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CONTRIBUTIONS ON BIODEGRADABILITY OF Mg-Ca 

ALLOYS FOR ORTHOPEDIC IMPLANTS 
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Given their biodegradability, magnesium (Mg) and magnesium-based alloys 

are nowadays in the center of attention. This aspect is closely related to degradation 

time, mechanical properties and local physiology of the environment in which the 

material is implanted. All these parameters are important as uncontrolled 

degradation can cause premature implant failure and consequently, more 

complications. Other important properties such as light weight and high strength 

made magnesium-based alloys to be very interesting for various applications. 

Extensive research has been conducted on the effects of composition, surface 

modification and structure on the degradation behavior. With important 

applications in orthopedic implants and cardiovascular stents, magnesium-based 

alloys open the way to a new generation of biodegradable metallic implants. This 

paper presents our experimental research on the biodegradability of Mg-Ca alloys 

for orthopedic implants with focus on the factors that influence the degradation 

process such as surface conditions, microstructure and alloying elements with 

reference to structure and composition of an elaborated Mg-0.8Ca alloy.  
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1. Introduction 

1.1. Biodegradation process for metallic implants  

The classical approach in the case of metallic biomaterials is focused on 

creating an ideal implant that is inert. Thus, it would not influence and in the same 

time it would not be influenced by the physiological medium in which it is 

implanted. This sounds like the optimum way to avoid a series of adverse 

reactions such as inflammatory responses and even bacterial infections [1]. The 

relevance of the interaction between biomaterials and human tissues is essential 

for the bio functionality of implants used in various clinical specializations like 

cardiovascular surgery [2-5], orthopedics [6-11], dentistry [12-15], neurosurgery 

[16,17], and other surgery [18-23]. 

However, in the last years, a new class of biodegradable metals is 

changing the perspective. An increasing interest in biodegradable implants 

brought magnesium in the spotlight due to its degradation properties. The main 

advantage of biodegradable metals is that after implantation, the material is 

absorbed by the body and a removal surgery is no longer needed [24, 25]. These 

implants are intended to provide the necessary mechanical support and act like a 

scaffold for the cell growth. Therefore, controlling the degradation rate is a crucial 

step in creating a biodegradable implant as a higher degradation rate affects the 

mechanical integrity, resulting in implant failure [25-27].  

 

Fig. 1. Optimal degradation rate of Mg-based implant in fracture healing [27] 

The optimal relationship between the degradation time of an Mg-based 

implant and the healing time of a fractured bone is represented in Fig.1 [28]. As 
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shown in the scheme, in order for the bone fracture to heal properly, the implant 

must maintain its most of the mechanical integrity until at least half of the hard 

callus is formed, having a gradual degradation from the moment it is implanted 

until it is metabolized by the body, completely disappearing. However, it must 

keep a slower rate of degradation until the bone starts to heal and have an 

accelerated degradation once the bone is strong enough to sustain a part of the 

mechanical load [28,29]. 

Biodegradation is a complex process that implies many other factors 

starting from the production process of the alloy to local pH of implantation site 

[24-28]. A scheme representing the main influencing factors is presented in Fig. 2 

[28]. 

 

Fig. 2. Factors that affect Mg alloys rate of degradation [28] 

1.2. Mg alloy development strategy 

Even though magnesium is a biodegradable metal, its high corrosion rate 

makes it inadequate to be used as a stand-alone biomaterial. Alloying is a general 

method used for improving the properties of a pure metal. Mostly used as Mg 

alloying elements are Al, Zn, Mn, Ca, Li, Zr and rare earth (RE) elements 

[25,29,30]. 
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Commercial Mg alloys which have been under investigation for diverse 

engineering applications (automobile, aerospace, etc.) are currently under 

investigation as biomaterials for their desirable properties in medical applications 

such as strength and ductility. Being originally intended for industrial usage, toxic 

elements such as Al and RE are widespread in commercial Mg alloys. Since the 

presence of toxic elements is not suitable for medical applications, new kinds of 

Mg based alloys have been developed. Some characteristic impurities found in 

Mg alloys are represented by iron (Fe), copper (Cu), nickel (Ni) and beryllium 

(Be), the last two being elements that should be avoided due to their toxicity when 

referring to alloys with medical applications [25,31,32]. Table 1 presents some 

representative Mg alloys tested by various groups for potential medical 

applications [25,28,31]. 
Table 1 

Chemical composition of some representative Mg alloys tested for medical applications 

[25,28,31] 

Family Representative alloys 

Pure Mg >99%Mg 

Mg-Ca Mg-xCa (x=0.8, 1, 2, 3, 4) 

Mg-Zn Mg-xZn (x=1, 3) 

Mg-Mn Mg-1Mn 

Mg-Zn-Ca Mg-1Zn-1Ca 

Mg-Zn-Mn Mg-1Mn-1Zn 

Mg-RE 

AE44 

LAE442 

WZ21 

AZ91/AZ91D 

ZE41 

Mg-2.5Zn-0.5Y 

AZ21 

AZ31 

AZ61/AZ63 

Mg–10Gd–0.5Zr 

Mg–10Gd–0.5Zr–1.2Ca 
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Depending on the alloying elements selected, and also on the production 

process, Mg alloys gain different microstructural aspects as well as properties. 

The most used alloying element when it comes to Mg alloys is aluminium (Al). It 

was found that the presence of Al forms an oxide film (Al2O3) on the surface of 

metal conferring a higher resistance to corrosion. However, when referring to 

medical applications, the neurotoxicity of this element represents a huge 

drawback, Al not being recommended as an alloying element [25]. When using 

Zn as an alloying element for Mg, the corroding effect of impurities like Fe and 

Ni is removed, Mg-Zn alloys having therefore, a higher resistance to corrosion. 

To increase ductility and remove the harmful effects of Fe, manganese (Mn) is the 

preferred alloying element. The only element that can change the structure of Mg 

alloys from hexagonal close packed to body-centered cubic is lithium (Li). This 

aspect improves properties such as ductility and plasticity.  

Numerous studies have been conducted in order to assess biological 

responses induced by Mg based alloys [28, 32, 33, 34]. Binary (Mg-Ag, Mg-Zn, 

Mg-Ca, etc.) ternary and quaternary series alloys (Mg-Zn-Mn, Mg-Al-Zn, Mg-

Nd-Zn-Zr, etc.) have been tested in order to develop better properties. Fig. 3 

presents a scheme of Mg-based alloys development [34]. 

Fig. 3. Scheme of Mg-based alloys development [34] 

Most alloying elements are improving corrosion resistance but they have 

also a critical limit due to their solubility in Mg. Further addition of an alloying 

element beyond the critical limit can lead to opposite effects such as loss of 

corrosion resistance and deterioration. An eloquent example is calcium (Ca) that 

is an effective grain refiner in alloys based on Mg. When more than 1 wt.% 

content of Ca is present in Mg-based alloys, the strength and ductility decrease 
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[27,35]. Fig. 4 presents the atomic diameters of Mg alloying elements. This aspect 

is important since it is a solubility dependent factor. The elements between the 

dashed lines are more favourable to form a solid solution with magnesium 

because they have the atomic size within ±15% of Mg atomic size [36]. 

 

Fig. 4. Atomic diameters of Mg alloying elements [36] 

New types of Mg alloys have been developed in the last years in order to 

meet special criteria for medical applications [27, 30, 36, 37]. In the experimental 

research part, aspects such as metallurgical processing, structure, and corrosion of 

biodegradable Mg-Ca alloys for orthopaedic implants are discussed. 

2. Experimental Research  

2.1. Metallurgical processing 

For advantages such as mass production and small series, casting appears 

to be the most used technological process for manufacturing Mg implants. 

However, segregations, inhomogeneous grains, micro- and macro porosities and 

precipitation shrinkage are defects that appear frequently. Before deformation, 

preheating is recommended in the case of wrought magnesium alloys. This 

process is done in order to activate additional slide systems in Mg alloys with 

hexagonal close-packed (h.c.p.) crystal structure and to dissolve precipitations. 

Grain size and distribution are influenced not only by the process, but also by the 

alloying elements. Areas with imperfections are more prone to corrosion and 

when the degradation process starts, these zones are usually first affected as the 

grain boundary has a different chemical composition than the grain matrix 

[24,31,33]. 
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Aging and heat treatments create a single-phase microstructure containing 

well-distributed precipitations. Fine precipitations created after these treatments 

have the ability of improving corrosion resistance. Another effective way to refine 

grain size of Mg based alloys is mechanical pre-processing.  Images with different 

shapes of casted Mg alloy are presented in Fig. 5. 

 

 

Fig. 5. Casted Mg alloy 

2.2. Microstructural characterization 

In order to determine the optimal conditions for design, casting and 

thermo-mechanical processing of various Mg alloys for obtaining ideal properties, 

the knowledge of phase diagrams and thermodynamic properties of these alloys is 

essential. The description of the phase equilibrium diagrams for binary 

magnesium alloy systems offers the opportunity to determine the development of 

new alloys as well as estimate behaviour of the alloy when using different thermo-

mechanical treatments. Also, the study of Mg binary phase diagrams with alloying 

elements highlights the processes that take place and the interactions between 

metals that will influence the final properties of the magnesium alloy [24,33,34]. 

From biocompatibility standpoint, calcium (Ca) is an essential element, being an 

important component of hard human tissues. Ca presence in Mg alloys is benefit 

for bone tissue healing through concomitant release of both Mg and Ca ions. 

Besides biocompatibility, Ca addition in Mg alloys can lead to grain refinement 

and improved creep resistance, in the same time it hardens through precipitation, 

conferring a higher mechanical resistance [33]. However, inadequate mechanical 

properties and low corrosion resistance of Mg-Ca alloys are big drawbacks. 

Structural characteristics of an experimental Mg-0.8Ca alloy were investigated 

using Scanning Electron Microscopy (SEM) technique and Energy-dispersive X-
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ray spectroscopy (EDS) being shown in fig. 6. In the case of Mg-0.8Ca, secondary 

phase with lamellar aspect is continuously distributed at grain boundaries. EDS 

results show the existence of lamellar eutectic aspect formed of Mg and Ca that 

confirms the existence of Mg2Ca phase. Microstructure investigations of Mg-Ca 

alloys indicate the presence of a primary Mg phase with eutectic format along 

grain boundaries. Grain boundaries are rich in Ca and suggest that Mg2Ca phase 

precipitated along these limits. 

Fig. 6. Microstructural and compositional aspects of MgCa0.8 alloy by SEM (top), respectively 

EDX (bottom) 

 

3. In vitro corrosion  

3.1. Immersion test 

The corrosion phenomena occurring in binary Mg-Ca alloys, potentially 

usable in implantology, has been studied by several research groups [30-38]. Li et 

al. published in 2008 the first complex study of these binary alloys, taking into 

account several binary Mg-Ca alloys with different percentages of calcium [32]. 

Calcium was selected as an alloying element for the development of Mg-Ca 

binary alloys since it represents an important component of human harsh tissues, 

being an essential element in biochemical processes. Also, its low density (1.55 g 

/ cm3) allows alloys in the Mg-Ca system to reach a density similar to that of bone 

tissue [33]. 
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The immersion test and electrochemical method are common techniques 

used to determine the in vitro corrosion rate. The chosen medium and the 

environmental conditions in which the experiment takes place must imitate the 

human physiological conditions. Although initially it was thought that the 

complex environment in the body would induce a corrosion rate higher that in 

vitro, studies have shown the opposite, as Witte observes in his experiments on 

AZ91 and LAE442 Mg alloys [34]. Wen et al. [35] studied the degradation rate of 

AZ61, AZ31 and AZ91D concluding after an immersion time of 24h in m-SBF 

(Simulated Body Fluid) that the degradation rate was 3-8 mm/yr. After a 

prolonged immersion period (24d), the high degradation rate that was estimated 

after 24h slowed down, reaching 1.32mm/yr for AZ61, 2 mm/yr for AZ31 and 

1.23mm/yr in the case of AZ91D.  

Yang et al. [36] analysed the importance of calcium phosphate coating 

applied to AZ31 alloy after an immersion test of 48h in supersaturated 

calcification solution (SCS), reporting a slower degradation rate. An immersion 

test was performed on Mg-0.8Ca alloy. Fig. 7 shown the macro-morphology of 

the samples after immersion test in 3 different immersion solutions: phosphate 

buffered solution (PBS), Hanks' Balanced Salt Solution (HBSS) and Dulbecco 

Modified Eagle Medium supplemented with fetal bovine serum (DMEM + 10% 

FBS). 

  
 Fig. 7. Surface macro-morphologies of MgCa0.8 alloy after different days of immersion in 

various testing medium: A-PBS, B-HBSS, C-DMEM+10%FBS 
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3.2.  Hydrogen release  

If large volumes of hydrogen bubbles are formed in a short period of time, 

important problems leading to blood flow blockage or tissue separation that is 

precursor to necrosis in the close vicinity of the implant can interfere. Mg 

corrosion products are harmless for the human body but other issues such as fast 

release of hydrogen and higher rate of implant degradation are serious matters to 

be taken into account as well as the potential risk of inflammation due to loss of 

mechanical integrity of the implant before healing due to accelerated degradation 

of Mg implant [31,36,37]. 

Inside the human body, Mg degrades in conformity with equation (2), 

releasing hydrogen (H) bubbles. Also, as a result of reactions (3) and (4) Mg 

hydroxide is formed [26,37]. The hydrogen volume generated is useful when 

calculating the amount of degraded Mg alloy and therefore, the corrosion rate of 

the biomaterial. 

 

3.3.  Electrochemical method  

Corrosion represents an electrochemical process that describes the flow of 

the electron between anode and cathode. While low resistance to corrosion of Mg 

and its alloys represents a big issue for automobile industry applications, this fact 

makes them attractive for biodegradable implants used for bone fracture fixation 

[24,29,38].  Mg corrosion rate in aqueous solutions is pH dependent. While Mg 

degrades at a lower value of pH level of approx. 11.5, it forms a passive film of 

Mg(OH)2 at a higher pH level value. Mg has a very low standard electrode 

potential, having a value of -2.37 V, aspect that conducts to a higher sensitivity 

than most of metals. It can be said that Mg has a low corrosion resistance, this 

aspect being more relevant in the case of chlorine solutions and thus, actively 

dissolved at human pH (7.2-7.4). To determine the corrosion resistance by 

electrochemical methods, corrosion tests were performed at the temperature of the 

human body (37 ± 0.5 ° C) in Dulbecco's Modified Eagle's Medium (DMEM) and 

Simulated Body Fluid (SBF).  
 

Table 2.  
The main parameters of the corrosion process in DMEM 

No. Sample Eoc (V) Ecorr (V) 
icorr 

(µA/cm2) 

CR 

(mm/yr) 

βc 

(mV) 

βa 

(mV) 

Rp 

(kΩxcm2) 

Pe (%) 

1 Mg-Ca -1,498 -1,411 50,811 1,168 280,342 165,827 0,89 - 
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Table 3.  
The main parameters of the corrosion process in SBF 

No. Sample Eoc (V) Ecorr (V) 
icorr 

(µA/cm2) 

CR 

(mm/yr) 

βc 

(mV) 

βa (mV) Rp 

(kΩxcm2) 

Pe (%) 

1 Mg-Ca -1,867 
-1,857 576,046 13,247 404,32

1 

350,555 0,14 - 

 

If we take into account the value of the corrosion potential (Ecorr), it is 

considered that the more electropositive the value of Ecorr is, the better corrosion 

behaviour it shows, meaning that the corrosion process is inhibited. It is known 

that a high polarization resistance reveals good corrosion behaviour of a material, 

and a low value of this parameter has worse corrosion behaviour [37,38]. 

The variations of open circuit potential (Eoc) recorded in both 

environments (DMEM and SBF) are shown in Fig. 8, while the Tafel curves are 

presented in Fig. 9. 

 
Fig. 8. Evolution of open-circuit potential (Eoc) for Mg0,8Ca alloy: left-DMEM and right-SBF 

Fig.9 Tafel curves for the Mg09.8Ca alloy: left-DMEM and right-SBF 
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Images of scanning electron microscopy (SEM) after the determination of 

corrosion resistance by electrochemical methods on Mg0.8Ca alloy in SBF as well 

as in DMEM are shown in Fig. 10.  

In the same time, EDS investigations after the determination of corrosion 

resistance by electrochemical methods of Mg0.8Ca alloy in SBF and DMEM 

show the presence of higher amount of Ca at the surface samples after using SBF 

as testing medium.  

 

 
 

Fig. 10. SEM images after corrosion resistance determination by electrochemical methods on 

Mg0.8Ca alloy in different medium: A-SBF and B-DMEM 
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4. Cytotoxicity evaluation 

The primary considerations when using alloying elements are the 

mechanical properties and when these materials are intended for medical 

applications, degradation rate and biocompatibility are other factors that must be 

carefully taken in consideration. They are primordial factors because a material 

can have the desired mechanical strength but lack biocompatibility, being toxic 

for human body and therefore useless in such applications.  

This aspect intensifies in the case of biodegradable implants as the 

compounds of the material have to be metabolized by the body. Large amounts of 

elements that are in the composition of implanted material can be released by the 

corrosion process and lead to cytotoxicity. However, the amount of elements 

released during a time period is closely correlated with the dissolution rate [39]. 

Typically, biocompatibility evaluation is performed in two ways. One of 

the ways is by seeding cells directly on the samples but this approach is not 

preferred due to high corrosion in the early stage that changes the surface of the 

material. The other way of performing this evaluation is by indirect immersion 

tests that imply exposing the samples to a suitable solution and then using the 

extracted test solution for cell cultures. In the case of Mg and its alloys, the 

second approach is mainly preferred [40]. 

 

5. In vivo corrosion - clinical aspects 

Implants are recognized in the body as a foreign body. In the case of 

biodegradable implants, they must meet special requirements because the 

substances from which the implant is made of will be released in the body through 

degradation process. In vivo studies represent a necessary stage in research, 

required to certify the results obtained through in vitro studies. T 

The biocompatibility of an implant depends on a multitude of factors, such 

as its composition, the type of degradation, the surface properties of the implant 

that influences the interface between the implant and adjacent tissues, the implant 

site and the surgical technique used [40].  

The present in vivo study, performed on laboratory animals, respectively 

rabbits, aimed the assessing of biocompatibility of a Mg-0.8Ca binary alloy. 

Parallelepiped Mg-0.8Ca implants before implantation, during the 

implantation surgery as well as radiography of the implantation site and aspect of 

the sample after removal are presented in fig. 11. 
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Fig. 11. Aspects depicted during implantation test in rabbits for the Mg-0.8Ca alloy: (A) specimen 

before implantation, (B) specimen during the implantation procedure, (C) macroscopically aspect 

of the specimen after removal from rabbit tibia; and (D) radiological aspect of the specimen during 

implantation. 
 

6. Conclusions 

Biodegradable magnesium alloys have several advantages over the 

biodegradable materials used today, such as polymeric, bioceramic and composite 

materials, particularly due to superior mechanical properties. However, rapid 
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degradation of magnesium alloys due to corrosion in the human environment 

could limit clinical applications because a degradation rate that is too high leads to 

premature deterioration of functionality of the implant in the human body. 

Due to its presence in the composition of bone tissue and its role in 

metabolic processes, magnesium has stimulating effects on the formation and 

growth of new bone tissue. An effective way to improve the microstructural 

characteristics of casted magnesium alloys in order to obtain superior properties is 

to obtain a fine microstructure by application of thermal treatments or plastic 

deformations. If the choice of magnesium alloy for biomedical applications meets 

the toxicity criteria of its chemical elements, corrosion products of magnesium 

alloys are harmless to the human body. However, other problems remain, such as 

hydrogen emission or too high corrosion rate, with potential risk of inflammation 

due to loss of mechanical integrity of the implant before healing. 

At present there are several technological possibilities to adapt the 

corrosion rate of magnesium, both by using alloying elements and by depositing 

layers. It can be said that studies and researches on biocompatible and 

biodegradable coatings for magnesium and magnesium alloys with the intention 

of reducing and controlling corrosion rate in human or simulated environments as 

well as increasing their initial biocompatibility represent a topic of great 

relevance. The phenomena that are taking place are not fully elucidated and each 

contribution in this area will add to the development of this study direction on 

biodegradable magnesium alloys. 
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