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Abstract
In this article, electrochemical behavior of pure Mg and as-extruded
as extruded Mg-5Gd
Mg 5Gd and Mg
Mg-4Ag
alloys were examined. Electrochemical impedance spectroscopy (EIS) measurements revealed three
three-time
constant behavior at different domains of frequency for all the systems. The charge transfer resistance for
Mg
Mg-Gd
Gd alloy system showed one order higher than that of other systems. Polarization studies indicated
that addition of alloying elements shifted the cathodic curve to lower
lower values of current density. Lower
corrosion current density is observed for the Mg-Gd
Gd system compared to other systems due to alloying
addition and grain size effects.
© 2017 Science IN.
IN All rights reserved

Introduction
Mg and its alloys are the potent third generation metallic
materials in the biomedical applications due to their excellent
mechanical properties [1–4].. The promising properties such as
biodegradability which avoids second surgical procedure to
remove the implant in temporary applications and the elastic
modulus close to the natural bone that reduces the stress shielding
modulus
effect made Mg as a viable choice as potential biomaterial [5–8]..
However, rapid and uncontrolled corrosion in the physiological
environment is the limitation of Mg, that leads to accumulation of
hydrogen gas which further decreases the cytocompatibility and
results necrosis of tissues [9-10]
Several strategies were adopted to incr
increase
ease the corrosion
resistance of magnesium such as developing new alloys,
composites and surface coatings [11–15].. The aluminium
containing Mg alloys (AZ series) are widely investigated. In recent
years, because of toxicity of Aluminium [16],, Mg alloys which are
free from aluminium were studied for biomedical applications, and
promising results were demonstrated [17].Silver
.Silver is well known for
its excellent antibacterial
antibacterial activity in the biomedical field. Mg
Mg4%Ag alloy exhibited profound antibacterial property and
corrosion resistance as reported by several investigators [18–20]..
On the other hand, rare-earth
rare earth elements with Mg were found to be
suitable for orthopaedic applications [21],, particularly, Gd
Gd was
observed as useful in improving the mechanical properties of Mg
alloys [22–24].. From the biomedical perspective, exploring the
electrochemical behaviour of these alloys is of cardinal
importance. Moreover, no comprehensive report on the
electrochemical behavior of these alloys has been reported.
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Therefore, in the present work, an extruded Mg-5Gd
Mg 5Gd (wt%)
alloy was selected and the electrochemical behavior was assessed
and compared with Mg-4%Ag
Mg 4%Ag and pure Mg to evaluate the
efficacy as a biomaterial.

Experimental
These materials were provided by Helmholtz-Zentrum
Helmholtz Zentrum (HZG),
Geesthacht, Germany, and the composition
composition of materials as shown
in Table.1
able.1 The materials were heat treated and extruded as rods
having diameter of 10 mm and height of 1.5 mm, were
metallographically polished with different grades of emery sheets
followed bby
y polishing by using diamond paste (1-3
(1 3 µm). The
polished specimens were cleaned with ethanol and etched with
picric acid reagent, and microstructures were observed using a
polarized optical microscope (Leica, Germany). Microhardness
measurements were carried
carried outby Vickers indentation method
(Omnitech, India) by applying 100 g load for 10 sec.
Electrochemical Impedance Spectroscopy (EIS) was performed
after attaining stable open circuit potential (OCP) by sweeping the
frequency from 0.1 MHz to10 mHz using an
an AC voltage
amplitude of 10 mVrms. Potentiodynamic polarization
measurements were carried out in 0.9% NaCl medium by
sweeping the potential at a scan rate of 1 mV s-1.
Table 1:: Chemical composition and density of Mg, Mg-4Ag
Mg 4Ag and Mg
Mg-5Gd
Material
Mg
Mg4Ag
Mg5Gd

Gd
Ag
Fe
Ni
Si
Mn Co
Cu
Al
Mg
(wt.%) (wt.%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
46
4
130 334 <1
14
45
bal
-

3.88

58

5

79

51

<1

<10

54

bal

3.99

-

50

6

63

57

<1

<10

41

bal
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Results and Discussion
Figure 1 shows the optical micrographs of pure Mg, Mg-4Ag
and Mg-5Gd. The average grain sizes were measured by linear
intercept method as 35 ± 10.7, 41.6 ± 11.7 and 19 ± 7.2 µm
respectively. From the images, it can be observed that no
secondary phase appeared at the grain boundaries in considerable
amounts. Numerous twins were observed in Mg and Mg-4Ag,
which is common in Mg alloys. However, Mg-5Gd alloy has
smaller grains without significant number of twins. The micro
hardness was measured as 42.5 ± 2.6, 68.0 ± 4.1 and 69. 2 ± 3.5
Hv for Mg, Mg-Ag, and Mg-Gd samples respectively. Compared
with pure Mg, both the alloys have shown higher hardness which
is presumably due to the alloying effect. Interestingly, the increase
in hardness was almost the same for Mg-Ag and Mg-Gd alloys.

the diameter of the capacitive semicircle which is larger than other
samples. The loop observed at a lower frequency in Nyquist plot
corresponds to the inductive response which can arise due to the
adsorption of chloride species or by oxidation of magnesium [25].

Figure 2: (a) Bode magnitude, (b) Bode phase, (c) Nyquist plots of pure
Mg, Mg-4Ag & Mg-5Gd alloy systems, (d) Equivalent circuit used to fit
the impedance data.

Figure 1: Optical micrographs of (a) pure Mg, (b) Mg-4Ag, and
(c) Mg-5Gd

To understand the interfacial properties of these Mg alloys, EIS
measurements were performed at 0.9% NaCl conditions under
open circuit conditions, as shown in Fig. 2a-b. Bode magnitude
and phase plot presented in Fig.2 displays three relaxation features
at different domains of frequency. The two relaxation features
were observed at high to medium frequencies regions which
correspond to the charge transfer reactions in the double layer and
to the corrosion products formed due to local environmental
changes. At lower frequency region, a drastic reduction in
impedance and positive phase shift occurs concomitantly, which
can be attributed to the inductive behavior, exhibiting another
relaxation feature. It is seen from the Bode magnitude plots that
impedance magnitude increases at medium frequency range for
Mg-Gd sample, compared to Mg-Ag and Pure Mg.In addition,
high impedance behavior of Mg-Gd alloy can be manifested from
JMSSE Vol. 5 (3), 2017, pp 561-564

To model this three relaxation features, an equivalent circuit
(Fig.2d) with three-time constants is used [25-26].In this model, Rs
represents the solution resistance, Qdl and Qcp represent the
constant phase element of electrical double layer and corrosion
product film (oxide/hydroxide film) with exponent a and b which
is ascribed to the closeness to the capacitive behavior,
respectively. To account for the distribution of relaxation times
caused by interfacial heterogeneity, Q is employed instead of ideal
capacitance. Rctis the charge transfer resistance, which accounts
for the electron transfer reaction, and Rct is the resistance of the
corrosion product formed as a result of cathodic reactions. Under
open circuit conditions, the cathodic reaction, namely, hydrogen
evolution occurs which increases pH at the vicinity of the
electrode. This, in turn, induces alkalinisation, leading to the
precipitation of magnesium oxide or gels above the cathodic sites.
To account for this, Rcp is employed in the circuit. Furthermore,
resistance due to air formed oxide/hydroxide (Ra) is included along
with inductor (La) in series representing the active anodic sites. In
principle, inductor offers zero resistance at a lower frequency and
higher resistance at a higher frequency. But it is not reasonable to
assume that rate of reaction should be frequency dependent. To
account for this behavior, Ra is employed, yet from the corrosion
perspective, the presence or absence of such resistance is not a
concern since it will be short-circuited by an inductor at a lower
frequency. The obtained impedance parameters are summarized in
Table 2 and the fitting quality was estimated by the chi squared
values (χ2) which were of the order of 10-3 to 10˗4, suggesting a
good fit for the experimental curve recorded. It is clear that a
marked change in the resistance values of the Mg alloys is
observed. Specifically, Mg-Gd alloys showed higher Rct and Rcp
values than other samples along with La. Higher values of La
observed for Mg-Gd and Mg-Ag samples indicate that the
adsorption of chloride ions in the film is significantly reduced due
to the noble nature of these alloying elements. Interestingly, Ra
value obtained for all the samples showed values of two orders
higher than that of other resistances. As mentioned earlier, these
resistance values are not important from the corrosion point of
view as this resistance will be short circuited by inductance and
assists only in the good fitting of the experimental data.
To gain more insight on the corrosion behavior of these alloys,
potentiodynamic polarization measurements (Fig.3) were carried
out in 0.9% NaCl medium. It may be observed from these plots
© 2017 Science IN. All rights reserved

563

Hanuma Reddy Tiyyagura et al. / Electrochemical corrosion behaviour of Binary Magnesium alloys

that under cathodic bias, the cathodic curve shifts to lower values
of current for Mg-Gd system. Marked change in the slope of the
cathodic curve can be attributed to the reduction in the hydrogen
evolution reaction. Since corrosion is cathodically controlledin
Mg and its alloy system, icorr is estimated using Tafel extrapolation
of the cathodic branch to the corrosion potential, Ecorr. On the
other hand, Tafel coefficient is difficult to estimate from the

anodic branches due to the ohmic drop effects taking place during
anodic polarization. Close to the corrosion potential and slightly
below them i.e. during the initial stage of the cathodic reaction,
hydrogen evolved during the reaction increase the pH of the
cathodic surface.

Table 2: Impedance parameters extracted from the equivalent circuit fitting
Sample
Pure Mg
Mg-4Ag
Mg-5Gd

Rs
(Ω cm2)
52.29
55.31
53.31

Qcp
(S sacm-2)
2.94E-04
2.98E-06
2.07E-06

b
0.91
0.92
0.78

Rcp
(Ω cm2)
52.34
63.23
76.7

Ra
(Ω cm2)
92.44
207.4
217.6

Qdl
(S sacm-2)
5.21E-03
1.53E-04
2.78E-05

a
0.89
0.93
0.94

Rct
(Ω cm2)
6.778
69.94
179

L
(kH cm2)
1.36
1.87
4.94

χ2
9.34E-04
2.09E-03
5.85E-03
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Figure 3: Polarization curves of pure Mg, Mg-4Ag, and Mg-5Gd recorded
in 0.9% NaCl medium (left) b) SEM micrographs recorded after
polarization studies (right)

This in turn favours the formation of magnesium
oxide/hydroxide formation with chloride ion adsorption in the film
which can be manifested from the SEM micrographs (Fig. 3).
Lower icorr(5.03 × 10-5 A cm-2) is observed for the Mg-Gd system
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like Gd or Ag ions enriched in the film reduces the hydrogen
evolution rate significantly leading to the decrease in icorr.
Remarkably, smaller grain size which offers more grain boundary
area reducesicorr. It is surmised that they act as barriers in blocking
the site for the corrosive ions to penetrate inside the film and
thereby lower the rate of reaction.

Conclusion
Mg-Gd and Mg-Ag alloys have shown higher hardness in
comparison to Mg yet the hardness is more or less the same in
both these cases.EIS studies ascertained three relaxation features
over the frequency scanned and indicated that the Mg-Gd alloy
exhibits higher resistance values than other samples. Polarization
studies showed that reduction in hydrogen evolution reaction
shifted the cathodic curve to lower values of current density in
Mg-Gd system. Lower icorr observed for Mg-alloys which is
presumably due to alloying elements and grain size effects. The
electrochemical behaviour of Mg-alloys was elucidated and this
work could be a way forward to explore the their biological
propertiesfor implant applications.
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