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ABSTRACT 

Magnesium due to its good biocompatibility, mechanical properties, necessity in metabolic processes and lightness in 
weight, is an ideal candidate for biodegradable implants. The major concerns with magnesium and its alloys are that of 
rapid and non-uniform corrosion. In this investigation, magnesium based binary, ternary and quaternary alloys were 
studied for their corrosion resistance and biocompatibility. In vitro corrosion resistance of the alloys was studied in ac-
cordance with ASTM G 102-89 in phosphate buffered saline (PBS) at 37˚C. The surface morphology of the alloys was 
studied using scanning electron microscopy (SEM) and the wettability of the alloys was determined by contact angle 
measurements. Additionally, the cytotoxicity of the leached metal ions on the viability of osteoblast was evaluated by-
sulforhodamine B (SRB) assay. 
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1. Introduction 

The demand for better and improved materials for bio-
medical application is increasing. Recently there has 
been an increased interest in degradable materials due to 
superior mechanical (higher tensile strength, Young’s 
modulus and bone-matching density), electrochemical 
and biological properties over currently used materials. 
Current metallic biomaterials remain essentially neutral 
in vivo, serving as permanent fixtures, which in the case 
of plates, screws and pins, are used to secure serious 
fractures and thus must be removed by a second surgical 
procedure after the tissue has healed sufficiently. Repeat 
surgical procedures increase health costs and morbidity 
of patients. A considerable amount of research has been 
focused on traditional biodegradable polymers, ceramics 
and metals. However, polymer and ceramic biodegrad-
able materials exhibit insufficient mechanical properties 
and their degradation products may elicit an inflamma-
tory response. 

More recently, there has been a resurgence in the use 
of magnesium as a bioimplant material. Magnesium is 
the fourth most abundant mineral in human body and is 
required for more than 325 biochemical reactions. In this 
investigation, magnesium based alloys were studied for 
their corrosion and biocompatibility properties. 

Mg alloys generally degrade or corrode in aqueous en- 
vironment to produce magnesium hydroxide, Mg(OH)2 

and hydrogen gas (H2). The passivating oxide subse-
quently retards the rate of corrosion. In the case of mag-
nesium implants, corrosion is also influenced by chlo-
rides, amino acids and dissolved oxygen. Nevertheless, the 
overall corrosion reaction of magnesium in an aqueous 
environment can be summarized as follows [1,2]: 
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Mg2+/Mg have a standard electrode potential of –2.37 
V at 25˚C, whereas the actual corrosion potential of 
magnesium is usually –1.7 V in dilute chloride solutions. 
Song et al. reported that the presence of Cl– ions acceler-
ates the electrochemical reaction rate by forming magne-
sium chloride, which hydrolyses to produce hydrochloric 
acid in a localized auto-catalytic process [2,3]. On the 
other hand, Reactions (1) and (2) produce OH– ions in 
solution, which can be utilized to neutralize dead cells 
for safe disposal in urine [4]. 
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2. Experimental Procedure 

The degradation rate of magnesium is one of its limita-
tions as a biomaterial. In order to achieve controlled 
degradation and to preserve mechanical integrity, alloy-
ing is an essential step. In this investigation, magnesium 
alloys were prepared in an ARC furnace by ACI Alloys, 
Inc. The ingots were casted in a water-cooled copper 
mould, heat treated at 350˚C in the furnace and water 
quenched. Table 1 shows the composition of the alloys 
in weight percentage (wt%). The specimens were cut into 
cubes of dimensions 0.414” × 0.414” × 0.08” using a 
linear precision saw (ISOMET 4000). Each cube was 
mounted into epoxy resin with an exposed working area 
of 0.414” × 0.414”. As the samples were water sensitive, 
the usage of water as a lubricant or water based con-
sumables was avoided during sample preparation. 

The surface morphology and qualitative chemical com- 
position of the alloys were assessed using SEM/EDS 
(JEOL JSM 6330F). 

A typical three electrode (working, counter and refer-
ence) corrosion cell interphased with a potentiostat was 
used, in which the implant material (working electrode) 
was placed in an appropriate deaerated simulated physio-
logical solution, phosphate buffer saline solution (PBS). 
The potentiodynamic polarization tests were performed 
in accordance with ASTM: G 102-89 [5] in PBS (pH = 7.2) 
at 37˚C employing a GAMRY® potentiostat (G-750). 

Contact angles were obtained using the sessile drop 
method with a Kyowa contact angle meter model DM- 
CE1 employing three different solvents (water, ethyl-
ene-glycol and diiodomethane). The tests were con-
ducted under ambient conditions at various locations on 
each specimen with sufficient spacing to prevent any 
interference from previous tests. 

The viability of osteoblast cells (ATCC, catalog # 
CRL11372) exposed to dissolved ions in PBS after cor-
rosion were assessed by SRB assay. The cells were 
thawed on receiving and seeded in T-75 tissue culture 
flasks in culture medium which was made from 89% 
base media (Invitrogen, Catalog# 11039-021), 10% FBS 
(ATCC, Catalog# 30-2020), 1% Penstrep (ATCC, Cata-
log# 30-2020) and 0.3mg/ml of G418 of the base media. 
Once the cells were 90% confluent, in the flask, the cells 
were trypisinized. 200 µl of cell solution (approx 20,000 
cells/well) were placed in three 96 well plates. Osteoblast 
cells in the wells were exposed to three different concen-
trations of corrosion extract (10%, 50% and 100%) over 
periods of 2, 4 and 7 days. The corrosion extracts were 
prepared by mixing FBS, penstrep and G418 in the cor-
rosion liquid. The well plates were then placed in an in-
cubator at 37˚C and 5% CO2. The viability of the os-
teoblast cells were assessed at different time points using 
SRB which was based on the absorbances measured. 

3. Results and Discussions 

Figure 1 illustrates the photomicrograph and the EDS 
 

Table 1. Chemical composition of the alloys (wt%). 

Magnesium 
(Mg) 

Zinc 
(Zn) 

Calcium 
(Ca) 

Gadolinium 
(Gd) 

99 1 - - 

98 1 1 - 

90 1 1 8 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. SEM photomicrographs and EDS analysis before 
and after corrosion of (a) MgZn; (b) MgZnCa; and (c) Mg- 
ZnCaGd. 
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analysis of mechanically polished as cast alloys. A sig-
nificant amount of well-dispersed dots (~5 µm) were ob- 
served on the surface of as-polished MgZn samples (Fi- 
gure 1(a)). EDS analysis at these spots indicated a 
higher concentration of oxygen. Preferentially, corrosion 
occurred in the magnesium rich matrix leaving islands 
rich in zinc, oxygen and phosphorous (possibly zinc 
phosphates). The formation of islands could be attributed 
to the oxides (passivating layer), which partially restricts 
the penetration of electrolyte. On the other hand, MgZnCa 
also showed evidence of precipitates (Figure 1(b) white 
dots, before corrosion) but with grain boundaries that 
were clearly visible as a result of grain boundary segre-
gation. However, after corrosion, the major difference 
noted was a higher density of smaller islands on the sur-
face as shown in Figure 1(b). EDS analysis revealed 
higher con- centrations of zinc, calcium, phosphorous 
and oxygen (possibly forming a mixture of apatite and 
zinc phosphate). The photomicrograph of MgZnCaGd 
illustrated the evidence of rosette-shaped dendrites [6] 
rich in zinc, calcium and gadolinium (Figure 1(c)). EDS 
analysis of the alloy after corrosion revealed higher con-
centrations of zinc, calcium, gadolinium and oxygen 
(possibly form- ing a mixture of apatite, zinc phosphate 
and gadolinium oxides). The presence of stress induced 
cracking was also observed due to preferential dissolu-
tion of magnesium. 

Figure 2 shows the typical polarization curves for the 
MgZn, MgZnCa and MgZnCaGd alloys depicting pas-
sivation control. The degradation rates obtained for MgZn, 
MgZnCa and MgZnCaGd, were 23.17, 51.1 and 44.2 mm/ 
year respectively. The corrosion potential (Ecorr) of MgZn 
was –1.43 V followed by MgZnCaGd (–1.56 V) and 
MgZnCa (–1.68 V), indicating that MgZn is least sus-
ceptible to corrosion followed by MgZnCaGd and 
MgZnCa. The addition of zinc and gadolinium therefore 
improved the corrosion resistance by forming a protec-
tive layer on the surface. The rough appearance of the 
anodic curves was associated with repeated breakdown 
and regeneration (pitting corrosion) of the passivation 
layer. 

Each alloy exhibited hydrophobic behavior with each 
of the solvents that were used. The contact angles were 
98.0, 95.2 and 93.1 (degree) on MgZn, MgZnCa and 
MgZnCaGd respectively with water. It was observed that 
the contact angle decreased moderately with the addition 
of alloying elements. Table 2 shows acidic (electron 
acceptor), basic (electron donor) and contact angle pa-
rameters in accordance with the Acid-base theory. 

Figure 3 shows the optical images of osteoblast cul- 
tured for 2, 4 and 7 days in a control and in 10% extract 
media. With all the alloys, cell growth occurred with time 
for both the control and 10% corrosion extract. However, 
the numbers of dead cells in 10% corrosion extract ap-  

peared to increase after the 4 day period. 
A similar trend was obtained for the growth rate of os- 

teoblast cells exposed to 10%, 50% and 100% corrosion 
extract fromeach alloy. Figure 4 shows the osteoblast 
growth rate in corrosion extracts from MgZnCa alloy 
with time. A steady increase in growth rate was observed 
in 10% extract and at day 7 a slight decrease in growth 
rate was observed. 50% and 100% extract: day 2, 4 and 7, 
a net decrease of ~30% and ~60% were observed re-
specttively. 

4. Conclusion 

Each alloy displayed a different corrosion behavior. MgZn 
was least susceptible to corrosion followed by MgZnCaGd 
and MgZnCa with corrosion rates of 23.17, 44.2 and 51.1 
mm/year respectively. MgZn produced islands composed 
possibly of zinc phosphate as a result of preferential cor-
rosion of the magnesium rich matrix. On the other hand, 
the corroded surfaces of MgZnCa and MgZnCaGd re-
vealed a mixture of apatite, zinc phosphate, gadolinium and 
magnesium oxides. The corroded surface of MgZnCaGd 
showed regions of stress induced cracking as a result of 
preferential dissolution of magnesium. All alloys exhib- 
ited hydrophobic behavior with water, ethylene-glycol 
and diiodomethane. Osteoblast cell growth in 10% corro- 
sion extract was not adversely affected. However, cor- 
rosion extracts of 50% and 100% were found to be toxic 
 

 

Figure 2. Polarization curves of MgZn, MgZnCa and MgZn- 
CaGd in PBS at 37˚C, showing passivating behavior. 
 
Table 2. Acidic, basic and contact angle measure by Acid- 
base theory. 

Alloy Acidic (+) Basic (–) Contact Angle (degree)

MgZn 0.4 0.1 98.0 

MgZnCa 0.0 2.6 95.2 

MgZnCaGd 0.1 2.0 93.1 
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Figure 3. Optical morphologies of osteoblast cells that were cultured in the control (C) and 10% extract (E) concentrations of 
MgZn, MgZnCa and MgZnCaGd alloys from potentiodynamic corrosion test runs in PBS for (a) 2 days; (b) 4 days; and (c) 7 
days. 
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