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Corrosion behaviour of Mg-xSc (x=0, 3, 5, wt.%) alloys prepared by zone purifying solidification
technique has been investigated by immersion test and electrochemical measurement in both 0.9 wt.%
NaCl solution and simulated body fluid. The results of immersion test show the corrosion resistance of
Mg-3wt.%Sc alloy in both conditions is much higher than that of pure Mg or Mg-5wt.%Sc alloy.
Moreover, the released hydrogen gas per day of Mg-3 wt.% Sc alloy is equivalent, which indicates that
the corrosion process is homogeneous. Compared with pure Mg and Mg-5 wt.% Sc alloy, the oxide
film is more uniform and compact. The oxide film includes Mg(OH), and the sediment of Ca (H,POy,),
in simulated body fluid. The potentiodynamic polarization curves show that a current plateaus is only
observed in Mg-3wt.%Sc alloy due to the stable protective corrosion film. The electrochemical
impendence spectroscopy curves of Mg-3wt.%Sc alloy are mostly composed of two capacitive loops
in high and low frequency regions because of the existence of stable double-layer capacitance
controlled by diffusion. It is demonstrated that the improved corrosion properties of Mg-3wt.%Sc alloy
are essentially attributed to the reduction of the cores of pitting corrosion.

Keywords: Mg-Sc alloys; Weight loss; Corrosion properties; Electrochemical behaviour;
Electrochemical impedance spectroscopy

1. INTRODUCTION

The main bottleneck in the application of Mg based structural materials or biomaterials lies in
their too fast corrosion rate [1]. Therefore, the coatings, such as micro-arc oxidation[2], polymer [3],
acid treatment [4] and the composite layer [5], have been performed to improve their corrosion
properties. With the protection of the coatings, Mg alloys can be used as some potential structural
components or biomaterial implants. Unfortunately, the corrosion rate is out of control because it is
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accelerated as soon as the coatings are destroyed [6]. Additionally, as potential biomaterials, these
coatings increase the potential toxicity. Too much cyto-compatibility experiments should be performed
before the clinic test [7]. Therefore, how to improve the corrosion properties of Mg alloys becomes
one of important issues to enlarge their applications.

It is well known that the corrosion properties of Mg alloys are closely associated with
secondary phases and the impurities, such as Fe, Ni, Cu etc [8]. Hence, the key issue to improve the
corrosion properties focuses on the decrement of these origins of corrosion. For example, the physical
method can divide the compounds containing Fe, Ni or Cu from the matrix effectively due to the
temperature gradient [9]. In addition, the rapid-solidified Mg-Zn-RE alloy exhibits high anti-corrosion
properties with the elimination of secondary precipitates [10]. The addition of alloying element or
MgCl; solvent is also confirmed as an effective approach to enhance the corrosion properties of Mg
alloys [11]. Therefore, a strategy to improve the corrosion properties of Mg alloys is proposed with the
combination of the above advantages [12]. Briefly, an addition of active alloying element reacts with
the impurities, and then the formed precipitates are separated from the melt under high cooling rate
during the solidification.

The addition of scandium (Sc) is selected in terms of the following twofold reasons. On the one
hand, the alloying element of Sc has recently been found as an effective addition to improve the
mechanical properties [13, 14]. Mg-Sc based alloy is regarded as a potential system to develop
outstanding creep resistance of Mg alloy [15, 16]. The mechanical properties and age behaviour have
been well investigated [17]. However, the corrosion rate and corrosion mechanism of Mg-Sc system
are still unclear. On the other hand, the addition of a small amount of Sc is prone to form Fe-Sc
compound during the melting process [18]. Whilst the element of Sc is homogeneously dispersed in
Mg matrix in virtue of its high solubility [19]. Thus, the addition of Sc is a possible approach to
improve the corrosion properties of Mg alloys. In the present work, the corrosion rate has been
measured by immersion test and electrochemical method in both 0.9 wt.% NaCl solution and simulated
body fluid (SBF) at ambient temperature. The corrosion mechanism has been determined based on
electrochemical impedance spectroscopy (EIS) and scanning electron microscope (SEM). These results
provide some implications to design new corrosion resistance of Mg-Sc based biomaterials in the
future.

2. MATERIALS AND METHODS

2.1 Materials preparation

Mg-xSc (x=0, 3, 5, all compositions given in wt.%) alloys was prepared by zone solidification
purifying method [9].The alloys were prepared in a (tantalum: Ta) Ta-crucible protected by a mixture
of CO, and SFg. After mixing at 720 °C for 1 hour, the alloy was cast to the mould preheated at 650
°C. The filled mould was held at 670 °C for 1 hour under the protective gas. Then, the whole Ta-
crucible with the alloy was immersed into the cool water at 1 mm/s. When the bottom of Ta-crucible
touched the water, it stopped for 2 seconds. As soon as the liquid level of inside melt was alignment
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with the height of water outside, the solidification process was finished. The ingot of 60 mm in
diameter and 180 mm in length was obtained. The chemical composition was studied by X-ray
fluorescence spectroscopy, and the detailed composition was shown in Table 1.

Table 1. The detailed chemical composition of the alloys.

Alloys Elements (wt.%)
Sc Fe Ni Cu Mg
Mg - <0.002 <0.001 <0.001 Bal.

Mg-3Sc 2.46 <0.003 <0.001 <0.001 Bal.
Mg-5Sc 451 <0.003 <0.001 <0.001 Bal.

2.2 Microstructure and microhardness

The microstructural investigations were performed using optical microscope (OM) and SEM
equipped with energy dispersive X-ray spectrometry (EDX). The phase composition of the corrosion
produces was studied by X-ray diffraction (XRD) technique. For microstructural observation, the
standard metallographic procedures were applied, including grinding, polishing and etching. The
samples were etched in a picral solution to reveal grain boundaries. The grain size was measured using
the linear intercept method. The microhardness test was carried out on a Vickers hardness tester, the
test load and dwell time were 100 g and 15 s, respectively. The average value is determined by ten
random spots.

2.3 Immersion test

For the immersion test, three replicated specimens were used for the alloy in each condition.
Before testing, the specimen surfaces were polished, cleaned with alcohol solution, and then dried in
warm flowing air. The corrosion rate was tested in 0.9 wt.% NaCl solution and SBF at ambient
condition at a temperature of 25+1°C. The ratio of surface area to solution volume was 1 mm?: 2 ml.
The composition of SBF has been reported in our previous literature [20]. The tested time was two
weeks. No external stirring was used. The corrosion reaction of Mg alloys was calculated by the
following chemical equation [21-22]:

Mg + 2H,0 = Mg(OH), + H, T (1)

During the immersion test, the amount of released hydrogen gas (H,;) was recorded
continuously. The average corrosion rate of each specimen at the end of the tests was calculated in
millimeter per year by converting the total amount of collected hydrogen into materials loss (1 ml
H,=0.001083 g dissolved Mg) by means of the following equation (weight change Ag in g, surface
area A in cm?, time t in hour, density of the alloy: p in g cm[12].
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2.4 Potentiodynamic polarization curve

Electrochemical tests were carried out using a Bio-logic VSP potentiostat/frequency response
analysis system to evaluate the corrosion behaviors of the specimens at ambient condition at a
temperature of 25+1°C. A electrode of Ag/AgCl (saturated with KCI) was used as the reference
electrode. A platinum mesh and the investigated specimen were used as the counter electrode and the
working electrode (3.96 mm? exposed area), respectively. The electrochemical tests were conducted in
both 0.9 wt.% NaCl and SBF solutions at a scan rate of 0.25 mV/s. The polarization curves were used
to estimate the corrosion and passivation potentials (Ecor, Epp), and corrosion current density (lcorr) at
corrosion potential (Ecor) by the Tafel extrapolation of the cathodic branch. Three samples have been
performed to obtain the average result and the standard deviation. The lcr, IS related to the ACR
(mm/y) using the conversion equation [23]:

ACR=22.85 leorr. (3)

2.5 Electrochemical impedance spectroscopy

The instrument and three electrodes were the same as the above electrochemical test. The EIS
studies were performed at open circuit potential with the amplitude of 10 mV over the frequency range
of 10.000-0.1Hz on specimens exposed to the corrosive electrolyte for different durations viz., 2, 4, 6,
8 and 12 h to investigate the corrosion mechanism. All the tests were performed at ambient condition
at a temperature of 25+1°C with stirring in the bottom, and the tests were performed in triplicate to
ascertain reproducibility.

3. RESULTS AND DISCUSSION

3.1 Microstructural characterization

]n“L |
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Figure 1. Optical micrographs of as-cast Mg-xSc alloys, (a) pure Mg; (b) Mg-3Sc alloy; (c) Mg-5Sc
alloy
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The microstructures of as-cast Mg-xSc alloys are shown in Fig. 1. In the case of pure Mg, the
majority of grains are distributed along the temperature gradient direction and some twins are observed
on the surface (Fig. 1a). The sample is composed of continuous grain boundaries and the matrix.
Compared with pure Mg, Mg-3Sc alloy mostly consists of dendrites instead of twins. It reveals that the
addition of Ce restrains the formation of twin during the polishing process, which is in agreement of
the addition of Zn [20]. With further increasing the concentration of Sc, the secondary dendrites are
more obvious and the grain size is decreased simultaneously. The average grain size of Mg-5Sc alloy
is about 0.85 mm, which is only 35 percent as high as that of pure Mg.

Figure 2. (a) SEM graph of as-cast Mg-5Sc alloy; (b) local high magnification of (a); (c) elemental
composition of the matrix; (d) elemental composition of granular-shaped precipitate.

The representative SEM graphs of Mg-5Sc alloy are shown in Fig. 2. Some white globular
particles are detected in the alloy. The dimension of globular precipitate is about 4.5 um. The
elemental compositions of both the matrix and the precipitate are shown in Fig. 2c and 2d,
respectively. The concentration of Sc is 1.85 wt.% (0.97 at.%). The content of Sc in white globular
precipitate is 73.21 wt.% (39.04 at.%). According to the phase diagram and our previous result [17], it
can be confirmed that the precipitate is MgSc compound.

The concentration of Sc dependence on the microhardness is shown in Fig. 3. The
microhardness of Mg-5Sc alloy is 46 HV, which is 1.21 times as high as that of pure Mg. The
improved microhardness was mostly associated with the following two factors: firstly, the dilute solid



Int. J. Electrochem. Sci., Vol. 7, 2012 8025

solution obeys Friedel limit that the concentration dependence of the yield stress varies as square root
of solid solution concentration (c*2)[24]. Namely, solid solution strengthening increases strength of
the material by increasing the stress to move dislocations. The Sc element is well-dispersed in the Mg
matrix.
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Figure 3. Grain size and microhardness of as-cast Mg-xSc alloys

Therefore, the microhardness is enhanced greatly. Secondly, the high microhardness is ascribed
to fine microstructure. It is well recognized that a dislocation passing into the near grains or dendrites
of different orientations has to change its direction of motion. Hence, the atomic disorder within a
boundary region results in a discontinuity of slip planes from one to the other. The increased fraction
of boundaries prevented the dislocation movement effectively (follows the essence of Hall-Petch
relationship [25].

3.2 Immersion test

3.2.1 Evaluation by hydrogen gas

The typical trends of the content of H, in SBF solution are shown in Fig. 4. For pure Mg
sample, the volume of H, is about 2 ml per day. Compared with pure Mg and Mg-5Sc alloy, the
amount of released H, per day of Mg-3Sc alloy is the lowest. Furthermore, as far as Mg-3Sc alloy is
concerned, the fluctuation of released H, per day is minimum. The value is between 1.5 and 1.7 ml
every 24 hours. On the contrary, the amount of released H; varies greatly in Mg-5Sc alloy. The value
of released H; is about 1.8 ml at the beginning, and it changes to 4.9 ml after immersed for nine days.
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The detailed corrosion rate of Mg-xSc alloys in different solutions is shown in Fig. 5. The
average corrosion rate of pure Mg is about 1.71 mm/y in 0.9 wt.% NaCl solution. However, the value
changes to 1.32 mm/y in SBF solution. The corrosion rate of Mg-3Sc alloy in 0.9 wt.% NaCl solution
and SBF is 1.12 and 0.91 mm/y, respectively. The immersion test shows that Mg-xSc alloys exhibit
higher corrosion resistance in SBF than that in 0.9 wt.% NaCl solution.
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Figure 4. The representative relationship between released hydrogen gas and immersion time in SBF
solution.
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Figure 5. Average corrosion rate of Mg-xSc alloys in different solution at ambient temperature based
on immersion test and electrochemical method.
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In addition, it is established that the addition of 3 wt.%Sc can effectively improve the corrosion
properties. Particularly, it offers a corrosion rate in 0.95 mm/y in SBF solution (the prerequisite of Mg
based implant is less than 1 mm/y). There are two factors accounting for the above phenomenon. On
the one hand, Sc is very active element in Mg alloys, which is prone to form Fe,Sc compound
(enthalpy of formation: -34 kJ/mol [18]). Thus, the concentration of Fe in the melt is reduced greatly
with the formation of Fe,Sc precipitate, which is deposited in the bottom owing to its higher density.
The explanation was verified by the chemical composition (Table 1). Due to the decrement of the
impurities, the corrosion properties of Mg-3Sc alloy are improved greatly. On the other hand,
according to Mg-Sc binary phase diagram [19], it can be found that Mg-3Sc is mostly composed of
single phase solid solution. Thus, the pitting corrosion is eliminated without the formation of
secondary precipitate. Therefore, the low and stable corrosion rate is obtained. The similar result is
reported in Mg-Y alloy [26], namely, the corrosion properties of Mg-Y alloy is enhanced with
increasing the solid solution in Mg matrix under high pressure solidification.

3.2.2 Appearance and corrosion products

Figure 6. Morphologies after immersion in SBF for 7 days, (a) pure Mg; (b) Mg-3Sc alloy; (c) Mg-
5Sc alloy.
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Figure 7. XRD patterns of Mg-3Sc alloy before and after immersed in SBF solution for 14 days.

After the samples are immersed in SBF for 7 days, the specimen surface was cover with a film
of corrosion products. The specimen surfaces after the immersion test are shown in Fig. 6. Some
flocculent oxides are segregated on the surface of pure Mg (Fig. 6a). Moreover, the film is
discontinuous and loose. At the same time, some cracks are clearly observed on the surface, which are
the channels to release H,. In the case of Mg-3Sc sample, the net-shaped oxide film is very compact.
The film (white area) is mostly composed of the element of Ca, P, Mg and O without other impurities.
On the contrary, some large pits are detected in Mg-5Sc alloy. Moreover, the whole surface is loose.
There are some honeycomb-shaped holes on the surface. It reveals that the pitting corrosion is
dominated the corrosion process.

The XRD patterns of Mg-3Sc before and after immersion test in SBF are shown in Fig. 7. It
can be seen that Mg-3Sc curve before immersion chiefly consist of Mg peaks, which demonstrates that
the alloy is mostly composed of solid solution. Conversely, after immersion test, some additional peaks
of both Mg(OH), and Ca (H,PO,) are observed in Mg-3Sc alloy. It indicates that the corrosion product
of Mg-3Sc is Mg(OH),. At the same time, the Ca (H2PO,), compound is also accumulated on the
surface during the immersion test.

According to the previous results [27, 28], the corrosion products of Mg alloy present three
layered structure, generally characterized by hydrated inner MgO-Mg(OH), layer, a dense thin
intermediate MgO region and an outer porous layer containing Mg(OH), formed by a dissolution-
precipitate mechanism. In our investigation, the oxide film of Mg-3Sc alloy is compact and uniform
and it is mostly composed of Mg(OH), and Ca(H,PQO,),. The element of Sc is absolutely dissolved in
the solution. MgO peaks are not observed partially owing to the little amount on the surface, which can
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not be detected by means of XRD. Mg-Zn-Ca based biomaterial also exhibits the similar corrosion

process [29, 30].

3.3 Electrochemical behaviour

3.3.1 Potentiodynamic polarization curves

Potentiodynamic polarization curves (named Tafel curves) of Mg-xSc alloys in both SBF and
0.9 wt.% NaCl solution are shown in Fig. 8.
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Figure 8. Tafel curves of Mg-xSc alloys in different solutions, (a) SBF solution; (b) 0.9 wt.%NacCl.
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Table 2. Electrochemical parameters of the samples derived from polarization tests in 0.9 wt.% NaCl
and SBF solutions at ambient temperature.

Environment  Alloys Ecor (MV) | @ari (mA/cmz) _
SBF Mg -1401 4.13 x10° -
Mg-3Sc -1489 2.81 x10° -824
Mg-5Sc -1554 5.47 x10° -
0.9 wt% Mg -1583 5.69 x10 -
NaCl Mg-3Sc -1569 3.28 x10° -1477
Mg-5Sc -1637 7.91 x10° -

The detailed values deduced from the polarization curves are listed in Table 2. With increasing
the concentration of Sc, the polarization curves shift toward negative direction in SBF. Namely, the
Ecorr Is decreased with the addition of Sc in SBF (Fig. 8a). The Ecor Of pure Mg is -1401 mV
(Ag/AgCl), and it varies to -1554 mV (Ag/AgCl) in Mg-5Sc alloy. The leor of Mg-3Sc is 2.81x107
mA/cm?, which is 51 percent as high as that of the Mg-5Sc alloy. The similar trend that the leor i
reduced by adding Sc is also observed in 0.9 wt.% NaCl solution. The only discrepancy is that the l¢or
in 0.9wt.% NaCl solution is higher than that in SBF. In addition, the passivation plateau (AE=E, -
Ecorr) 1s @bout 665 mV, which is 7.23 times higher than that in 0.9 wt.% NaCl. It also indicates that the
corrosion resistance properties of Mg-xSc alloy in SBF are better than those in 0.9 wt.%NaCl solution.

The corrosion rates calculated based on Tafel curves are also shown in Fig. 5. The similar trend
as that measured by immersion test is observed. Generally, the corrosion rate in 0.9 wt.% NaCl
solution is higher than that in SBF solution correspondingly. For instance, the corrosion rate of Mg-
5Sc alloy calculated from Tafel curve is 1.8 mm/y in 0.9 wt.% NaCl solution, which is 1.63 times as
high as that in SBF. Meanwhile, it should be mentioned that the value of 0.65 mm/y is observed for the
Mg-3Sc alloy in SBF.

3.3.2 Electrochemical impedance spectroscopy

The Nyquist plots of Mg-xSc alloys after immersion in 0.9 wt.% NaCl solution for time up to
12 hours are shown in Fig. 9. Three samples exhibit the similar trend during the whole investigated
range. It is found that the curves are mainly composed of two capacitive loops in high and low
frequencies (HF and LF) regions during all the immersion range. Moreover, the radius is increased
with increasing the immersion time. In addition, the effects of the immersion time in SBF solution on
the Nyquist plots of Mg-xSc alloys are shown in Fig. 10. Three samples show different EIS
behaviours. For pure Mg, the curve is mostly composed of two capacitive loops (HF and LF) and an
inductive loop (LF) when the immersed time is less than 4 hours. However, the EIS curve chiefly
concludes a capacitive loop (HF) and an inductive loop (LF) when the immersion time is over than 4
hours. On the contrary, all EIS curves of Mg-3Sc alloy are composed of two capacitive loops (HF and
LF) and an inductive loop (LF). All EIS curves of Mg-5Sc alloy contain both a capacitive loop (HF)
and an inductive loop (LF).
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Figure 9. EIS curves in 0.9 wt.% NaCl after different immersion time, (a) pure Mg; (b) Mg-3Sc alloy;
(c) Mg-5Sc alloy.
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Figure 10. EIS curves in SBF solution after different immersion time, (a) pure Mg; (b) Mg-3Sc alloy;
(c) Mg-5Sc alloy.

The EIS results demonstrate that Mg-xSc alloys exhibit different corrosion mechanisms. It is
well known that a HF capacitive loop is mostly associated with the double layer capacitance at the
solution/metal interface [21]. The capacitive loop at low frequency is generally attributed to the film-
free areas controlled by diffusion [26]. The existence of an inductive loop at low frequency is related
to the pitting corrosion [8]. Three possible equivalent circuits are shown in Fig. 11. For pure Mg, the
fitting plots can be represented as Rs(C1R¢)(C2Ry) (Fig. 10a) when the immersion time is less than 4
hour. However, it changes to Rs(C1( Rc(C2Rx))) (Fig. 10c) as the immersion time further increases. On
the contrary, during the whole investigated range, the fitting circuits of Mg-3Sc and the Mg-5Sc alloys
are Ry(C1Rc)(C2(RwRL)) (Fig. 9b) and Rs(C1(Rc(C2Rx))) (Fig. 9c), respectively. Ry and R are solution
resistance and charge transfer resistance, respectively. C and R, stand a capacitance and an inductance,
respectively. Ry is related to the new pitting corrosion resistance. At the same time, the radius is
generally increased with increasing the immersion time, which demonstrated that the width of the
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oxide film is increased and the anti-corrosion properties is improved correspondingly. The same
corrosion behaviors have been reported in Mg-Y and Mg-Sr alloys [31-33].
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Figure 12. Schematic corrosion mechanisms of as-cast Mg-xSc alloys in SBF solution; (a) and (b) Mg
and Mg-5Sc alloy; (c) and (d) Mg-3Sc alloy.
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The representative schematic diagrams of corrosion process are shown in Fig. 12. For pure Mg,
it can be elucidated that the stable double layer controlled by diffusion is readily formed on the surface
at the beginning corrosion. Whereas the diffusion layer is destroyed and the solution penetrates the
film when the immersion time is over 4 hour. Accordingly, the pitting corrosion forms due to the
existence of Fe impurity (marked A, in Fig. 12a), which accelerates the corrosion process. Similarly,
the existence of MgSc precipitate (Fig. 3) breakdowns the oxide film readily in the Mg-5Sc alloy.
Thus, the pitting corrosion emerges when the alloy is immersed into the solution (Fig. 12a and 12b).
On the contrary, the uniform double electron layer and diffusion layer produces when the Mg-3Sc
alloy is immersed into the solution. The continuous and compact oxide film is homogeneously
distributed on the surface (Fig. 12c and 12d). Therefore, with the elimination of the impurities and
secondary particle [34], Mg-3Sc alloy exhibits outstanding anti-corrosion properties in both 0.9 wt.%
NaCl solution and SBF.

4. CONCLUSIONS

In summary, the effect of Sc on the corrosion properties and electrochemical behaviour of Mg
alloys in both 0.9 wt.% NaCl solution and SBF have been studied by means of immersion test and
electrochemical method. The addition of 5 wt.% Sc refines the grain size from 2.43 to 0.85 mm. The
hardness is improved from 38 to 46 HV. The amount of released hydrogen gas per day is stable in Mg-
3Sc alloy. The average corrosion rate of Mg-3Sc alloy by immersion test and electrochemical method
is 0.95 and 0.65 mm/y in SBF solution, respectively. The improved corrosion properties of Mg-3Sc
alloy are closely related to the formation of continuous and compact oxide film. The mainly corrosion
product on the surface is Mg(OH), compound. It is confirmed that the removal of the heterogeneous
particles (Fe impurity and MgSc compound) is a critical factor to enhance the corrosion properties of
Mg-Sc based alloys.
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