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a b s t r a c t

Evaluation of the corrosion behavior of commercially pure magnesium (CP-Mg) and ZM21 Mg alloy
immersed in Ringer’s solution for 92 h by electrochemical impedance spectroscopy (EIS) is addressed.
The formation of a compact layer of well-developed rod-like aragonitic CaCO3 crystals and its subsequent
thickening with increase in immersion time offers a higher corrosion protective ability for ZM21 Mg
alloy. The formation of a mud-crack pattern and a large number of clusters of needle-like crystals offers
a relatively lower corrosion resistance for CP-Mg. The study suggests that ZM21 Mg alloy is a promising
candidate material for the development of degradable implants.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The development of biodegradable implants has become one of
the interesting research topics among the biomaterial scientists
[1–3]. The objective of achieving in vivo biodegradation of the
implant with time without any undesirable effect to the human
body is indeed fascinating. The biodegradable implant should stay
in the human body only for the time it takes to fix the problem. Sub-
sequently, it should be gradually dissolved, absorbed, consumed or
excreted, without warranting a secondary surgery [4]. This approach
considers corrosion as a desirable materials property, rather than a
limitation. Biodegradable implants provide a viable option to solve
the problems associated with permanent implants such as, resteno-
sis, thrombosis, permanent physical irritation, and inability to adapt
to growth and changes in human body [4]. Polymer based biode-
gradable implants such as those made of poly-L-lactic acid have been
known for some time [5]. Recently, metallic-based biodegradable
implants are also emerging [6]. Polymer based biodegradable
implants have an unsatisfactory mechanical strength, which limit
their application whereas the metallic based ones is expected to
provide a better solution in this respect.

In recent years, Mg and its alloys are considered for use as bio-
degradable implant materials for bone implants [7] as well as for
cardiovascular stents [8–11]. The choice is made based on the fact
that, Mg is not toxic to the human body and the dissolution of Mg
is not likely to cause any adverse side effects. In fact, Mg is an
essential element and found in large amounts in the human body.

The presence of Mg in the bone system is also considered beneficial
to bone strength and growth [12]. The specific density and Young’s
modulus of Mg are closer to bone than the commonly used metallic
implant materials, which enables a decrease in stress at the bone/
implant interface, stimulate bone growth and increase the implant
stability [13]. Mg possesses greater fracture toughness over ceramic
biomaterials, higher strength than biodegradable plastics, and
favorable elastic modulus than commonly used metallic implant
materials. Mg takes part in many metabolic reactions and biological
mechanisms, including involvement in the formation of biological
crystal apatite [14] (which is important for metallic bone implants).
It is also a co-factor for many enzymes and stabilizes the structures
of DNA and RNA [15]. Mg can be beneficial from a physiological
standpoint, since magnesium deficiencies in the human body signif-
icantly contribute to cardiovascular disease [16]. Low serum Mg
levels are associated with an increased risk for neurological events
in patients having symptomatic peripheral artery disease [17]. In
spite of the numerous advantages, the use of Mg as a biodegradable
implant has been restricted because of some major limitations. Mg
usually corrodes rapidly in body fluid, which leads to the generation
of a large volume of hydrogen gas and a remarkable increase in local
pH value of body fluid. Accumulation of the hydrogen bubbles in gas
pockets adjacent to the implant would cause a delay in healing of
the wound and lead to necrosis of tissues [18]. In the worst case,
when the hydrogen bubbles are relatively large, there is an
increased risk of blockage of the blood stream, causing death of a
patient. The local alkalization can unfavorably affect the pH depen-
dent physiological reaction balances in the vicinity of the Mg
implant and may even lead to an alkaline poisoning effect if the local
in vivo pH value exceeds 7.8 in that region [19].
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Alloying and surface treatment are the viable options to
improve the corrosion resistance of Mg in body fluid. The improve-
ment in corrosion resistance of Mg by alloying has been addressed
by many researchers [20–27]. However, when the magnesium al-
loy is dissolved, the alloying elements will also be absorbed in
the human body. Hence, alloying of Mg with elements such as Al,
Zr, Pr, Ce, and Y is limited due to their toxicity [19,28–30]. Based
on the in vitro corrosion rates of several magnesium alloys, Song
[19] has pointed out that Ca, Mn and Zn could be the appropriate
alloying elements. Alloying of Ca leads to Mg2Ca precipitation,
which would induce the formation of a galvanic cell, resulting in

acceleration of the rate of corrosion and hydrogen evolution [31].
Zn and Mn can be tolerated in the human body. Zn is an essential
element in the human body and it provides strength for magne-
sium alloys due to solid solution strengthening [1,32]. Similar to
zinc, Mn is also essential to the human body. Mn helps to refine
the grain size, enhance the ductility and improve the tensile
strength of Mg alloys [1,33]. Small additions of Mn have been
shown to increase the corrosion resistance of the Mg alloy, which
also helps to reduce the effects of metallic impurities [34,35]. As
a result, studies on Mg alloys having Mn and Zn as alloying ele-
ments assumes significance. Xu et al. [36] have studied the

Fig. 1. Nyquist plots of CP-Mg in Ringer’s solution recorded at every 4 h interval at their respective open circuit potentials for 92 h.
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in vivo corrosion behavior of Mg–Mn–Zn alloy for bone implant
application. The microstructure, mechanical properties, corrosion
resistance and biocompatibility of Mg–Zn–Mn alloys for biomedi-
cal application was studied by Zhang et al. [37]. A recent study
on the biocompatibility of resorbable Mg–Zn alloy reveals that this
alloy has no effect on the chromaticness, structure or function of
heart, liver, kidney, or spleen [38]. The bio-corrosion behavior of
Mg–Zn–Mn alloy for biomedical applications was studied recently
by Rosalbino et al. [39].

The corrosion behavior of bare, alloyed and surface modified Mg
and its alloys in simulated body fluids was evaluated by monitoring
the extent of hydrogen evolution, potentiodynamic polarization and

electrochemical impedance spectroscopy (EIS) studies [1–4,7,9,19].
The extent of hydrogen evolution is a quantitative indicator of the
rate of corrosion of Mg and its alloys in the simulated body fluid.
Potentiodynamic polarization and EIS studies are also useful to
estimate the rate of corrosion and to rank the corrosion protective
ability of Mg and its alloys. However, the formation of corrosion
products on the surface of Mg and its alloys modifies the rate of
corrosion. Hence, it is essential to monitor the long-term corrosion
behavior to estimate the longevity of Mg-based implants in the
human body. EIS is essentially a steady state technique that is
capable of accessing relaxation phenomena whose relaxation times
vary over orders of magnitudes and permits single averaging within

Fig. 2. Nyquist plots of ZM21 Mg alloy in Ringer’s solution recorded at every 4 h interval at their respective open circuit potentials for 92 h.
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a single experiment to obtain high precision levels. EIS is an
ideal method to monitor the long-tem corrosion behavior. In this
perspective, the present study evaluates the corrosion behavior of
commercially pure magnesium (CP-Mg) and ZM21 Mg alloy in
simulated body fluid by EIS for 92 h.

2. Experimental details

CP-Mg (composition in wt.%: Zn: 0.01; Mn: 0.008; Cu: 0.004; Fe:
0.05; Ni: 0.001; Pb: 0.01; Sb: 0.06; Al: 0.02; and Mg: Balance) and
ZM21 Mg alloy (composition in wt.%: Zn: 2.03; Mn: 0.81; and Mg:
Balance) were used as the substrate materials in this study. Ring-
er’s solution has already been used to evaluate the corrosion
behavior of metallic implant materials [40–47]. Ringer’s solution,
having a chemical composition [39,42–47] (in mM) of 154 NaCl,
2.2 CaCl2, 5.8 KCl and 2.4 NaHCO3 (pH: 7.8) was used as the elec-
trolyte solution. All the experiments were performed at 37 ± 1 �C.
The corrosion behavior of CP-Mg and ZM21 Mg alloy was evaluated
by electrochemical impedance spectroscopic (EIS) and potentiody-
namic polarization studies using a potentiostat/galvanostat/fre-
quency response analyzer of ACM instruments (model: Gill AC).
The details of the EIS and potentiodynamic polarization experi-
ments were reported in our earlier papers [42–44]. Before perform-
ing the corrosion studies, the CP-Mg and ZM21 Mg alloy samples
were abraded with various grades of SiC paper followed by
mechanically polishing with 0.3 lm alumina paste to a mirror fin-
ish, rinsed with deionized water and dried using a stream of com-
pressed air. The cleaned CP-Mg and ZM21 Mg alloy samples
formed the working electrode while a saturated calomel electrode
(SCE) and a graphite rod served as the reference and auxiliary elec-
trodes, respectively. These electrodes were placed in a flat cell in
such a way that only 1 cm2 area of the working electrode was ex-
posed to the Ringer’s solution. The EIS study of CP-Mg and ZM21
Mg alloy samples was conducted at their respective OCPs. The
measurements were carried out at every 4 h interval for 92 h.
The impedance spectra were recorded using an excitation voltage
of 32 mV rms (root mean square) in the frequency range between
10 kHz and 0.01 Hz. Based on the nature of the Nyquist plots, an
equivalent electrical circuit was proposed to account for the
corrosion behavior. The electrochemical parameters were obtained
after fitting the data using the proposed model. Bode impedance
and phase angle plots were also recorded for analysis of the corro-
sion performance. Potentiodynamic polarization measurements of
CP-Mg and ZM21 Mg alloy samples were carried out immediately
after immersion (0 h) and after immersion in Ringer’s solution for
48 h. The potential of CP-Mg/ZM21 Mg alloy samples was scanned
from �250 mV in the cathodic direction to +250 mV in the anodic
direction from the respective open circuit potential (OCP) vs. SCE at
a scan rate of 100 mV/min. The corrosion potential (Ecorr) and
corrosion current density (icorr) were determined from the polari-
zation curves by Tafel extrapolation method. The EIS and potentio-
dynamic polarization studies were repeated at least three times to
ensure reproducibility of the test results. The morphological
feature and chemical nature of the corrosion product formed on
CP-Mg and ZM21 Mg alloy after 92 h of immersion in Ringer’s
solution were assessed by scanning electron microscope (SEM)
and energy dispersive X-ray analysis (EDX). FT-IR spectroscopy is
also used to identify the chemical nature of the corrosion products.

3. Results and discussion

The Nyquist plots of CP-Mg and ZM21 Mg alloy in Ringer’s solu-
tion recorded at every 4 h interval for 92 h are shown in Figs. 1 and
2, respectively. The choice of such a long duration is essential to
estimate the longevity of these materials for implant application

since the rate of corrosion of CP-Mg and ZM21 Mg alloy in Ringer’s
solution will be modified by the corrosion products formed on
their surface. The terminology of ‘‘long term’’ is generally used
for studies performed for a longer period, in years. In the present
study, this terminology is used to distinguish it from the regular
electrochemical corrosion studies that are performed within an
hour or two. The EIS spectra of CP-Mg and ZM21 Mg alloy are char-
acterized by three well-defined loops: a capacitive loop in the high
frequency region, a capacitive loop in the medium frequency re-
gion and an inductive loop in the low frequency region, suggesting
the involvement of three time constants. The capacitive loop ob-
served at the high frequency region is attributed to the charge
transfer reaction in the electric double layer formed at the interface
between the metal surface and the corrosive medium [48]. The
capacitive loop observed at the middle frequency region is related
to the mass transport in solid phase, i.e., to the diffusion of ions
through the corrosion product layer [49]. The inductive loop ob-
served at the low frequency region is related to the adsorption pro-
cesses [50]. The transition from the capacitive to the inductive
behavior has caused a change in shape of the curves below
0.8 Hz. There are no changes in the pattern/trend between tripli-
cate measurements and the reproducibility of test results is veri-
fied. To analyze the EIS spectra of CP-Mg and ZM21 Mg alloy, an
equivalent electrical circuit model shown in Fig. 3 is used. In this
model, Rs represents the solution resistance, Rct is the charge trans-
fer resistance, i.e., the resistance to the electron transfer of the fara-
dic process on CP-Mg/ZM21 Mg alloy, in parallel to the double
layer capacitance, Cdl. Since the Nyquist plots of CP-Mg and
ZM21 Mg alloy exhibit depressed semicircles, a constant phase ele-
ment, CPE1 is used instead of Cdl in the proposed model. An addi-
tional constant phase element, CPE2 and a resistance, Rf were
also introduced in to the model to account for the capacitance
and resistance of the corrosion product layer formed on the surface
of CP-Mg/ZM21 Mg alloy. To account for the inductive behavior, an
inductor, L and a resistance, RL were introduced in this model. Xin
et al. [51,52] and Song et al. [53] have also used a similar model to
explain the corrosion behavior of AZ31 Mg alloy and, ZrO2/Zr and
ZrN/Zr coated AZ91 Mg alloy in simulated body fluids. The validity
of the model is confirmed based on the better non-linear least
square fitting of the experimental data within 5% error. The

CPE1

CPE2

Rf

LRL

Where 

Rs : Electrolyte resistance 

Rct : Charge transfer resistance 

CPE1 : Constant phase element related to the double layer capacity 

Rf : Surface film resistance 

CPE2 : Constant phase element related to film capacity 

L : Induction related to adsorbed intermediates during the corrosion of  
             CP-Mg/ZM 21 Mg alloy 

RL : Inductive resistance 

Rct

Rs

Fig. 3. Equivalent electrical circuit used to analyze the EIS data recorded during
corrosion of CP-Mg and ZM21 Mg alloy in Ringer’s solution for 92 h.

648 M. Jamesh et al. / Corrosion Science 53 (2011) 645–654



Author's personal copy

transition from the capacitive to the inductive behavior observed
below 0.8 Hz did not cause any error in fitting. The fitting obtained
for the EIS data of CP-Mg (24 h immersion) and ZM21 Mg alloy
(32 h immersion) are shown in Fig. 4.

The variation in Rct and CPE1 of CP-Mg and ZM21 Mg alloy as a
function of time, are plotted in Fig. 5a and b, respectively. For
CP-Mg, an increase in Rct and a slight decrease in CPE1 are observed
up to 12 h. This is due to the formation of insoluble corrosion prod-
ucts on the surface of CP-Mg, which hinders the charge transfer
process. Between 12 and 60 h of immersion, some fluctuations
in Rct and CPE1 are observed, which indicates a simultaneous
occurrence of dissolution of Mg through the pores or defects and

formation of the corrosion product layer following the increase in
interfacial pH. The near saturation in Rct and CPE1 observed
between 60 and 92 h suggest coverage of the surface of CP-Mg with
the corrosion products. For ZM21 Mg alloy, a steady increase in Rct

and a decrease in CPE1 are observed up to 16 h. Between 16 and
68 h of immersion, some fluctuations in Rct and CPE1 are observed.
As explained earlier, formation of insoluble corrosion products and,
simultaneous dissolution of the Mg alloy and formation of the
corrosion product layer are considered responsible for these
observations. Unlike CP-Mg, a sudden increase in Rct and a decrease
in CPE1 are observed between 68 and 92 h for ZM21 Mg alloy. This
could be due to the thickening of the corrosion product layer,

a

b

0

Fig. 4. Non-linear least square fitting obtained for the EIS data of CP-Mg and ZM21 Mg alloy (a) CP-Mg (24 h immersion); (b) ZM21 Mg alloy (32 h immersion).
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which acts as an effective barrier for the charge transfer process.
Anderson and Stumpf [54] and Lunder et al. [55] have reported that
the surface film covering Mn-containing magnesium alloys con-
tains an appreciable fraction of manganese oxides/hydroxides,
which helps to enhance the surface passivity. According to them,
incorporation of oxidized manganese in the brucite layered struc-
ture, via substitution of the magnesium cations, hinder incorpora-
tion of chloride anions in the Mg(OH)2 lattice, thus enhancing the
protective performance of the surface film. This view is further
confirmed recently by Rosalbino et al. [39]. The improved corrosion
resistance of ZM21 Mg alloy compared to CP-Mg could also be due
to the incorporation of oxidized manganese in the brucite-layered
structure.

In order to confirm the corrosion behavior exhibited by CP-Mg
and ZM21 Mg alloy in EIS studies, potentiodynamic polarization
curves are recorded immediately (0 h) and after 48 h of immersion
in Ringer’s solution (Fig. 6). A shift in Ecorr towards noble direction
and a decrease in icorr are observed with increase in immersion
time from 0 to 48 h for both CP-Ti and ZM21 Mg alloy; among
them the effect is well pronounced for ZM21 Mg alloy. The extent
of nobler shift in Ecorr (from �1669 to �1411 mV vs. SCE) and de-
crease in icorr (from 41.70 to 0.19 lA/cm2) is relatively high for
ZM21 Mg alloy when compared to that of CP-Mg (from �1589 to

�1558 mV vs. SEC; and from 23.05 to 7.50 lA/cm2). The inference
from polarization studies support the results obtained from EIS
studies.

The morphological features of CP-Mg and ZM21 Mg alloy after
immersion in Ringer’s solution for 92 h are shown in Fig. 7a and
b, respectively. The formation of mud-crack patterns (marked by
circles in Fig. 7a) and large number of clusters of needle-like crys-
tals are evident on the surface of CP-Mg. In contrast, no mud-crack
pattern could be observed on the surface of ZM21 Mg alloy, which
is covered with a compact layer of well-developed rod-like crys-
tals. The EDX analysis performed on selective regions (marked by
white rectangles in Fig. 7a and b) indicates that the corrosion prod-
ucts formed on the surface of CP-Mg and ZM21 Mg alloy are rich in
O, C, Ca and Mg. The elemental analysis suggests that the corrosion
product could be a mixture of CaCO3 and Mg(OH)2, with CaCO3 as
the predominant species.

Among the allotropic forms of CaCO3, calcite is thermodynami-
cally more stable than aragonite and vaterite. The solubility prod-
uct Ksp of calcite (3.36 � 10�9) is slightly lower than aragonite
(4.6 � 10�9) and about an order lower than vaterite (1.2 � 10�8)
[56]. Hence, the calcite form of CaCO3 is expected to be the pre-
dominant species. However, earlier studies have shown that pres-
ence of sufficient concentration of Mg2+ ion would promote the
aragonite form of CaCO3 [57–63]. According to Reddy and Nanco-
llas [64], precipitation of aragonitic CaCO3 could occur at tempera-
tures as low as 25 �C. Tai and Chen [62] have reported that at a
fixed temperature of 24 �C, aragonitic CaCO3 particles are the pre-
dominant product (�90% of total polymorphs, �10% calcite) when
solution pH is roughly 11. In the present study, corrosion of CP-Mg
and ZM21 Mg alloy would enable sufficient concentration of Mg2+

ions at the metal-solution interface. In order to get an insight about
the pH of the electrolyte, the change in pH of the Ringer’s solution
following immersion of CP-Mg and ZM21 Mg alloy is measured for
the entire duration of 92 h. For CP-Mg, the pH is increased from
7.80 to 8.36 whereas for ZM21 Mg alloy, the pH is increased from
7.80 to 8.09, after 92 h of immersion (Fig. 8). During the first 10 h of
immersion, the extent of increase in pH is high. A moderate in-
crease in pH is observed between 10 and 30 h while saturation in
pH is reached beyond 30 h of immersion (Fig. 8). However, this
change is pH represents the bulk while the interfacial pH would
be much higher than that is measured at the bulk of the solution.
The attack of the chloride ions on Mg(OH)2 would lead to an in-
crease in interfacial pH > 10. Hence, the CaCO3 precipitate formed
on the surface of CP-Mg and ZM21 Mg alloy could be the aragonite
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Fig. 5. Variation in charge transfer resistance, Rct (a) and double layer capacity,
CPE1 (b) of CP-Mg and ZM21 Mg alloy in Ringer’s solution recorded as a function of
time.

Fig. 6. Potentiodynamic polarization curves of CP-Mg and ZM21 Mg alloy in
Ringer’s solution recorded immediately (0 h) and after 48 h of immersion.
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form. To confirm the nature of the CaCO3 precipitate, the corrosion
product layer formed on the surface of CP-Mg and ZM21 Mg alloy
were carefully removed and subjected to FT-IR analysis. The FT-IR
spectra of the corrosion products formed on CP-Mg and ZM21 Mg
alloy are shown in Fig. 9a and b, respectively. It is evident that the
nature of the corrosion products formed on the surface of CP-Mg
and ZM21 Mg alloy are quite similar. The bands at 1082 cm�1

(moderate), 854/855 cm�1 (very strong), 712 cm�1 (strong),
699 cm�1 (moderate) can be assigned to the aragonite form of
CaCO3. The broad peak at 1478/1479 cm�1 and the peaks at 1788
and 2521 cm�1 can be assigned to the carbonate stretching modes
of CaCO3. The FTIR spectra further confirms that the corrosion
product is the aragonite form of CaCO3.

Yao et al. [65] have reported that the corrosion product formed
on the surface of pure Mg in 3% NaCl solution was more hydrated
than those formed in distilled water. The presence of a relatively
higher concentration of chloride ions in the Ringer’s solution used
in the present study would lead to hydration of the corrosion prod-
uct. The broad peak at 3436/3433 cm�1 (Fig. 9) confirms that the
corrosion product layer is indeed hydrated. The hydration would
lead to the conversion of cubic magnesium oxide to hexagonal
magnesium hydroxide, with twice the increase in volume com-
pared to the oxide, thus causing cracks in the layer [65,66]. Godard
et al. [67] have suggested that Mg(OH)2 (brucite) has a hexagonal
crystal structure and easily undergoes basal cleavage, leading to
cracking and curling of the corrosion product layer. Hence, the for-
mation of mud-crack patterns (marked by circles in Fig. 7a) could
be due to Mg(OH)2. The peak observed at 3697 cm�1 (Fig. 9), which
can be assigned to the O–H stretching mode also supports the view
of formation of Mg(OH)2.

Uan et al. [68] have correlated the morphological and micro-
structural characteristics and suggested that the growth of the
aragonitic CaCO3 layer on the surface of the Mg alloy occurs in
two-stages. Lateral growth of the aragonitic CaCO3 layer and for-
mation of a thin continuous CaCO3 film is the first stage while
thickening of the CaCO3 film is the second stage. A careful analysis
of the morphological features of the corrosion product layer

Elements C O Mg Ca 
At. % 24.45 53.44 1.06 19.05 

Elements C O Mg Ca 
At. % 22.95 54.35 00.32 22.38

a

b

Fig. 7. Morphological features and chemical nature of the precipitate formed on CP-Mg (a) and ZM21 Mg alloy (b) after immersion in Ringer’s solution for 92 h.
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formed on CP-Mg and ZM21 Mg alloy reveals that both the first and
second stage of growth of aragonitic CaCO3 occurs on ZM21 Mg al-
loy whereas the second stage of growth is delayed for CP-Mg.

The change in electrochemical behavior as a function of
immersion time assessed by EIS, the morphological features as-
sessed by SEM and the nature of corrosion products assessed by
EDX analysis and FT-IR spectroscopy, a pictorial model is pro-
posed (Fig. 10) to explain the mechanism of corrosion of CP-Mg
and ZM21 Mg alloy in Ringer’s solution. This model schematically
illustrates the various stages of the corrosion process of CP-Mg
and ZM21 Mg alloy. When CP-Mg and ZM21 Mg alloy encounters
the Ringer’s solution, the following reactions would occur at ano-
dic and cathodic regions:

At anodic regions:

Mg!Mgþ þ e� ð1Þ

Mgþ 2H2O!Mg2þ þ 2OH� þH2 ð2Þ

Mg+ is a metastable ion. The formation of Mg+ ion, which is consis-
tent with one-electron transfer kinetics and low activation energy
of the corrosion process, has also been reported by Badawy et al.
[69]. The occurrence of low frequency inductance loop in the
Nyquist plots of CP-Mg and ZM21 Mg alloy is attributed to the

existence of Mg+ ion. The Mg+ ion is easily oxidized to Mg2+, which
is accompanied with hydrogen evolution.

At cathodic regions:

2H2Oþ 2e� ! H2 þ 2OH� ð3Þ

Overall reaction:

Mgþ 2H2O!MgðOHÞ2 þH2 " ð4Þ

The presence of higher concentrations of chloride ions in Ringer’s
solution will transform the insoluble Mg(OH)2 into soluble MgCl2

[70], resulting in the generation of excess OH� and an increase in
interfacial pH > 10 [71]

MgðOHÞ2 þ 2Cl� !MgCl2 þ 2OH� ð5Þ

Since the electrolyte solution contains Ca2+, Mg2+ (from CP-Mg/
ZM21 Mg alloy) and CO2�

3 ions, increase in interfacial pH > 10 would
promote nucleation of CaCO3 on the surface of CP-Mg and ZM21 Mg
alloy. The growth of these carbonates depends on subsequent disso-
lution of Mg from the metal/alloy though the pores/defects of the
corrosion product and the corresponding increase in interfacial
pH. The morphological features, EDX analysis and FT-IR spectra sug-
gest that the corrosion product layer is the aragonitic form of CaCO3

on both CP-Mg as well as on ZM21 Mg alloy. The lateral growth and
formation of a thin continuous aragonitic CaCO3 film occurs on the
surface of both CP-Mg as well as ZM21 Mg alloy as a first stage of
growth. However, thickening of the CaCO3 layer that occurs in the
second stage enables an improvement in the corrosion resistance
of ZM21 Mg alloy whereas this stage of growth is delayed for CP-
Mg.

The change in shape of the Nyquist plots, type of corrosion
products formed and the microstructural features exhibit a good
correlation. A similar trend in the Nyquist plots of CP-Mg and
ZM21 Mg alloy observed up to 12 and 16 h, respectively, is due
to the formation of insoluble corrosion products on their surface,
which hinders the charge transfer process and is reflected by the
increase in Rct values. The change in shape of the Nyquist plots ob-
served between 12 and 60 h for CP-Mg and between 16 and 68 h
for ZM21 Mg alloy can be correlated to the simultaneous dissolu-
tion of CP-Mg/ZM21 Mg alloy through the pores or defects and for-
mation of the corrosion product layer following the increase in
interfacial pH. The similarity in shape of the Nyquist plots observed
between 60 and 92 h of CP-Mg can be correlated to a complete cov-
erage of the surface with corrosion products having mud-crack
patterns and large number of clusters of needle-like crystals
(Fig. 6a), supported by a near saturation in Rct and CPE1 values.
The continuous increase in the diameter of the semicircles of the
Nyquist plots of ZM21 Mg alloy observed between 68 and 92 h re-
veals not only a complete coverage of the surface but also thicken-
ing of the corrosion product layer. The absence of mud-crack
pattern on the surface of ZM21 Mg alloy is due to the complete
coverage of its surface with a compact layer of well-developed
rod-like crystals (Fig. 6b), which is reflected by the sudden increase
in Rct and decrease in CPE1 values. Although the aragonitic form of
CaCO3 is formed on both CP-Mg as well as on ZM21 Mg alloy, the
first stage involves a lateral growth and formation of a thin contin-
uous aragonitic CaCO3 film on the surface of CP-Mg/ZM21 Mg al-
loy. The second stage of growth involves thickening of the CaCO3

layer that enables an improvement in the corrosion resistance. This
stage of growth occurs quickly for ZM21 Mg alloy whereas it is de-
layed for CP-Mg.

Besides corrosion protective ability, mechanical properties such
as, specific density and Young’s modulus are important in terms of
fabrication of implants. In this perspective, the specific density and
Young’s modulus of CP-Mg and ZM21 Mg alloy are closer to bone
than the commonly used metallic implant materials and synthetic
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Fig. 9. FT-IR spectra of the corrosion products formed on (a) CP-Mg; and (b) ZM21
Mg alloy.
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hydroxyapatite (Table 1), which would enable a decrease in stress
at the bone/implant interface, stimulate bone growth and increase
the implant stability [13]. The higher fracture toughness over
ceramic biomaterials, higher strength than biodegradable plastics,
and favorable elastic modulus than commonly used metallic
implant materials, makes Mg and its alloys as ideal choice for
implant applications.

4. Conclusions

The corrosion behavior of commercially pure magnesium
(CP-Mg) and ZM21 Mg alloy in Ringer’s solution was evaluated
by EIS during every 4 h interval for 92 h, to estimate the longevity
of these materials for implant application. The terminology of
‘‘long term’’ though used in general for studies performed for a
longer period, in years, this term is used in the present study to dis-
tinguish it from the regular electrochemical corrosion studies that
are performed within an hour or two. The EIS spectra of CP-Mg and

ZM21 Mg alloy shows a capacitive loop in the high frequency
region, a capacitive loop in the medium frequency region and an
inductive loop in the low frequency region, suggesting the involve-
ment of three time constants. The change in Rct and CPE1 measured
as a function of immersion time reveals that ZM21 Mg alloy offers
a higher corrosion resistance than CP-Mg. The morphological fea-
tures of CP-Mg after immersion in Ringer’s solution for 92 h reveal
the formation of mud-crack patterns and large number of clusters
of needle-like crystals. In contrast, no mud-crack pattern was
observed on the surface of ZM21 Mg alloy, which is covered with
a compact layer of well-developed rod-like crystals. The EDX
analysis indicates that the corrosion products formed on the sur-
face of CP-Mg and ZM21 Mg alloy are rich in O, C, Ca and Mg
and they could be a mixture of CaCO3 and Mg(OH)2, with CaCO3

as the predominant species. The FT-IR spectra confirms that the
corrosion product is a mixture of Mg(OH)2 and the aragonite form
of CaCO3. The lateral growth and formation of a thin continuous
aragonitic CaCO3 film occurs on the surface of both CP-Mg as well
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Fig. 10. Schematic explaining the various stages of the mechanism of corrosion of CP-Mg and ZM21 Mg alloy in Ringer’s solution for 92 h.

Table 1
Comparison of mechanical properties of CP-Mg, ZM21 Mg alloy, other commonly used metallic implant materials and synthetic hydroxyapatite.

Mechanical property Human bone CP-Mg ZM21 Ti alloys, Co–Cr alloys stainless steels Synthetic hydroxyapatite

Specific density (g/cm3) 1.8–2.1 1.74–2 1.78 >4 >3
Young’s modulus (GPa) 3–20 41–45 43.4 >110 >70
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as ZM21 Mg alloy as a first stage of growth. However, thickening of
the CaCO3 layer that occurs in the second stage enables an
improvement in the corrosion resistance of ZM21 Mg alloy
whereas this stage of growth is delayed for CP-Mg. The change in
shape of the Nyquist plots, type of corrosion products formed
and the microstructural features exhibit a good correlation. The
study concludes that EIS can be used as an effective tool to monitor
the long-term corrosion behavior of CP-Mg and ZM21 Mg alloy in
Ringer’s solution. The higher corrosion protective ability of ZM21
Mg alloy in Ringer’s solution compared to CP-Mg is encouraging.
The results of this study suggest that ZM21 Mg alloy can be consid-
ered as a promising candidate material for the development of
degradable implants.
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