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Abstract In the present work, ribbon and 2-mm rod

samples of Mg–Zn–Ca–Mn alloys were prepared by melt-

spinning and copper mold injection methods, respectively.

Effects of Mn doping on glass-forming ability and corro-

sion performance in simulated body fluid of Mg65Zn30Ca5

alloy were studied through X-ray diffraction, scanning

electron microscopy, differential scanning calorimeter, and

electrochemical and immersion tests. Results show that

with the Mn addition increasing, all the ribbon samples are

completely in amorphous state. However, the microstruc-

ture of 2-mm rod samples transfers from fully amorphous

for the Mn-free alloy to almost polycrystalline state with

precipitated Mg, Mn, and MgZn phases. Glass-forming

ability of Mg65Zn30Ca5 alloy is decreased by Mn addition.

Results of electrochemical and immersion tests demon-

strate that the Mn-doped samples exhibit more negative

corrosion potential and larger corrosion current density,

suggesting that the corrosion resistance decreases with

doping amount of Mn element increasing.

Keywords Mg–Zn–Ca amorphous alloys; Mn doping;

Glass-forming ability; Corrosion performance

1 Introduction

Magnesium (Mg) alloys exhibit promising application

potential as biomedical metallic materials because of their

closer density (1.74–2.0 g�cm-3) and elastic modulus

(41–45 GPa) to those of human bone (1.8–2.0 g�cm-3,

5–23 GPa) [1] compared with the commonly used stainless

steel, titanium-based alloys, and cobalt-chrome alloys. The

closer Young’s modulus could effectively alleviate the

undesirable ‘‘shielding stress effect’’ [2]. In addition, Mg is

a macro-element in human body (420 mg�day-1) [3], and it

participates in a number of metabolism reactions. The

release of Mg ion will stimulate the regeneration of new

bone cell and accelerate the growth of bone tissues [4].

Reported studies have also indicated the good biocompat-

ibility [3] and bio-resorbability [5, 6] of devices such as

cardiovascular stent fabricated by Mg alloys [7].

However, Mg-based implants will face the aggressive

physiological environment (high concentration of Cl-)

when they are implanted in human body, which would lead

to the rapid degradation of implants matrix and undesirable

hydrogen evolution by the corrosion reaction Mg ? 2

H2O ? Mg2??2OH-?H2. In animal trials, the gradually

formed subcutaneous gas bubbles need extra perforation

operation to be eliminated [8]. Meanwhile, rapid degrada-

tion brings about the rapid dropping of mechanical integ-

rity before the absolute healing of bone tissues, which

would result in the most implantation failure. Therefore, up

to date, the undesirable corrosion resistance of magnesium

alloys is the primary issue that constraints the wide appli-

cations such as load-bearing implants. Researchers have

done lots of work to seek new strategies to enhance the

corrosion resistance. Surface modification is an effective

way that could decline the high corrosion rate and protect

matrix from quicker degradation [9–11]. Another way is

developing new alloy system that possesses better corro-

sion resistance [12]. However, the corrosion mechanism in

principal is just modified but not completely changed.

Consequently, only limited improvement in corrosion

resistance has been gained.
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Magnesium-based bulk metallic glasses (BMGs) show

much stronger corrosion resistance than its crystalline

counterpart due to the chemical homogeneity and the

absence of second phases as well as other microscopic

defects, such as dislocations, grain boundaries, and pre-

cipitates [13, 14]. Same as the Mg-based BMGs, their

composites also exhibit better corrosion resistance than the

as-cast crystallines. In recent years, Mg–Zn–Ca metallic

glasses and their composites are considered as ideal can-

didates for biomedical applications. It is because that

human body has a high tolerance limit of Zn

(10 mg�day-1) and Ca (1000 mg�day-1) in daily life [15].

Zberg et al. [16] also reported that Mg60?xZn35-xCa5

(0 B x B 7, at%) metallic glasses showed good tissue

compatibility and demonstrated a significant improvement

in corrosion resistance. In vitro cyto-compatibility and

in vivo animal investigations further suggested that Mg–

Zn–Ca metallic glasses could satisfy the requisite bio-

compatibility and constrict the unwanted hydrogen evolu-

tion. Recent studies reported by Ravi et al. demonstrated

that partially amorphous Mg-based alloys would be

promising in the field of biomedical applications [17]. At

present, considering that the suitable biodegradable implant

should function properly for at least 3 months in vivo [18],

more research about bio-safety and biodegradation is still

necessary in the future.

Manganese (Mn) is one of the important trace elements

in human body, and it is involved in the synthesis and

activation of enzymes for human body health [15]. At

present, studies about Mn-containing Mg alloys, such as

Mg–2.0Zn–0.2Mn [19] and Mg–1.2Mn–1.0Zn [20], have

been proposed for biomedical application for their

improved corrosion resistance. In the present work, Mg–

Zn–Ca alloys with different amounts of Mn addition were

prepared through the rapid solidification method by using

industrial pure raw materials. The effect of Mn on the

glass-forming ability (GFA) and corrosion performance

was investigated.

2 Experimental

Alloy ingots with compositions of (Mg65Zn30Ca5)100-xMnx
(x = 0, 0.2, 0.5, 0.8, 1.2, 1.5; at%) were prepared by

melting industrial pure Mg (99.8 wt%), Zn (99.5 wt%),

Mg–30 wt%Ca master alloy, and Mg–10 wt%Mn master

alloy in induction furnace under the protection of high-

purity argon gas. Then, ribbons of these alloys were fab-

ricated using melt-spinning method. Meanwhile, rods with

diameter of 2 mm were prepared by induction re-melting

the master alloys in the quartz tube and injecting into

water-cooled copper mold. The amorphicity and

microstructure of the ribbon and 2-mm (U 2mm) rod

samples were characterized by X-ray diffractometer (XRD,

Shimadzu XRD-6000) with Cu Ka radiation

(k = 0.15418 nm) and scanning electron microscope

(SEM, TESCAN VEGA II LMU) equipped with energy-

dispersive spectrometry (EDS, Oxford, INCA energy 300).

Differential scanning calorimetry (DSC) was employed to

investigate the thermal stability using a DSC823e differ-

ential scanning calorimeter under the flow of purified argon

gas at a heating rate of 20 K�min-1. The electrochemical

tests were carried out at (310 ± 1) K in a beaker con-

taining 1000 ml simulated body fluid (SBF, with a chem-

ical composition same to that in Ref. [21]) on a PARTAT

4000 electrochemical workstation using a standard three-

electrode configuration. The studied alloys were served as

working electrode. Saturated calomel electrode and plat-

inum electrode were used as reference electrode and

counterelectrode, respectively. Open-circuit potentials

(OCP) were first monitored for 5400 s. Then potentiody-

namic polarization tests were carried out within ± 250 mV

range with respect to OCP at a scanning rate of 1 mV�s-1.

For the static immersion tests, 2-mm rod samples were

firstly polished until no scratches were present and ultra-

sonically cleaned by deionized water and ethanol, and then

immersed into a beaker containing 150 ml SBF solution.

After 12 h, samples were fetched out, rinsed with deion-

ized water and further immersed into chromic acid to

remove the corrosion product, then gently washed with

deionized water, and dried by cold air. Hydrogen evolution

tests were carried out through measuring the released

volume of H2 during the immersion process, and detailed

procedures for this testing are similar to that used in Ref.

[22]. Samples were immersed in SBF solution up to 24 h,

and the released H2 was collected into a burette, and the

volume of evolved hydrogen gas was recorded at regular

time intervals.

3 Results and discussion

3.1 Glass-forming ability

Figure 1a shows XRD patterns of the ribbon samples with

different amounts of Mn addition. It can be observed that

there is only a broad halo peak present at about 38� (2h)

without any other detectable crystalline peaks for all the

alloys. It is indicated that the ribbon samples exhibit a

completely amorphous structure. Figure 1b displays XRD

patterns of the injected 2-mm rods of

(Mg65Zn30Ca5)100-xMnx (x = 0, 0.2, 0.5, 0.8, 1.2, 1.5; at%)

alloys. As can be seen, the Mg65Zn30Ca5 rod sample has

the typical amorphous features without any

detectable crystalline peaks. With a minor Mn addition

(x = 0.2 at%), a weak crystallization peak corresponding to
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Mg phase appears. Further increasing addition of Mn

results in sharp crystalline peaks (Mg, Mn, and MgZn

phases) superimposed on the broad diffraction curves for

(Mg65Zn30Ca5)100-xMnx (x = 0.5, 0.8, 1.2, 1.5; at%) rod

samples. It can be seen that (Mg65Zn30Ca5)98.8Mn1.2 and

(Mg65Zn30Ca5)98.5Mn1.5 alloys tend to be of almost fully

crystalline structure.

Figure 2 presents SEM backscattered electron (BSE)

images of Mg–Zn–Ca–Mn rod samples. Figure 2a shows

no distinct segregation and other micro-defects in the

backscattered electron image, which demonstrates the

completely amorphous structure of Mg65Zn30Ca5 rod

sample. With a small amount addition of Mn (x = 0.2 at%),

a few extremely fine dendrite phases precipitate on the

amorphous matrix, as shown in Fig. 2b. The content and

size of dendrite phases increase with the further addition of

Mn, as shown in Fig. 2c–f. Meanwhile, bright white

particles dispersing around the black dendrite phases or

gathering on the remaining gray phases are observed in

Fig. 2d–f. The newly formed phases precipitated in the

amorphous matrix for the 2-mm rod samples were analyzed

by EDS, and the results are listed in Table 1. It is shown in

Fig. 2e that Mg content in the black dendrite phase (labeled

as A) is about 77.91 at%. Thus, it can be confirmed as Mg

phase according to XRD results. For the light-gray phases

(labeled as B in Fig. 2e) distributing along the Mg phase,

EDS result indicates that the Mg and Zn contents are

56.94 at% and 39.31 at%, respectively. Based on XRD

results, it can be identified as (Mg ? MgZn) eutectics

[23, 24]. While for the bright white particle (labeled as C)

in Fig. 2f, EDS analysis reveals that it consists of a large

amount of Mn element. Combining with XRD results, it

can be confirmed as Mn phase. The higher Mg content is

resulted from the energy spectrum drift from matrix.

Fig. 1 XRD patterns of (Mg65Zn30Ca5)100-xMnx alloys: a ribbons and b 2-mm rods

Fig. 2 SEM images of 2-mm rods for a Mn free, b 0.2 at% Mn, c 0.5 at% Mn, d 0.8 at% Mn, e 1.2 at% Mn and f 1.5 at% Mn-doped Mg–Zn–Ca

alloys
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Figure 3 demonstrates DSC curves of amorphous rib-

bons with a constant heating rate of 20 K�min-1. It is

clearly noted that all the ribbon samples go through a glass

transition, followed by a supercooled liquid region. Then,

similarly subsequent exothermic reactions due to crystal-

lization can be observed. Based on DSC curve, the main

thermal parameters, namely glass transition temperature

(Tg), onset crystallization temperature (Tx1), melting tem-

perature (Tm), and liquids temperature (Tl), as well as the

values of DTx1 (DTx1 = Tx - Tg) [25], Trg (Trg = Tg/Tl)

[26], c (c = Tx1/(Tg ? Tl)) [27], of these alloys are sum-

marized in Table 2. Generally, the values of DTx1, Trg, and

c are used to evaluate the GFA of metallic glasses. Higher

values of these indexes indicate a better GFA. In addition,

critical size of the amorphous alloy prepared at the same

condition is also widely recognized to characterize the

GFA of alloys, and a larger critical size means a stronger

GFA. As can be seen from Figs. 1 and 2, the ribbon alloys

of (Mg65Zn30Ca5)100-xMnx (x = 0, 0.2, 0.5, 0.8, 1.2, 1.5;

at%) are all in completely amorphous state, while the

microstructure of 2-mm rod sample transfers from fully

amorphous for the Mn-free alloy to almost polycrystalline

state with precipitated phases. This indicates that the

addition of Mn reduces the GFA of Mg–Zn–Ca alloy.

However, it is found in Table 2 that the variation of

supercooled liquid region (DTx1) does not well agree with

the change in GFA, while Trg and c decrease with the

gradual addition of Mn, which is in well agreement with

the changing trend of GFA in the present work.

In addition, Table 2 shows that the addition of Mn leads

to the significant increment of liquid temperature (Tl) from

653.35 to 682.65 K and also the Tm and Tl intervals.

Generally, a higher liquid temperature means that more

energy can be distributed for nucleation and growth at the

same solidification condition, which favors the precipita-

tion of crystalline phases. This is in good agreement with

the microstructure variation of the 2-mm rod samples in

Fig. 2a–f. Furthermore, it is supposed that the composition

of Mn-free alloy locates very close to the eutectic point,

since it exhibits only one melting peak and the lowest Tl

among the present alloys [28]. While for the Mn-added

alloys, there are two or more melting peaks, suggesting the

deviation of chemical composition from eutectic

Table 1 EDS results of phases in Fig. 2e, f (at%)

Phases Mg Ca Zn Mn

A 77.91 2.57 19.01 0.51

B 56.94 3.75 39.31 –

C 45.82 1.50 11.85 40.83

Fig. 3 DSC curves of (Mg65Zn30Ca5)100-xMnx ribbons at heating rate of 20 K�min-1: a 350–575 K and b 575–775 K

Table 2 Thermal parameters of amorphous ribbons of (Mg65Zn30Ca5)100-xMnx alloys

Alloys Tg/K Tx1/K Tm/K Tl/K DTm/K DTx/K Trg c

x = 0 361.69 378.23 618.40 653.35 34.95 16.54 0.554 0.373

x = 0.2 360.65 378.88 604.88 654.59 49.71 18.23 0.551 0.373

x = 0.5 361.13 379.23 605.14 657.14 52.00 18.10 0.549 0.372

x = 0.8 360.23 382.51 604.91 676.08 71.17 22.28 0.532 0.369

x = 1.2 359.78 381.46 605.23 677.88 72.65 21.68 0.530 0.367

x = 1.5 361.52 382.05 606.81 682.65 75.84 20.53 0.529 0.366
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composition. It is well known that the alloy whose com-

position locates at or is close to the eutectic point usually

shows a higher GFA [26]. In this regard, the GFA of the

Mg–Zn–Ca alloys is ruined with Mn addition.

It has been well known that the glass formation ability

of the alloy is strongly dependent on the mixing enthalpy

and atom size mismatch between the atoms in the alloy

system, according to the empirical criteria for evaluating

the glass-forming ability proposed by Inoue. A large neg-

ative mixing enthalpy would result in forming more

stable or stronger atomic pair and/or clusters and increase

the liquid viscosity [29]. Therefore, the difficulty of atom

movement or diffusion would be increased, which can

stabilize the supercooled liquid against crystallization.

Large difference in atomic size ratio between components

would enhance the packing density of atoms and clusters

and retard the long-range rearrangement of atoms required

for crystallization, thereby improving the GFA [30]. Thus,

large negative mixing enthalpy and an atom size mismatch

are favorable to the glass formation of the alloy.

Table 3 shows the mixing enthalpy and atomic radius of

Mg, Zn, Ca and Mn elements. It can be seen that atomic

size difference ratio of Mn between Mg, Zn and Ca are all

larger than 19%, which satisfies the empirical criteria and

would enhance the packing density of atoms and clusters.

However, Mn has a large positive mixing enthalpy with Mg

and Ca, which is unfavorable to the formation of strong

atomic pair and/or clusters and stabilization of supercooled

liquid. Therefore, crystalline phases tend to precipitate

during solidification process. More amount of Mn addition

would result in large content of crystalline phase. This is in

accordance with XRD results in Fig. 1b and SEM analysis

in Fig. 2. Based on the above discussion as well as the

results of XRD and SEM of the rod samples, it can be

concluded that the addition of Mn deteriorates the glass

formation ability of Mg–Zn–Ca alloy.

3.2 Corrosion performance in SBF

The potentiodynamic polarization curves of

(Mg65Zn30Ca5)100-xMnx 2-mm rod samples as well as pure

Mg (99.95 wt%) tested in SBF solution at 310 K are shown

in Fig. 4. Corrosion potential and corrosion current density

obtained by Tafel extrapolation are summarized in Table 3.

Generally, corrosion potential demonstrates the tendency to

be corroded, while the value of corrosion currency indi-

cates the level of corrosion rate. A more positive corrosion

potential reflects a lower corrosion tendency, and a higher

corrosion current density means the higher degradation or

corrosion rate. As can be seen from Table 3, the Mn-free

sample exhibits the noblest corrosion potential

(- 1.261 V) and the lowest corrosion current density

(49.325 lA�cm-2). While for the 0.2 at% Mn-doped sam-

ple, there is a minor decrease in the corrosion potential and

increase in the corrosion current density. Further addition

of Mn leads to a further negative movement of the corro-

sion potential and increment of the corrosion current den-

sity of the Mn-doped samples. It is indicated that the

corrosion resistance of the rod samples gradually decrea-

ses. In addition, as seen in Fig. 4 and Table 3, pure Mg

exhibits the most negative corrosion potential (- 1.657 V)

and the largest corrosion current density

(459.453 lA�cm-2). Although Mn addition decreases the

corrosion resistance of Mg–Zn–Ca amorphous alloys, they

still have higher corrosion resistance than pure Mg.

Figure 5 demonstrates the hydrogen evolution volume

against immersion time for the 2-mm rod samples. It is

noted that there is no obvious difference in hydrogen

evolution volume for Mn-free and 0.2 at% Mn-doped

samples within the whole immersion duration. It is sug-

gested that the Mn-free sample and 0.2 at% Mn-doped

sample exhibit a similar corrosion resistance, which is in

agreement with the results of electrochemical test. How-

ever, with Mn addition increasing, hydrogen evolution

volume of the rod samples (C 0.5 at% Mn) gradually

increases, indicating that more Mn addition gradually

weakens the corrosion resistance of Mg65Zn35Ca5 alloy.

Hydrogen evolution volume of pure Mg sample is also

presented in Fig. 5. It can be seen that evolution volume of

hydrogen of pure Mg is much higher than those of all the

rod samples during the immersion duration. It is demon-

strated that, although the addition of Mn deteriorates the

corrosion resistance of Mg–Zn–Ca amorphous materials,

Table 3 Atomic size difference ratio and mixing enthalpy (DHmix) of alloy elements

Elements DHmix/(kJ�mol-1) Radius/nm Atomic size difference ratio/%

Mg Zn Ca Mn Mg Zn Ca Mn

Mg – - 4 - 6 12 0.160 – 13.13 18.78 30.00

Zn - 4 – - 22 - 6 0.139 13.13 – 29.44 19.42

Ca - 6 - 22 – 19 0.197 18.78 29.44 – 43.15

Mn - 4 - 21 1 – 0.112 30.00 19.42 43.15 –
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its composites still show a better corrosion performance

than pure Mg.

Figure 6 shows surface morphologies of 2-mm rod

samples for (Mg65Zn30Ca5)100-xMnx alloys after 12-h

immersion in SBF solution. A number of pits with different

sizes are observed on the sample surface in Fig. 6a. Pits

corrosion and non-uniform corrosion are the most common

corrosion phenomena when Mg and its alloys are exposed

into the solution with chloride ions [31]. The reason for pits

corrosion can be attributed to the localized quenched-in

defects, e.g., free volume, local variation in electrochemi-

cal activity, and inhomogeneities, formed during the rapid

cooling process [28]. As seen in Fig. 6b for the addition of

0.2 at% Mn samples, the area subjected to corrosion sig-

nificantly increases compared to Mn-free samples. In

addition, some dendrite-like corrosion pits are clearly

observed. In Fig. 6c for the 0.5 at% Mn-doped sample, it

can be seen that the corrosion pits grow wider and deeper.

As shown in Fig. 6d–f, with further Mn addition, corrosion

off, crack, and collapse gradually occur, respectively. The

variation of corrosion morphologies indicates that these

samples are corroded much more serious with Mn addition

increasing, which is consistent with the results of electro-

chemical and hydrogen evolution tests in Figs. 4 and 5.

It was reported that trace impurity such as Fe, Ni, Cu,

and Co in the conventional magnesium alloys acted as the

cathodic sites and increased the cathodic efficiency

[32, 33]. It is indicated that the existence of trace impurities

increases the degradation rate, and thus the material is

susceptible to localized corrosion attack in the initial period

of immersion. MnCl2 has been utilized to reduce the

impurity content, especially Fe content (the main impurity

in the conventional pure Mg) of industrially pure raw

materials during alloy preparation [34]. In the present

work, Mg–10 wt%Mn master alloy was employed with the

hope of descending the impurities level and improving the

corrosion resistance of the studied alloys. However, the

results of electrochemical tests illustrate that Mn addition

weakens the corrosion resistance, which is against the

original intention. It is suggested that there may be some

other factors playing more crucial roles on the corrosion

performance of the studied alloys.

It is known that the performance of the materials is

closely related to their microstructures. The decrease in the

corrosion resistance in the present work can be attributed to

the variation of microstructure with Mn addition. It is noted

from Fig. 2 that Mg65Zn30Ca5 sample exhibits a com-

pletely amorphous structure. The structure of amorphous

materials is characterized as homogenization in chemical

composition and absence of corrosion-induced

microstructural defects like dislocations, secondary phases,

and grain boundaries throughout the alloy. Galvanic cor-

rosion can be greatly alleviated, and thus it exhibits the

noblest corrosion potential and lowest corrosion current. It

is demonstrated in Fig. 3 and Table 2 that the addition of

Mn ruins the glass-forming ability of the Mg–Zn–Ca

alloys. A minor addition (0.2 at%) of Mn leads to the fine

dendrite phase precipitated in the amorphous matrix that

the microstructure of the alloy turns from completely

amorphous to partially amorphous. The newly precipitated

dendrite phase is crystalline Mg phase (Fig. 2 and Table 1)

which would form the micro-cell with the amorphous

matrix, thus inducing the galvanic corrosion. Wang et al.

[24] reported the corrosion behaviors of Mg67Zn28Ca5

alloy with structures varying from amorphous to crys-

talline. They concluded that the partially amorphous

structure with the produced Mg102.8Zn39.6 phase after the

heat treatment improved the corrosion resistance. How-

ever, the generation of crystalline Mg leads to the less

noble corrosion potential, an increase in corrosion current,

and thus a decrease in corrosion resistance of alloy. This

resulted from the more negative electrochemical potential

of the crystalline Mg phase than that of the amorphous

phase [35]. It can be seen from Figs. 1b and 2 that further

Fig. 4 Potentiodynamic polarization curves of (Mg65Zn30Ca5)100-xMnx
rods and pure Mg tested in SBF solution

Fig. 5 Hydrogen evolution volume against immersion time of

(Mg65Zn30Ca5)100-xMnx rods and pure Mg immersed in SBF solution

at 310 K
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addition of Mn results in the gradual increase in the size

and content of crystalline phases. These crystalline phases

would form galvanic couples with amorphous matrix and

become electrochemical corrosion sites when the samples

are exposed to corrosion mediate. Consequently, the gal-

vanic corrosion is gradually enhanced and the corrosion

resistance is declined. That is to say, for Mg–Zn–Ca alloys

in the present work, the Mn-doped samples prepared by

injection show more negative corrosion potential and larger

corrosion current density, as demonstrated in Table 4.

4 Conclusion

With Mn addition to Mg65Zn30Ca5 alloy, all the ribbon

samples are in amorphous state. While for the 2-mm rod

samples, their microstructure turns from fully amorphous

to almost polycrystalline. The content and size of Mg, Mn,

and MgZn precipitated phases increases with Mn addition

increasing. Thus, the Mn addition ruins the glass-forming

ability of Mg65Zn30Ca5 alloy. The results of electrochem-

ical, hydrogen evolution, and immersion tests for the 2-mm

rod samples demonstrate that the precipitated crystalline

phases induce the galvanic corrosion and decrease the

corrosion resistance of Mg65Zn30Ca5 alloy with Mn addi-

tion increasing. However, the rod samples prepared by

copper mold injection method with partially amorphous

structure still exhibit a much better corrosion resistance

than the pure Mg.
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