxyapatite deposition occurred on the 
surface of GZ101 alloy. The Gd4d spectra (Figure 17b) from GZ101 
alloy confirmed the presence of Gd2O3 (143.5 and 141.4 eV), and 
Zn2p3 spectra (Figure 17c) from GZ26 alloy showed that the deg-
radation layer comprised ZnO (1021.9 eV) [59].

Thus the degradation layer of GZ22 and GZ26 alloys consisted 
of Mg(OH)2, MgO, MgCO3, Ca10(PO4)6(OH)2, CaO, and ZnO, 
whereas GZ101 alloy had Gd2O3 in the layer in addition to 
other said compounds above. The presence of Gd2O3 along with 
MgCO3, Ca10(PO4)6(OH)2, and CaO made the otherwise porous 
oxide layer of Mg(OH)2 and MgO more compact in GZ101 alloy, 
and contributed greatly to the observed superior resistance of 
GZ101 alloys [60, 61].

FIGURE 12    |    (a) Degradation rate of alloys immersed in cell culture medium for 14 days, (b) Photographs of degraded samples after immersed in 
cell culture medium for 14 days. Values are the mean ± SD, n = 4, **p < 0.01, ****p < 0.0001.

FIGURE 13    |    Degradation morphology of the samples (cross section) immersed in cell culture medium for 14 days (after the degradation product 
removal) (a) GZ22, (b) GZ26, and (c) GZ101.
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3.5   |   Mechanical Integrity after Degradation

Typically, the mechanical support provided by degradable im-
plants also weakens as they degrade; the load-bearing capacity of 
the sample decreases due to the reduction in the cross-sectional 
area caused by degradation [62]. The results of the tensile prop-
erties of the alloys after 14 days of immersion in a cell culture 
medium under physiological conditions indicated that the GZ101 
alloy maintained its mechanical integrity even after a 14-day im-
mersion period (Figure 18 and Table 6) due to its lower degrada-
tion rate. Both GZ22 and GZ26 alloys showed a significant loss in 
tensile properties, with an approximately 42% to 84% decrease in 
yield strength, ultimate tensile strength, or elongation.

3.6   |   Indirect Cell Viability Tests

3.6.1   |   MTT Assay

The MTT assay results (Figure  19a) showed that the GZ26 
alloy had severe toxicity with only a 20% viability in the 
1 day test in 100% extract, while GZ22 and GZ101 alloy had 
excellent viability with 90% and 98% respectively. However, 
all the alloys showed viability greater than 75% with diluted 
extract concentrations (50% and 25%). The 3 day MTT assay 

(Figure 19b) showed that at 100% extract conditions, GZ26 and 
GZ22 alloys had poor viability while GZ101 alloy showed still 
excellent viability (120%). In general, all the alloys showed an 
increase in viability when diluted extract concentrations were 
used for culturing.

3.6.2   |   Live Dead Staining

The acridine orange-ethidium bromide dual staining images 
(Figures 20 and 21) show the characteristics of cells cultured 
with extract solutions of different concentrations of GZ22, 
GZ26, and GZ101 alloys. Three different cell types were no-
ticed: live cells (green nuclei with an organized structure), 
apoptotic cells (condensed or fragmented cells with green or 
orange stain), and necrotic cells (nuclei stained red) [63, 64]. 
After 1 day of culture in 100% extract (Figure 19), GZ22 and 
GZ101 alloys had no apoptotic cells, while GZ26 extract solu-
tion showed signs of early apoptosis. All alloys showed good 
proliferation with diluted extract concentrations (50% and 
25%). After 3 days of culture (Figure 21), cells cultured with 
100% extracts of GZ22 and GZ26 alloy showed severe apop-
tosis and necrosis. Diluting the culture medium to 50% and 
25%, improved cell proliferation, however, still necrotic cells 
in certain areas were seen. In contrast, cells cultured with all 

FIGURE 14    |    Basal pole figures of alloys obtained from EBSD analysis.
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extract concentrations of GZ101 alloy showed similar mor-
phology to that of cultured with the control, and no apoptosis 
or necrosis was observed. The cell viability calculated from 
the live-dead analysis (Figure 22) indicated that all alloys had 
a viability greater than 75% at all culture times when 50% and 
25% extracts were used. However, 100% extracts of GZ26 alloy 
and GZ22 alloy after 3 days had poor viability.

3.6.3   |   Influence of Metal Ions on Cell Viability

The cell viability of the indirect cell culture tests is affected by the 
release of metal ions into the extract solution. While Mg alloys de-
grade too fast, due to the release of OH− ions, the pH of the solu-
tion increases beyond 8 and can reach even up to 14. The tolerable 
limit of pH for cell proliferation requires to be under 8 [65, 66]. 
The pH of the extract medium used for the indirect cell culture 
experiments was 9.3, 11.2, and 7.95 for GZ22, GZ26, and GZ101 
alloys, respectively. Concomitantly, the rise in pH value due to the 
high degradation rate ensured poor viability of the cells in GZ26.

The cytotoxicity study of different metal ions, Mg2+, Zn2+, 
and Gd3+ using MTT assay revealed that the 25,000, 120, and 

1100 μM concentrations of MgCl2, ZnCl2, and GdCl3, respec-
tively had viability above 75% after 1-day culture. The respective 
elemental concentrations above the safe limit (Mg—25,000 μM, 
Zn—120 μM, and Gd—1100 μM) led to a severe decline in via-
bility (Figure 23). To understand the cytotoxicity of studied al-
loys, the elemental concentrations of 100% extract solutions of 
different alloys and cell culture medium were analyzed using 
ICP-MS (Table  7) and compared with the cytotoxicity of indi-
vidual metal ions. The analysis revealed that though Zn2+ con-
centration in GZ26 alloy extracts was close to the safe limit and 
the concentration of Mg2+ was almost 2.5× higher than the 
safe limit, leading to poor viability at 100% extract conditions. 
Although a relatively lower amount of Mg and Zn concentra-
tions were observed in the GZ22 alloy, Mg concentration was 
still high compared to the safe limit. The 100% extract of GZ101 
alloy had higher amounts of Mg and Zn than the cell culture 
medium; nevertheless, they were within the safe limits. In gen-
eral, the Gd concentrations were much lower than the limit for 
all the alloys. Interestingly, the Ca concentrations were depleted 
in the extracts of GZ26 and GZ22 alloys compared to that of the 
cell culture medium. Although the concentration of Ca in the 
GZ101 extract was also lower than that found in the cell cul-
ture medium, the decrease was only marginal. Ca from the cell 

FIGURE 15    |    Depth profile analysis of the degradation layers on the sample immersed in cell culture medium for 24 h (a) GZ22, (b) GZ26, and (c) 
in GZ101.
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culture medium gets deposited on the metal surface in the form 
of CaO and hydroxyapatite (Ca10(PO4)6OH2) (confirmed using 
XPS analysis Figures 16c and 17a), thus resulting in its deple-
tion in the cell culture medium. However, Ca being an essential 
element for cell proliferation, the depletion of Ca in cell culture 

medium also leads to poor viability. The alloy with the highest 
degradation rate (GZ26) had the lowest Ca, and the alloy with 
the lowest degradation rate (GZ101) had the highest Ca in the 
extract solution. Due to severe and continuous degradations in 
GZ22 and GZ26 alloys, the degradation layers in these alloys 

FIGURE 16    |    DP-XPS spectra of the corrosion layers on GZ101 alloy sample immersed in cell culture medium for 24 h (a) O1s, (b) Mg2p, and (c) 
Ca2p.
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FIGURE 17    |    DP-XPS spectra of the degradation layers on samples immersed in cell culture medium for 24 h (a) Ca2p of GZ26, (b) Gd4d of GZ101, 
and (c) Zn2p3 of GZ26.
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were not stable, hence more Ca from the cell culture medium 
was consumed continuously. Thus, the increased amount of Mg 
and Zn concentrations and the depletion of Ca in the extracts of 
GZ22 and GZ26 alloys resulted in poor viability.

3.7   |   Direct Cell Culture Tests

3.7.1   |   DAPI Staining

The analysis of fluorescent images of cell nucleus on the 
surface of GZ22 and GZ101 alloys stained using DAPI 
(Figure 24a–d) and the cell number count (Figure 24e) were 
in agreement with the indirect cell viability assays. Due to the 
high degradation rate in GZ26 alloy, after 3-day immersion in 
the culture medium, the metal surface was rough as well as 
the culture medium was highly alkaline, and hence analysis 
could not be done for GZ26. The cell count was almost similar 
for both GZ22 and GZ101 alloys, after 1-day culture. However, 
the number of cells on GZ22 surface reduced marginally after 
3-day culture, while it increased significantly (almost a five-
fold increase) on GZ101 alloy indicating that the cells prolifer-
ated on the surface of GZ101 alloy whereas cells subjected to 
toxicity in case of GZ22 alloy.

3.7.2   |   Cell Attachment and Proliferation

The interaction of cells with GZ101 metal surface after 1- and 
3-day culture was inspected using SEM (Figure 25). Initially, 
after 1 day cell culture, the cells on the metal surface (shown 
by yellow arrows in Figure 25a,b) were seen to have a round 
morphology. Higher magnification SEM image (Figure 25b) of 
a selected area shows that the cells were beginning to merge 
and indicates the beginning of proliferation. After 3-day cul-
ture, the cells (shown in yellow arrows in Figure  25c) were 
seen to have spread all over the metal surface and covered the 
cracks of the degradation layer on the metal surface. Also the 
higher magnification SEM image (Figure  25d) revealed that 
the cells with pseudopods were spreading in all directions. 
The excellent proliferation of the cells on the metal surface 
was due to the presence of a protective degradation film which 
was confirmed using XPS analysis (Figures  15–17). The for-
mation of a stable surface film consisting of Gd2O3, MgCO3, 
Ca10(PO4)6(OH)2, CaO, MgO, and Mg(OH)2 on the surface of 
GZ101 resulted in better cell attachment and proliferation. 
The proliferation of cells on the GZ101 alloys surface could 
also be due to the enhanced formation of hydroxyapatite 
(Ca10(PO4)6(OH)2) in the GZ101 alloy compared to other alloys 
(as observed in the XPS analysis, Figure 16c).

FIGURE 18    |    Tensile properties of alloys immersed in cell culture medium for 14 days (a) Ultimate tensile strength, (b) Yield strength, and (c) % 
elongation.
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TABLE 6    |    Percentage decrease in tensile properties of alloys after 14-day immersion in cell culture medium.

Alloy code Percentage decrease in UTS Percentage decrease in YS
Percentage decrease 

in elongation

GZ22 45.58 56.71 84.33

GZ26 42.08 50.38 77.42

GZ101 16.17 7.41 45

FIGURE 19    |    MTT assay results of MG63 cells cultured in sample extracts for (a) 1 day and (b) 3 days. Values are the mean ± SD, n = 4, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.

FIGURE 20    |    Live dead staining images of MG63 cells cultured in sample extracts for 1 day (L—Live cells, A—Apoptotic cells).

 15524981, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.b.35474 by Srinivasan A
m

irthalingam
 - N

tl Institute For Interdis. Sci. A
nd T

ech , W
iley O

nline L
ibrary on [01/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



20 of 26 Journal of Biomedical Materials Research Part B: Applied Biomaterials, 2024

3.8   |   In Vivo Evaluation

The GZ101 alloy which showed better viability, degradation re-
sistance, and mechanical integrity during in vitro analysis was 
considered for in vivo evaluation by subcutaneous implantation in 
rats. A rat subcutaneously implanted with GZ101 sample is shown 
in Figure 26a,b. The subcutaneous implantation sites after 14 and 

30 days (Figure 26c,d) shows minor H2 bubbles near the tissue sur-
rounding the metal (shown by yellow arrows). The biodegradation 
rates of the alloy after 14 and 30 days implantation period were 
0.28 (±0.028) and 0.35 (±0.02) mm/year. respectively. The surface 
topographies of the samples after 14 and 30 days implantation pe-
riod (Figure 26c,d) showed degradation pits (black arrows) only at 
the edge of the samples indicating non-uniform degradation.

FIGURE 21    |    Live dead staining images of MG63 cells cultured in sample extracts for 3 days (L—Live cells, A—Apoptotic cells, N—Necrotic cells).

FIGURE 22    |    Cell viability calculated from live dead staining images of MG63 cells cultured in sample extracts for (a) 1 day and (b) 3 days. Values 
are the mean ± SD, n = 4, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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The histological examination of organs evaluates the effects 
of biodegradable materials during their digestion and excre-
tion in vivo. The H&E staining of various organs from the 
metal-implanted rats is shown in Figure 27. After 30 days of 
implantation, there were no significant pathological changes 
observed in any of the organ tissues. The section from the 
heart showed normal architecture with myocardial fibers, 
and myocytes having no significant pathology. There was no 
indication of architectural destruction, edema, inflammatory 

infiltrates, or necrosis. The section from the liver showed 
lobular architecture with mild interface hepatitis. Individual 
hepatocytes showed focal mild cytoplasmic vacuolation. The 
portal triad showed no significant pathology, while the cen-
tral vein showed mild dilation and congestion. The section of 
skin showed a normal epidermis, and the subcutaneous tissue 
showed no considerable pathology. There was no indication 
of inflammation, edema, or necrosis. These results suggested 
that the extruded GZ101 alloy had excellent biocompatibility 

FIGURE 23    |    MTT assay results of MG63 cells cultured in different elemental concentrations for 1 day (a) MgCl2, (b) ZnCl2, and (c) GdCl3.

TABLE 7    |    Concentrations of different elements in the 100% extract of alloys immersed in α-MEM with 10% FBS and 1% penicillin.

Elemental concentration (μM)

Mg Zn Gd Ca

GZ22 46743.77 38.55656 3.683088 115.2307

GZ26 66114.84 103.1389 0.230037 69.08158

GZ101 17571.71 10.10976 0.14129 153.2266

Cell culture medium 1131.346 7.925599 0 165.5037
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as well as in vivo degradation resistance. Mg alloy usually has 
higher degradation rate during subcutaneous implantation 
than when it is implanted near a bone. Hence, still much lower 
degradation rate is expected for GZ101 alloy when it is consid-
ered for orthopedic scaffold applications. The further in vivo 
analysis are planned to evaluate the performance of the GZ101 
alloy in the bone healing process.

4   |   Summary

The study was conducted to explore the feasibility of extruded 
Mg-Zn-Gd-Zr alloys with varying Zn/Gd ratios as potential 
biodegradable implant material by assessing their tensile 
properties, degradation resistance, and viability in vitro and 
in vivo conditions. The key findings were as follows: Major 

FIGURE 24    |    Fluorescence microscopy images of DAPI stained MG63 cells cultured on the sample surface for 1 day (a) GZ22 and (c) GZ101 and 
for 3 days (b) GZ22, (d) GZ101, and (e) cell count. Values are the mean ± SD, n = 4, ****p < 0.0001.

FIGURE 25    |    SEM images of adherent cells on the surface of GZ101 alloy (a, b) 1 day culture and (c, d) 3 day culture.
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ternary phase observed in the Mg-Gd-Zn-Zr alloys varied with 
change in Zn/Gd ratios. Mg-2Gd-2Zn-0.5Zr alloy with a Zn/
Gd = 1 showed a dominant presence of W phase (Mg3Zn3Gd2). 
Mg-2Gd-6Zn-0.5Zr with Zn/Gd = 3 consisted of W phase and I 
phase (Mg3Zn6Gd). Mg-10Gd-1Zn-0.5Zr with Zn/Gd = 0.1 had 

(Mg,Zn)3Gd phase as well as long period stacking order phase 
(LPSO) in the matrix.

1.	 Mg-10Gd-1Zn-0.5Zr alloy showed superior YS and UTS 
with reasonable good ductility due to the combined effect 

FIGURE 26    |    (a) Photograph of GZ101 subcutaneously implanted rat, (b) X-ray image after 14 days' implantation, (c and d) a photographs of 
implants post-surgery after 14 and 30 days, respectively, (e) biodegradation rate of GZ101 alloy, (f and g) the photographs of implanted samples after 
14 and 30 days, respectively.

FIGURE 27    |    H&E staining of heart liver and subcutaneous tissue samples after implantation of GZ101 alloy for 30 days.
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of higher dislocation density, low Schmid factor, and strong 
basal texture.

2.	 Mg-10Gd-1Zn-0.5Zr alloy had better degradation resistance 
compared to other alloys owing to the presence of strong 
basal texture as well as the formation of Gd2O3 containing 
protective degradation layer.

3.	 Diluted extracts (25% and 50%) of all the alloys showed via-
bility (MG63 cell line) above 75% during in vitro analysis at 
all culture conditions (1 or 3 days). However, Mg-10Gd-1Zn-
0.5Zr showed excellent (above 95%) viability even with 100% 
extracts.

4.	 In vivo analysis of subcutaneously implanted Mg-10Gd-1Zn-
0.5Zr alloy on rats revealed that the degradation rate was 
0.35 mm/year after 30 days' implantation and exhibited good 
in vivo biocompatibility.
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