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Abstract As degradable biomaterials, the higher degra-

dation rate of Mg–Li alloys in the physiological environment

is the main challenge for the implant applications. In order to

try and overcome this limitation, the present work was

dedicated to studying the corrosion behavior of a novel Mg–

13Li–X alloy fabricated by a rapid solidification process

(RSP). The special Mg–13Li–X alloy was immersed in

Hank’s balanced salt solution (HBSS), and the influence of

immersion time on corrosion rate was analyzed. X-ray

diffraction (XRD) and scanning electron microscopy (SEM),

complemented with electrochemical techniques such as

potentiodynamic polarization curves and electrochemical

impedance spectroscopy, were applied. Microstructural

characterization indicates that the mean grain sizes of RSP

Mg–13Li–X alloy are 4.2, 8.2 and 12.7 lm with the solidi-

fication rate decreasing. By contrast, the conventional as-cast

Mg–13Li–X alloy has an average grain size of about

150 lm. The results of electrochemical test indicate that the

sample with 4.2 lm in grain size has the most positive cor-

rosion potential (Ecorr) of -1.354 V and the minimum cor-

rosion current (Icorr) of 5.830 9 10-7 A�cm-2 after

immersion for 2 h in HBSS. Therefore, the finest grain size

can improve the polarization resistance of the alloy, reduce

its corrosion current density and increase its corrosion

resistance. However, because the weak layer of the corrosion

product which consists of Mg(OH)2 does not afford strong

protection, the corrosion resistance becomes worse after

immersion for longer periods.

Keywords Biomedical Mg–Li alloys; Rapid

solidification; Grain size; Bio-environment immersion;

Corrosion behavior

1 Introduction

Mg-based alloys have attracted broad attention due to their

unique properties, such as their low density (1.35–1.65 g�cm-3)

and high specific strength. Therefore, Mg and its alloys can be

widely used in computer and mobile equipment, weapon

industries and aerospace applications [1–3]. Furthermore, Mg

alloys also have great potential for use in stent applications and

for bone implants because their many properties are similar to

those of human bones, such as their low density, Young mod-

ulus (40–45 GPa) and yield strength [4–6]. Therefore, the effect

of the stress-shielding phenomenon can be minimized by using

Mg alloys as the implants instead of stainless steel and Ti alloys

[7]. In recent years, many studies have reported on the fusion

casting and processing technologies, microstructures and

mechanical properties of Mg–Li alloys [8]. The content of Li is

the decisive factor to vary the structures of Mg–Li alloys. When

the content of Li is more than 10.3 wt%, the ductility of Mg

alloys increases because the crystalline structure varies from

hcp Mg to bcc Mg. Adding Zn and Al (such as 1 wt% Zn and

3 wt% Al) can significantly improve the mechanical properties

of pure Mg [9].

Mg–Li alloys are promising complements to ceramic

materials, high polymer materials and some other bioma-

terial alloys such as 316 L stainless steel, Co–Cr alloy,

mainly due to their excellent degradability. As degradable

biomaterials, however, their poor corrosion resistance
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prevents the wide use of Mg–Li alloys [10]. Hence, it is

worthwhile for researchers to study the corrosion behavior

and improve the corrosion resistance of Mg–Li alloys.

During previous investigations, the corrosion behavior and

mechanism of Mg–Al alloys were studied: oxidation films

consisting of corrosion products were generated on the

surfaces, and pitting corrosion was promoted by exposure

to Cl- [11–13]. Many methods were applied to improve the

corrosion resistance of Mg–Al alloys, including organic

coating, anodizing, ion implantation and the use of con-

version coatings [14]. However, only a few studies on

corrosion behavior of Mg–Li alloys have been reported

[15].

In consideration of the previous research in earlier

investigations, the corrosion mechanism of the forged Mg–

13Li–X alloys was localized corrosion and the corrosion

resistance of the forged alloy exhibited no obvious

improvement [16]. Several studies were reported that the

microstructures and grain sizes of Mg alloys controlled its

corrosion behavior, and the amount and distribution of

intermetallic phases are other important influencing factors

[17, 18]. Li et al. [18] proposed microcrystallization as a

new method to modify the study of corrosion behavior and

improve its corrosion resistance in chloride solutions.

In the present investigation, the microstructure and

corrosion behavior of the novel Mg–13Li–X alloy with

different grain sizes were studied. Through the rapid

solidification process (RSP), it is possible to produce fine-

grain Mg–13Li–X alloys in order to improve the mechan-

ical properties and corrosion behavior in a manner that

could not be achieved by conventional ingot processing

[19]. Attempts to evaluate the relationship between corro-

sion resistance and grain size were proposed in this study.

The aim of the work is to evaluate the effect of different

grain sizes achieved by rapid solidification process (RSP)

on microstructure and corrosion behavior of the novel Mg–

13Li–X alloy, and to improve its corrosion resistance.

2 Experimental

2.1 Materials

The chemical composition of the studied alloy is Mg–13Li–

3Al–1Zn–0.5Ca–0.5Sr (wt%). The preparation of the

investigated material was divided into two parts. Firstly, the

alloy with a chemical composition of Mg–13Li–X (wt%)

was prepared from pure Mg, Li, Al, Zn, Ca and Sr, melted in

the vacuum furnace and cast in a low-carbon steel crucible

under a protective gas of Ar [10]. The alloy ingots were

remelted twice in the furnace to ensure compositional

homogeneity. Subsequently, the alloy ingots were remelted

by an induction furnace. Rods with a diameter of U3, U4 and

U6 mm were prepared by casting from a graphite crucible

protected by SF6 into a special copper die. The similar way to

fabricate Mg alloys could form bulk metallic glass with the

cooling rate of 103 �C�s-1 or high [20]. These samples with a

diameters of U3, U4 and U6 mm were termed as Samples

M3, M4 and M6, respectively.

The size of the special copper die was

10 cm 9 8 cm 9 6 cm. There were three different holes with

the diameters ofU3,U4 and U6 mm in the die. The volume of

M6 was four times as large as that of M3 and twice as large as

that of M4. Therefore, their solidification rates also had a

proportional relationship.

2.2 Microstructural characterization

The microstructures of the RSP alloy samples were

observed by optical microscopy (OM, Leica DM4000 M)

and scanning electron microscopy (SEM, CS 3400). The

samples were prepared by grinding on SiC paper (3000

grade), followed by mechanical polishing with 1 lm Al2O3

paste and short final polishing using colloidal silica. The

grain structure was finally revealed by etching, using a

solution of 3 vol% nitric acid for 3–5 s, then thoroughly

flushed with alcohol and dried by a cold air blast. The grain

sizes were calculated by SISC-IAS image analysis

software.

X-ray diffraction (XRD, Rigaku D/max IIIA, Cu Ja)

was utilized to identify the crystalline phases of the rapidly

solidified samples. Energy-dispersive spectroscopy (EDS,

INCA Penta FET-x3) was used to investigate the distri-

bution of all the elements except lithium in the alloy. After

immersion tests in the Hank’s balanced salt solution

(HBSS), compositional and microstructural characteriza-

tions of the alloy surface were carried out using XRD and

SEM, respectively. Before the observation of the exposed

alloy samples, another solution was used to eliminate

corrosion products: 200 g CrO3, 10 g AgNO3 and 20 g

Ba(NO3)2 were added to distilled water to prepare 1000 ml

solution. The immersed samples were sonic oscillated in

the solution for about 1 min at (23.0 ± 0.5) �C.

2.3 Corrosive medium and electrochemical techniques

The corrosive medium is HBSS, and its specific composi-

tion is shown in Table 1. Electrochemical impedance

spectroscopy (EIS, CHI660A) is a technique with a small

perturbative signal, which causes little damage to the sur-

face of the sample. In addition to providing an indication of

the relative corrosion rate, EIS allows the corrosion

mechanism to be characterized by analyzing the impedance

response [21].

A typical three-electrode system consisting of a plat-

inum grid with a large surface area as the counter electrode
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saturated calomel electrode (SCE) as the reference elec-

trode and a specimen (with a specific exposed area) was

used as the working electrode. Cross sections were cut

from the fabricated samples with different diameters of

U3, U4 and U6 mm. The body of these rods was covered

with chloroprene rubber, leaving only a specific area in

contact with the solution. Preparation of the samples for

electrochemical experiments was related to the preparation

of OM and SEM samples. These samples were cleaned in

distilled water in ultrasonic bath and dried in a cold air

blast.

Two types of electrochemical experiments were con-

ducted: EIS and potentiodynamic polarization near the

corrosion potential (Ecorr). Impedance spectra were gener-

ated over the frequency range of 100 mHz–10 kHz using a

sinusoidal wave of 10 mV in amplitude. The potentiody-

namic polarization experiments were carried out on an

electrochemical workstation (CHI660A). Both the poten-

tiodynamic polarization experiments and the immersion

tests were conducted in HBSS at (37.0 ± 0.5) �C con-

trolled by a water bath (HH-W420). The practical scan rate

of the potentiodynamic polarization experiments was

0.02 V�s-1. The potentiodynamic polarization response

was measured during immersion in HBSS for 2, 24, 48 and

72 h.

3 Results and discussion

3.1 Microstructure analysis

As shown in Fig. 1a, c, e, the matrix of RSP Mg–13Li–X

alloy consists mainly of singleb-Li phase, as predicted by the

binary phase diagram [22, 23]. It can be seen from Fig. 1a, c,

e that these samples with different cooling rates all have

dendritic microstructures. The dendritic microstructures can

be strong evidence of a rapid cooling rate. As affected by

RSP, the grain sizes are refined observably (Fig. 1). The as-

cast Mg–13Li–X alloy has an average grain size of about

150 lm [24], while the mean grain sizes of RSP Mg–13Li–X

alloy are 4.2, 8.2 and 12.7 lm for Samples M3, M4 and M6,

respectively.

In Fig. 1b, Area A is the primary phase consisting of

single phase b-Li. The primary phase nucleates during the

initial period of solidification and grows as the solidification

of Mg–13Li–X alloy is proceeding. On account of the rapid

solidification rate, the degree of supercooling on solid–

liquid interface is sufficiently high, which produces den-

dritic microstructures. The eutectic phase or pseudo-eutec-

tic phase (Area B) starts to be generated around Area A after

the primary phase develops. EDS analysis shows that

alloying elements such as Al, Zn and Ca gather in the

Table 1 Chemical compositions of HBSS (g�L-1)

NaCl KCl CaCl2 NaHCO3 C6H6O6 KH2PO4 MgCl2�6H2O MgSO4�7H2O Na2HPO4�12H2O

8.00 0.40 0.14 0.35 1.00 0.10 0.10 0.20 0.06

Fig. 1 OM images (a, c, e) and SEM images (b, d, f) of Samples: a, b M3; c, d M4; e, f M6

Corrosion behavior of a novel Mg–13Li–X alloy 3199
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eutectic phase or pseudo-eutectic phase (Area B). Because

Area B is generated during the last period of solidification

and there is no surplus alloy liquid to be supplemented into

Area B, its microstructure is less compact than that of Area

A. Area C is another phase formed with the primary phase,

but it dissociates from the primary phase to the eutectic

phase. The main composition of Area C is Al0.58Mg0.42

which can be determined by EDS. By comparing Fig. 1b, d,

f, it can be observed that with the decrease in the cooling

rate, the degree of supercooling of the solid–liquid interface

is lower, resulting in a gradually larger area of the eutectic

phase. The proportion of the primary phase to the eutectic

phase is different with different solidification rates.

3.2 Potentiodynamic polarization

Figure 2 shows the polarization curves of RSP Mg–13Li–X

alloy with different immersion time, and Table 2 summa-

rizes the parameters of the polarization curves. All the

cathodic polarization curves are similar mostly, while the

anodic branches are evidently different. This is because

immersion time and solidification rate have few effects on

the cathodic polarization behavior. Since the effects of

oxygen on cathodic polarization are very small, hydrogen

evolution is the main cathodic process, and plenty of

bubbles are formed on the electrode surface.

The corrosion velocity of the novel Mg–13Li–X alloy in

HBSS is controlled mostly by anodic process. In Fig. 2, the

corrosion potential (Ecorr) shifts toward the positive

direction with an increase in solidification rate for different

immersion time. It can be concluded that the solidification

rate is the most important influencing factor on the corro-

sion resistance in this test. Therefore, Sample M3 with the

most rapid solidification rate has the highest corrosion

resistance. In Fig. 2b, c, d, obvious passivation stage can be

observed from the anodic curves. Passivation can be

attributable to the protective effect of the corrosion product

layer. As the immersion time and solidification rate change,

the passivation stage is different. Figure 2e shows the

Fig. 2 Polarization curves of Samples M3, M4 and M6 immersed in HBSS for a 2 h, b 24 h, c 48 h and d 72 h; and e polarization curves of

Sample M3 immersed in solution for different time

Table 2 Corrosion data of RSP Mg–13Li–X alloy with different

immersion time

Time/h Grain

size/

lm

Icorr/(A�cm-2) Ecorr/V

2 4.2 5.830 9 10-7 -1.354

8.2 1.494 9 10-6 -1.363

12.7 8.169 9 10-6 -1.375

24 4.2 8.136 9 10-7 -1.355

8.2 1.781 9 10-6 -1.367

12.7 1.627 9 10-5 -1.370

48 4.2 1.001 9 10-6 -1.382

8.2 2.800 9 10-6 -1.390

12.7 2.148 9 10-5 -1.401

72 4.2 7.123 9 10-6 -1.389

8.2 7.160 9 10-6 -1.406

12.7 4.315 9 10-5 -1.409
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polarization curves of Sample M3 in HBSS for different

immersion time. The corrosion potential (Ecorr) turns

toward more negative values with immersion time

increasing. A similar result is observed in the polarization

curves for Samples M4 and M6.

Table 2 shows that corrosion becomes more serious

when the immersion time increases from 2 to 72 h. When

the immersion time is 2 h, the corrosion currents (Icorr) of

all samples have the minimum values. The result can be

explained by that the corrosion products of the Mg–13Li–X

alloy are loose and uncompact [25]. The layer consisting of

corrosion products cannot afford strong protective effect to

the surfaces of all three samples. In addition, bubble for-

mation is observed, and the test temperature is 37 �C.

These factors all can contribute to the falling off of loose

corrosion product layer and the increase in corrosion cur-

rent density. Moreover, the white precipitate observed in

HBSS after electrochemical experiments can support this

explanation.

3.3 Electrochemical impedance spectroscopy

Figure 3 shows Nyquist impedance plots of Samples M3,

M4 and M6 after immersion for 2 h (Fig. 3a), 24 h

(Fig. 3b), 48 h (Fig. 3c) and 72 h (Fig. 3d) in HBSS,

respectively. In these plots, a well-defined capacitive loop

at medium and low frequencies is observed for all

immersion time. There is another small capacitive loop in

the plots at high frequency after immersion for 24, 48 and

72 h. However, the plot after immersion for 2 h does not

exhibit the small capacitive loop. The capacitive loop at

medium and low frequencies is attributed to charge transfer

(probably formation of Mg2?) and the double-layer

capacitance of the electrode. The capacitive loop at high

frequency is attributed to a film effect caused by the

existence of corrosion product layer.

In Fig. 3, by comparing the diameters of the capacitive

loops at medium- and low-frequency regions for different

immersion time, Sample M3 has higher diameters than

Samples M4 and M6. Evidently, the corrosion resistance

improves as the alloy solidification rate increases. This

result indicates that grain size can be a significant influ-

encing factor on corrosion performance and corrosion

resistance improves as the grain size decreases. As shown

in Fig. 1, finer grain sizes mean that the area of the eutectic

phase is smaller, so the sample with the finest grain size has

the best corrosion performance.

As for Sample M3, the impedance plots for different

immersion time are presented in Fig. 3e. There is little

variation in the loops for 2–24-h immersion because the

shape of the Nyquist impedance plots after immersion for 2

and 24 h changes and the corrosion product layer cannot

prevent corrosion attacking at the surface. However, the

diameters of the capacitive loops at medium and low fre-

quencies decrease with immersion time increasing from 24

to 48 h. This phenomenon indicates that the surface of this

sample is attacked and charge transfer (probably Mg disso-

lution to Mg2?) becomes easier. When the immersion time

increases from 48 to 72 h, the diameters of the impedance

plots are slightly smaller. This is perhaps because the surface

Fig. 3 Nyquist plots of Samples M3, M4 and M6 immersed in HBSS for a 2 h, b 24 h, c 48 h and d 72 h; and e Nyquist plots of Sample M3

immersed in solution for different time
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of RSP Mg–13Li–X alloy in HBSS changes comparatively

little as the immersion time increases. A similar result is

observed from the Nyquist impedance plots for Samples M4

and M6 in which an increase in immersion time also leads to

a decrease in size of the capacitive loops.

Figure 4 shows the equivalent circuits used to simulate

the impedance plots for different immersion time in HBSS.

The capacitive loops for impedance plots after immersion

for 2 h are simulated by utilizing a simple Randles circuit

(Fig. 4a) consisting of electrolyte resistance (Rsol), a con-

stant phase element (CPE1) and the transfer charge resis-

tance (Rt). In order to simulate the impedance plots with

immersing time of 24, 48 and 72 h, a film resistance factor

(Rf) and another constant phase element (CPE2) are added

in the Randles circuit (Fig. 5b).

Table 3 shows the fitting values of Rsol, CPE1, n1, Rf,

CPE2, n2 and Rf obtained from the impedance data and the

equivalent circuits. n2 and n2 are parameters of equivalent

element; when they are equal to 1, the simulated values are

more corrected. Those fitting values are obtained for

Samples M3, M4 and M6 in HBSS after immersion for 2,

24, 48 and 72 h. It can be observed from Table 3 that the

transfer charge resistance (Rt) values decrease with the

increase in the grain size of each sample for all immersion

time. This result is consistent with the results from impe-

dance plots. Compared with the transfer charge resistance

(Rt) values, the film resistance (Rf) values are far smaller

and those values have the same variation tendency with the

transfer charge resistance (Rt).

When the surface of alloy is in contact with HBSS, Cl-

promotes the corrosion process and make it easier for

Mg2? to enter the corrosion medium at sites of preferred

dissolution. At the same time, OH- are produced due to

hydrogen gas formation from cathodic reaction associated

with the electrochemical dissolution of Mg to form Mg2?.

The existence of OH- results in an increase in pH at the

interface and promotes the formation of the corrosion

products. In the case of samples after immersion for 2 h, on

account of the short time of exposure to the environment,

the surface of these samples does not have sufficient time

to generate a layer of Mg(OH)2. By contrast, in the case of

samples after immersion for 24, 48 and 72 h, a layer of

corrosion products is formed over the surface of these

samples. However, the corrosion product layer could not

provide strong protection because of its loose and

uncompact microstructure. This explanation is consistent

Fig. 4 Equivalent circuit of 2 h a and equivalent circuit of 24, 48 and 72 h b

Fig. 5 XRD patterns of Mg–13Li–X alloy after immersion for a 2 h and b 72 h

3202 B.-L. Wu et al.
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with the impedance data and the values of the components

of the equivalent circuit.

3.4 Corrosion products and microstructural

characterization

Figure 5 shows XRD patterns of Mg–13Li–X alloy after

immersion for 2 and 72 h. In Fig. 5a, Mg(OH)2 and MgO

are the main constituents of the corrosion products after

immersion for 2 h. However, Fig. 5b shows a different

result. The majority of corrosion products are Mg(OH)2,

Ca(H2PO4)2 and CaCO3. In summary, Mg(OH)2 is the most

common corrosion product for all samples with different

immersion times.

In Fig. 6a, Area A is the primary phase and Area B is the

eutectic phase. It is apparent that the eutectic phase cor-

rodes before the primary phase because the eutectic phase

has many alloying elements, such as Al, Zn and Ca, and

these elements could constitute a virtual battery to increase

the corrosion rate. Another reason may be that eutectic

phase is generated during the last period of solidification

and there is no remaining liquid alloy, so the microstruc-

ture of eutectic phase is less compact than that of primary

phase. Figure 6b shows that corrosion products form on the

surface of the eutectic phase. This corrosion product layer

can protect the eutectic phase from further attack, so the

corrosion process resumes on the surface of the primary

phase. Figure 6c–f confirms this hypothesis. Since the

Table 3 Equivalent circuit parameters of RSP Mg–13L–X alloy with different immersion time

Time/h Samples Rsol/X CPE1/(lF�cm-2) n1 Rf/X CPE2/(lF�cm-2) n2 Rt/X

2 M3 2.764 4.1960 9 10-5 0.8563 – – – 7649

M4 5.565 2.3100 9 10-5 0.8678 – – – 3438.0

M6 5.661 3.4960 9 10-5 0.9201 – – – 3041.0

24 M3 1.223 1.6090 9 10-7 1.0000 156.7 3.344 9 10-5 0.8270 7234.0

M4 1.446 7.9950 9 10-8 1.0000 88.56 3.304 9 10-5 0.8543 5545.0

M6 9.999 9.7190 9 10-8 1.0000 84.73 2.674 9 10-5 0.9089 2593.0

48 M3 1.127 1.9930 9 10-7 1.0000 77.82 6.742 9 10-5 0.8611 3978.0

M4 1.191 7.0236 9 10-8 1.0000 41.86 1.170 9 10-4 0.9600 1397.0

M6 2.822 1.0120 9 10-8 1.0000 14.36 3.311 9 10-5 0.8807 786.4

72 M3 1.451 8.0840 9 10-8 1.0000 71.44 1.129 9 10-4 0.8884 3242.0

M4 8.851 2.9580 9 10-7 0.9317 62.68 2.287 9 10-5 0.9328 904.8

M6 16.940 1.3210 9 10-7 1.0000 50.88 4.134 9 10-5 0.8563 832.3

Fig. 6 SEM images of Mg–13Li–X alloy without corrosion products: a M3 after immersion for 24 h, b M3 after immersion for 48 h, c M4 after

immersion for 24 h, d M4 after immersion for 48 h, e M6 after immersion for 24 h, and f M6 after immersion for 48 h

Corrosion behavior of a novel Mg–13Li–X alloy 3203
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solidification rate of Samples M4 and M6 is slower than

that of Sample M3, the area of the eutectic phase in Sample

M3 is smaller than that in Samples M4 and M6. The extent

of corrosion becomes more serious with solidification rate

decreasing. Thus, Sample M3 has the best corrosion per-

formance compared to Samples M4 and M6. This obser-

vation also indicates that the mechanism of corrosion is

uniform attack rather than pitting attack.

4 Conclusion

The rapid solidification process was observed to refine the

grain size of the Mg–13Li–X alloy. The mean grain sizes of

RSP Mg–13Li–X alloy are 4.2, 8.2 and 12.7 lm with

solidification rate decreasing, respectively. The sample with

4.2 lm in grain size has the most positive Ecorr (-1.354 V)

and the minimum Icorr (5.830 9 10-7 A�cm-2) after

immersion for 2 h. Therefore, the finest grain size sample

with the most rapid solidification rate can improve polar-

ization resistance, reduce the corrosion current densities and

increase the corrosion resistance in HBSS. The corrosion

mechanism of the Mg–13Li–X alloy is uniform attack rather

than pitting corrosion.
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