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Abstract The effect of 0.4% Ca on the in vitro corrosion

behavior of Mg–1.2% Nd–0.5% Y–0.5% Zr was evaluated

in a simulated physiological environment in the form of

0.9% NaCl solution saturated with Mg(OH)2 at ambient

temperature and at 37 �C. The microstructure examination

was carried out using optical microscopy, scanning elec-

tron microscopy, transmission electron microscopy, and

X-ray diffraction analysis. The corrosion behavior was

evaluated by immersion test, salt spray testing, and

potentiodynamic polarization analysis. The stress corrosion

behavior was examined using slow strain rate testing

analysis in different strain rates. The results obtained have

shown that the addition of 0.4% Ca has a beneficial effect

on the corrosion resistance of the tested alloy. This was

mainly attributed to the effect of calcium, which reduces

oxidation in the molten condition and consequently

improves the soundness of the obtained casting. Hence, it is

believed that the reduction in the extent of inherent casting

defects in the alloy containing calcium overcomes the

detrimental micro-galvanic effect of the Mg2Ca phase that

was formed in the tested alloy. Contrary to the beneficial

effect of calcium on the corrosion performance, the addi-

tion of calcium has a damaging effect on the stress corro-

sion behavior in terms of reduced ultimate tensile strength

and ductility. This was mainly due to the embrittlement

effect of calcium that was generated by the formation and

distribution of Mg2Ca phase at grain boundaries.

Introduction

The potential of magnesium alloys to serve as a structural

material for biodegradable implants is already documented

in the literature for use in orthopedic and cardiovascular

applications [1–7]. According to Williams [8], the release

of elemental magnesium from corroding magnesium alloys

should not cause toxicity and may have positive beneficial

effects on some structures, including cells in the relevant

local tissue. However, the corrosion of magnesium can lead

to premature loss of mechanical integrity of the implant [9]

and to the formation of excessive hydrogen gas that can

cause separation of tissues [10], and in extreme cases gas

embolism. Hence, in order to address those two main

drawbacks of biodegradable magnesium implants, their

corrosion degradation should be controlled and comply

with the hydrogen absorption capability of the neighboring

tissue.

One of the main tools to address the degradation kinetics

of magnesium alloys is controlling their chemical compo-

sition [11–13]. Calcium is considered one of the alloying

elements that can modify the corrosion resistance of

magnesium alloys in a simulated physiological environ-

ment (SPE) such as Hank solution, simulated body fluid

(SBF), and normal saline (0.9% NaCl solution). According

to Kannan and Singh Raman [14], potentiodynamic

polarization and electrochemical impedance spectroscopy

analysis in SBF carried out on AZ91 and AZ61 magnesium

alloys containing 1 wt% Ca showed that calcium addition

significantly enhanced the general and pitting corrosion

resistance of those alloys. This result was also obtained by

Wan et al. [15] while evaluating the corrosion resistance of

Mg–0.6% Ca, and by Zhang and Yang [16] on Mg–Zn–

Mn–Ca alloy. According to Zhang and Yang, the improved

corrosion resistance was attributed to the formation of
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Mg2Ca phase. Relating to the effect of calcium on the

mechanical properties of binary Mg–Ca alloys, Li et al.

[17] found that the yield strength (YS), ultimate tensile

strength (UTS), and elongation decreased with increasing

calcium content. In terms of the effect of calcium on tox-

icity, Li et al. indicated that cytocompatibility evaluation

using L-929 cells revealed that Mg–1% Ca alloy did not

introduce toxicity to cells, and the viability of cells for Mg–

1% Ca alloy extraction medium was better than that of the

control.

The aim of the present study is to evaluate the effect of

calcium on the in vitro corrosion performance of biode-

gradable Mg–1.2% Nd–0.5% Y–0.5% Zr alloy in SPE. The

selected alloy was chosen due to the relatively adequate

biocompatibility of Neodymium and Yttrium and their

beneficial effect on the corrosion behavior and mechanical

properties, respectively [18, 19]. The overall motivation

of the study was to explore the potential capability of the

Mg–Nd–Y–Zr–Ca system to serve as a structural material

for a biodegradable implant having adequate degradation

kinetics.

Experimental

The chemical composition of the two magnesium alloys

tested by the present investigation is shown in Table 1.

This includes the composition of the magnesium alloy

containing calcium (EW10X04) and that of the base alloy

(EW10) without calcium. Both alloys were used in as cast

condition and the casting procedure included the following

stages: remelting of pure magnesium at 775 �C, addition of

pure Zr, Nd, and Y with agitation; melt settling for about

40 min until adequate ladle composition is obtained. Fol-

lowing the remelting and alloying processes, the melted

alloy was cast in a steel mold to obtain 8 kg ingots. In the

case of the EW10X04 alloy, the previous casting procedure

was followed by addition of calcium in the form of master-

alloy Mg–30% Ca, with agitation. After adding the cal-

cium, an additional settling time of 30 min was required

before final casting of the ingots.

The microstructure characteristics of the tested alloys

was obtained by optical microscopy, scanning electron

microscopy (SEM) with an energy dispersive spectrometer

(JEOL JSM-5600) (EDS), transmission electron microscopy

(TEM), and X-ray diffraction analysis using a Rigaku-2100

diffractometer with CuKa wavelength. The X-ray tube

parameters were 40 kV/30 mA and the scanning rate was

2�/min.

The corrosion performance of the tested alloys was

evaluated by immersion test according to ASTM standard

G31-72. This test included measurement of hydrogen

evolution that is indicative of the corrosion rate [20]. The

electrochemical behavior was evaluated by potentiody-

namic polarization analysis using a scanning rate of 0.5 V/

h, according to ASTM standard G-59-97. The stress cor-

rosion behavior was examined using slow strain rate testing

(SSRT) according to ASTM G129-00 standard. The

diameter of the SSRT test specimen was 3.80 mm, while

the gauge length was 25.4 mm. The SPE used by the above

corrosion tests was 0.9% NaCl solution saturated with

Mg(OH)2 at ambient temperature and at 37 �C. The satu-

ration with Mg(OH)2 aimed at eliminating the effect of the

corrosion products (OH)- on the corrosiveness of the

solution [21]. The outdoor corrosion behavior of the tested

alloys was evaluated by salt spray testing (3.5% NaCl

solution) using an Angelantoni DCTC 600P corrosion test

cabinet according to ASTM B117 standard.

Results and discussion

The typical microstructure of EW10 and EW10X04 alloys

by optical microscopy is shown in Fig. 1. This revealed that

the average grain size of EW10 alloy was 43.7 ± 0.2 lm

while that of EW10X04 alloy containing calcium was only

37.6 ± 3.1 lm. The refining effect of calcium obtained

with the EW10X04 alloy was in accord with the findings of

Zhang and Yang [16], who tested the effect of 0.3–1.0%

calcium on an Mg–Zn–Mn system. An enlarged view of the

microstructure of EW10X04 alloy and spot chemical anal-

ysis of the grain interior and at the tri-pole junction of grain

boundaries obtained by SEM and EDS analysis are shown

in Fig. 2. These clearly highlight the significant enrichment

of Nd and Ca at grain boundaries that is indicative of their

limited solubility in a magnesium matrix.

The phase composition of the tested alloys was obtained

by X-ray diffraction analysis as shown in Fig. 3. This

indicated that the main precipitate phase in both alloys was

Mg41Nd5. However, the calcium-containing alloy included

an additional Mg2Ca phase. The domination of the main

precipitate phase Mg41Nd5 at grain boundaries was also

obtained by the TEM analysis as shown in Fig. 4.

According to this analysis, the crystal structure of Mg41Nd5

was HCP with lattice parameters: a = 14.66 Å
´

and

c = 10.00 Å
´

. The mechanical properties of the tested

alloys at room temperature are shown in Table 2. While the

YS of the two alloys was relatively close, significant

Table 1 Chemical composition of tested alloys

Alloy Nd

(wt%)

Y

(wt%)

Zr

(wt%)

Ca

(wt%)

Fe

(ppm)

Mg

(wt%)

EW10X04 1.16 0.48 0.48 0.43 37 Bal

EW10 1.15 0.43 0.46 – 46 Bal
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differences were obtained in the UTS and elongation. The

calcium-containing alloy had much lower UTS and was

relatively more brittle. Those results are in line with the

observation of Li et al. [17], who tested the effect of cal-

cium on the mechanical properties of binary Mg–Ca alloys.

In both cases, it is believed that the significant reduction in

UTS and elongation is mainly attributed to the formation

and distribution of Mg2Ca phase at grain boundaries.

The in vitro corrosion performance of the tested alloys

obtained by measurement of hydrogen evolution during

immersion tests in 0.9% NaCl solution and by salt spray

testing in terms of weight loss is shown in Figs. 5 and 6,

respectively. The significantly higher corrosion rates

obtained by the salt spray testing were due to the higher

concentration of NaCl solution (3.5 vs. 0.9% in the

immersion test). Both tests clearly indicate that the corro-

sion resistance of the magnesium alloy containing calcium

(EW10X04) was improved compared to that of the base

alloy (EW10). This result was also supported by the po-

tentiodynamic polarization analysis as shown in Fig. 7 and

Table 3. The fact that the corrosion resistance of magne-

sium alloys can be improved by relatively small additions

Fig. 1 Typical microstructure obtained by optical microscopy

(9200). a EW10 alloy, b EW10X04 alloy containing calcium

Ca(%wt)Zr(%wt)Y(%wt)Nd(%wt)Mg(%wt)

0.04±0.30.1±0.180.09±0.50.14±1.250.35±97.8Area 1

0.09±2.30.1±0.140.09±0.760.35±14.50.28±82.2Area 2

Area 1 Area 2 

Fig. 2 Microstructure of EK10X04 alloy and corresponding chem-

ical composition of the grain interior and at tri-pole junction of grain

boundaries as obtain by SEM and EDS analysis

Fig. 3 X-ray diffraction analysis of a EW10 alloy, b EW10X04 alloy
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of calcium was also demonstrated by Wan et al. [15] on

pure Mg with 0.6% Ca and by Zhang and Yang [16] on

Mg–Zn–Mn alloy with up to 1% calcium. However, at

relatively larger quantities of calcium, usually above 1%,

the corrosion resistance of magnesium alloys is reduced

[15, 22]. This was explained by the micro-galvanic corro-

sion between the magnesium matrix with a corrosion

potential of -2.37 VSHE and the Mg2Ca phase with a

corrosion potential of -1.54 VSHE [22]. The controversy

relating to the effect of the Mg2Ca phase on corrosion

resistance is not clear, as it is evident that the existence of

that phase at relatively small amounts of calcium does not

result in reduction of the corrosion resistance. According to

our understanding, the improved corrosion resistance of

magnesium alloys with a small amount of Ca (up to 1%)

should not be related to the formation of Mg2Ca phase. It is

believed that since addition of small amounts of calcium

reduces oxidation in the molten condition [23], it conse-

quently may also improve the soundness of the obtained

casting. In addition, according to Ghalli et al. [24], calcium

initially dissolved in a-Mg improves the overall corrosion

properties of the alloy by lowering the a-Mg activity.

Hence, the improvement in the corrosion resistance of the

tested alloy containing calcium (EW10X04) can be

attributed to the reduction of inherent casting defects and to

the beneficial effect of Ca on the activity of a-Mg. Both

effects simultaneously overcome the detrimental micro-

galvanic effect of the Mg2Ca phase.

The stress corrosion behavior of the tested alloys

obtained by the SSRT in 0.9% NaCl solution in term of UTS

and elongation versus strain rate is shown in Figs. 8 and 9,

respectively. This revealed that the UTS of the alloy con-

taining Ca (EW10X04) was significantly reduced at lower

strain rate (10-8 s-1) compared to that of the base alloy

without Ca. In addition, the strain rate sensitivity factor (m)

fitted to the UTS curve equation (rUTS ¼ C � _em) of the alloy

containing Ca was 0.2091, while that of the base alloy was

only 0.0216, indicating that the stress corrosion sensitivity

[25] of the alloy containing Ca was significantly greater. In

terms of elongation versus strain rate, the reduced ductility

of the alloy containing Ca was maintained in all the tested

strain rates compared to the base alloy.

In general, as the stress corrosion mechanism of mag-

nesium alloys can be divided into two main stages: incu-

bation and cracking [25], where the incubation phase

Fig. 4 TEM analysis of EK10

alloy. a Microstructure of grain

boundaries showing the

presence of a dark phase

between two grains; b
diffraction pattern of the dark

phase indicating the presence

of Mg41Nd5 precipitate

Table 2 The mechanical properties of EW10 and EW10X04 alloys

at ambient temperature

Alloy YS (MPa) UTS (MPa) Elongation (%)

EW10X04 74 ± 5 135 ± 4 5 ± 1

EW10 77 ± 4 175 ± 11 12 ± 3

0
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Fig. 5 Corrosion rate calculated from hydrogen evolution obtained

during immersion tests of EW10 and EW10X04 alloys in 0.9% NaCl

solution at 37 �C
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relates to the initial dissolution of magnesium according to

the following reaction:

Mgþ 2H2O! Mg OHð Þ2þH2 gð Þ:

It is believed that the main different between the alloy with

Ca and the one without Ca relates to the cracking phase.

According to this understanding the hydrogen produced

during the incubation stage reduces the cohesive strength

of the magnesium matrix, which generates typical condi-

tions for hydrogen embrittlement and subsequent cracking

under external applied load [26, 27]. Hence, it is believed

that the reduced stress corrosion resistance of the alloy

containing Ca is mainly due to the inherent embrittlement

of this alloy as shown in Table 2 in terms of relative UTS

and elongation. The inherent embrittlement of this alloy

significantly reduces the alloy resistance to cracking, which

practically results in a dramatic drop in the stress corrosion

resistance in terms of its mechanical properties at reduced

SSRT strain rates.

Conclusion

The in vitro corrosion resistance of Mg–1.2% Nd–0.5%

Y–0.5% Zr alloy with addition of 0.4% Ca was improved

compared to the base alloy that did not contain calcium.

Contrary to the positive effect of Ca on corrosion resis-

tance, Ca addition has a detrimental effect on the stress

corrosion resistance in terms of UTS and elongation versus

strain rate as obtained by the SSRT analysis.
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Fig. 6 Corrosion rate calculated from salt spray testing of EW10 and

EW10X04 alloys according to ASTM B117 standard
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Fig. 7 Potentiodynamic polarization curves obtained in 0.9% NaCl

solution at ambient temperature

Table 3 Measurements obtained from potentiodynamic polarization

tests in 0.9% NaCl solution at ambient temperature

EW10X04 EW10

ICORR (lA) 8.04 14.6

ECORR (V) -1.65 -1.68

CR (mm/year) 0.18 0.3

Corrosion rate (CR) was calculated from Tafel extrapolation

y = 130.9x0.0216

y = 1145x0.2091
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Fig. 8 The effect of strain rate on UTS as obtained from the SSRT

tests in 0.9% NaCl solution at ambient temperature
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Fig. 9 The effect of strain rate on elongation as obtained from the

SSRT tests in 0.9% NaCl solution at ambient temperature
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