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Abstract 

In the present work, seven Mg-Zn-Ag alloys with the nominal composition of Mg 96-x Zn x Ag 4 ( x = 17, 20, 23, 26, 29, 32, 35 in at.%) 
were prepared by induction melting and single-roller melt-spinning. The X-ray diffraction (XRD) analyses indicate the metallic glasses with 
three composition of Mg 73 Zn 23 Ag 4 , Mg 70 Zn 26 Ag 4, and Mg 67 Zn 29 Ag 4 were obtained successfully. The differential scanning calorimetry (DSC) 
measurement was used to obtain the characteristic temperature of Mg-Zn-Ag metallic glasses for the glass-forming ability analysis. The 
maximum glass transition temperature (T rg ) was found to be 0.525 with a composition close to Mg 67 Zn 29 Ag 4 , which results in the best 
glass-forming ability. Moreover, the immersion test in simulated body fluid (SBF) demonstrate the relative homogeneous corrosion behavior 
of the Mg-Zn-Ag metallic glasses. The corrosion rate of Mg-Zn-Ag metallic glasses in SBF solution decreases with the increase of Zn 
content. The sample Mg 67 Zn 29 Ag 4 has the lowest corrosion rate of 0.19 mm/yr, which could meet the clinical application requirement well. 
The in vitro cell experiments show that the Madin-Darby canine kidney (MDCK) cells cultured in sample Mg 67 Zn 29 Ag 4 and its extraction 
medium have higher activity. However, the Mg-Zn-Ag metallic glasses exhibit obvious inhibitory effect on human rhabdomyosarcoma (RD) 
tumor cells. The present investigations on the glass-forming ability, corrosion behavior, cytocompatibility and tumor inhibition function of 
the Mg-Zn-Ag based metallic glass could reveal their biomedical application possibility. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: Metallic glasses; Mg-Zn-Ag; Corrosion behavior; In vitro cytocompatibility. 
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. Introduction 

Magnesium (Mg) alloys have excellent biocompatibil- 
ty (no toxicity), good biodegradability, low density (1.74–
.0 g/cm 

3 ), and moderate Young’s modulus close to the hu- 
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an bone. Therefore, they have been considered as one of 
he most potential candidates for biomedical application [ 1 , 2 ]. 
ctually, Mg is an essential element in the human body, as it 

s involved in a series of metabolic processes [3] . Redundant 
g ions with appropriate concentration would not cause any 

dverse effect, as they are excreted in the urine. However, 
he corrosion rates of the normal Mg-based alloys in body 

uids are extremely high, which could influence the tissue 
ctivity and result in insufficient mechanical strength before 
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he tissue healing [4] . Then, more attentions have been paid 

n corrosion mode and mechanical integrity during the devel- 
ping of biodegradable Mg alloys [5] . The Mg-based alloys 
uch as Mg-Zn [ 6 , 7 ], Mg-Ag [8] , Mg-Cu [9–11] , Mg-Zn-Sr
12–14] , Mg-Zn-Ca [ 7 , 15 ] and Mg-Ag-Cu [ 16 , 17 ] have been
idely studied, but the improvement is limited. The recent 

esearch [18] on different Zn doped Mg-Gd alloy reveals that 
he appropriate content of stacking fault or precipitates with 

niform distribution could benefit the corrosion resistance and 

echanical integrity simultaneously. While the study on Mg 

ith Ca micro-alloying exhibits excellent corrosion resistance, 
hich is attributed to inhibition of cathodic water reduction 

inetics, impurities stabilizing and a protective surface film 

19] . For Mg alloys, the increasing of mechanical properties 
lways need more alloying elements, which is detrimental to 

he corrosion resistance. Therefore, it is still a problem to 

alance the mechanical properties and corrosion behavior of 
he Mg alloys for biomedical application. 

According to the previous research, the presence of Mg 

on could promote the increase of neuronal calcitonin gene- 
elated polypeptide- α (CGRP) in both the peripheral cortex of 
he femur and the ipsilateral dorsal root ganglia (DRG), which 

nhanced magnesium-induced osteogenesis [20] . Then, it can 

e prospected that the Mg and its alloys could be applied 

or the therapy of bone osteoporosis or bone tissue repair. 
owever, the controlled biodegradation is a key issue for the 
g alloys before their successful applications. The previous 

esearches [ 21 , 22 ] reveal that the zinc (Zn) element plays 
lentiful biological functions in the human body, which also 

an enhance the corrosion resistance and mechanical property 

f Mg alloys. In addition, the bacterial infection always hap- 
ens during the surgical operation. If the implant could have 
he antibacterial function, it would benefit the postoperative 
ealing. Actually, the metal ion Argentum 

+ (Ag + ) has excel- 
ent antibacterial properties and been conventionally used as 
n antibacterial agent [ 23 , 24 ]. Moreover, the Ag could play 

n essential role to increase the pitting corrosion resistance 
f Mg alloys [25] . Recently, Mg-based alloys containing Zn 

nd Ag elements have been studied which demonstrates well 
mproved corrosion resistance [ 26 , 27 ]. However, the degrada- 
ion behavior of the Ag and Zn doped Mg alloys are still not 
atisfied for the bone repair filler, their corrosion rate should 

e decreased further by more methods [ 28 , 29 ]. Based on the
eported results [30–32] , the secondary phase, grain bound- 
ry and crystal defect in the Mg alloys are detrimental to the 
orrosion resistance. 

The study on the amorphous Mg alloy exhibits that it pro- 
esses excellent corrosion resistance and homogeneous degra- 
ation [33] . Such improvements are ascribed to the relative 
omogeneous elemental distribution in the amorphous sys- 
em which eliminates the microstructural defects such as grain 

oundaries, dislocations and precipitates [ 21 , 22 ]. Therefore, it 
ould be expected to apply the amorphization on the Mg al- 

oys to obtain better biodegradation behavior. However, there 
s almost no research on the Mg-Zn-Ag metallic glasses. 
hus, the study of Mg-Zn-Ag metallic glasses will fill the 
ap in the development of Mg-based metallic glasses, which 
2 
ould play an important role in the design of ternary Mg-Zn- 
g and quaternary Mg-Zn-Ag-X metallic glasses for biomed- 

cal application. 
Thus, in the present work, the Mg alloys with different 

omponent of Zn were designed by the CALPHAD method, 
nd then fabricated by single-roller melt-spinning. The ob- 
ained thin strips were investigated by corrosion test and cell 
ulture to evaluate their corrosion behavior and cytocompat- 
bility. The present research would be helpful to the devel- 
ping of Mg-based metallic glasses for bone tissue repairing 

pplication. 

. Experimental procedure 

.1. Mg-Zn-Ag metallic glasses preparation 

Seven samples with nominal composition of Mg 96-x Zn x Ag 4 

 x = 17, 20, 23, 26, 29, 32, 35, at.%) were selected. All sam-
les were prepared using high-purity magnesium (99.9 wt.%), 
inc (99.99 wt.%) and silver (99.9 wt.%) purchased from Tril- 
ion Metals company, Beijing, China. Before melting, raw 

etals were ground with 400 grit particle sizes of sandpaper 
o remove the oxide layer. Graphite crucible was used in the 
elting process. Mg and Zn were compensated with an extra 

.5 wt.% during the sample weighting due to their high vapor 
ressure. All samples were melted in an induction furnace 
nder the argon atmosphere at least three times in order to 

btain the as-cast ingots with homogeneous microstructure. 
he weight loss of each sample after the melting process is 

ess than 2 wt.%. After melting, as-cast samples were ground 

ith sandpaper to remove the impurities and oxide layer on 

he surface. Then, they were cut into small pieces and put 
nto a single port glass tube for single-roller melt-spinning. 
he diameter of the small opening of the single port glass 

ube is approximately 1 mm. The distance between the glass 
ube and the copper roller is controlled at about 2 mm. The 
ingle-roller melt-spinning process was carried out under a 
igh purity argon atmosphere with the speed of 1800 n/min, 
hich converts to a wheel tangential speed of about 28.3 m/s. 

.2. Microstructure and phase characterization 

The XRD technique was carried out to verify the amor- 
hous state on the free side of each ribbon. The X-ray pat- 
erns were obtained by D8 Advance Polycrystalline machine 
ith the 45 kV and 40 mA CuK α radiation. The spectra were 

cquired from 20 ° to 90 ° (2 θ ) with a 0.1 °/s step size. The 
ade-6 analysis software was used to analyze the amorphous 
roperties of samples. The DSC measurement was carried out 
sing pure Al 2 O 3 crucible under a continuous argon flow to 

nvestigate the thermal stability and glass transition of the as- 
uenched glassy samples. The instrument was calibrated with 

ure Mg firstly. The baseline was obtained with an empty 

l 2 O 3 crucible to reduce the systematic error. Each ribbon 

as tested using the STA499 F3 machine at the heating and 

ooling rates of 5, 10, 20, and 40 K/min. No reaction was 
bserved between the samples and the Al 2 O 3 crucibles after 
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he test. The surface morphology, elemental composition and 

istribution of the free side of Mg-Zn-Ag metallic glasses be- 
ore and after corrosion were characterized by Gemini SEM 

00 scanning electron microscopy equipped with an energy- 
ispersive spectroscope. An accelerating voltage of 10 kV was 
sed to obtain SEM images and perform EDS analysis. The 
aser scanning confocal microscope (LSCM; KEYENCE VX- 
200) were applied to observe original and after removing the 

orrosion layer morphologies of Mg-Zn-Ag metallic glasses 
t 50 times of magnification. 

.3. The immersion test 

The immersion tests of amorphous ribbons were carried 

ut in simulated body fluid (SBF) to obtain the corrosion 

ate (CR). The SBF solution was prepared with specific ra- 
io of 8 g/L NaCl, 0.04 g/L KCl, 0.14 g/L CaCl 2 , 0.35 g/L
aHCO 3 , 0.1 g/L MgCl 2 , 0.06 g/L MgSO 4 , 0.06 g/L KH 2 PO 4 

nd 0.06 g/L NaHPO 4 . The buffer solution is used with dis- 
illed water. Before the immersion test, the pH value of SBF 

olution was adjusted to 7.4 using NaOH and NaHCO 3 . The 
mmersion test was performed by soaking the ribbon sam- 
les in SBF solution at room temperature, where the ratio of 
ample surface and SBF solution volume was 1.25 cm 

2 /ml. 
he SBF solution was replaced in every 24 h. All samples 
ere washed and dried with deionized water after soaking 

or 3, 7, and 14 days. The corrosion products on the surface 
f each sample were removed in a chromic acid solution of 
00 g/L CrO 3 and 10 g/L AgNO 3 according to the ASTM G1–
3 standard. The corrosion rate (CR, mm/year) of the samples 
n SBF solution can be calculated according to the following 

quation: CR = ( K ×W )/( A ×T ×ρ), where the constant value 
 is 8.76 ×10 

4 ; W is the mass loss in gram; A is the contact
rea in cm 

2 ; T is the soaking time in hour; ρ is the den-
ity in g ·cm 

3 . The volume and mass of Mg-Zn-Ag metallic 
lasses were obtained by drainage method and electronic bal- 
nce, respectively. The density of Mg-Zn-Ag metallic glasses 
s calculated by the ratio of mass to volume. 

The optima 7300 DV inductively coupled plasma spec- 
rometer (ICP) produced by PerkinElmer Company of United 

tates was employed for ion concentration test of corrosion 

olutions. The pH value of the SBF solution was also moni- 
ored during the immersion periods. The SBF solution without 
ny sample was used as a control group. 

.4. In vitro cell experiment 

The cell morphology in direct contact and indirect con- 
act with biological cells were obtained using a cell morphol- 
gy observation experiment. The aseptic alloy samples were 
mmersed into the 24-well medium containing 2 ×10 

5 cells 
or the direct contact culture test. Each well contains 1 ml 
edium and 5 mg amorphous ribbons. The cells were cul- 

ured at 37 °C with 5% CO 2 incubator. The indirect contact 
ulture was carried out based on the results obtained from 

he direct contact culture. Add 400 μl supernatant to 400 μl 
edium containing 2 ×10 

5 MDCK cells or RD cells for the 
3 
ndicated time. The cell morphology was examined by an op- 
ical microscope (BDS 400) at each selected time. The asep- 
ic treatment of alloy samples included ultrasonic cleaning 

or 10 min, centrifugation for 10 min and ultraviolet steriliza- 
ion for 2 h. The biological cells were seeded in the medium 

ithout alloy sample as the control group. 
The cytotoxicity evaluation was performed by the RD cell, 

TT biological reagent, and cell viability detector to evaluate 
he cell viability of Mg-Zn-Ag metallic glasses. Specifically, 
 mg amorphous ribbons after aseptic treatment were put into 

 ml medium. After 3 days of culture, 400 μl supernatant 
as extracted. Given the slow degradation rate of degrad- 

ble metals in the body and the rapid metabolic exchange of 
egradation products, the supernatant was diluted with fresh 

edium at 1:1 and 1:2 and put into 96-well plate. Each plate 
as inoculated with 2 ×10 

6 RD. Three samples were taken 

or each group, and the average value was obtained. A blank 

edium containing the same concentration of RD was used 

s a control group. After being cultured at 37 °C in 5% CO 2 

ncubator for 2 and 4 days, MTT reagent was added. The 
6-well plate was put into the cell viability detector to detect 
he cell viability. 

. Results and discussions 

.1. Mg-Zn-Ag metallic glasses characterization and 

hermodynamic calculations 

.1.1. Prediction of glass forming ability (GFA) with 

hermodynamic calculations 
The GFA can be estimated by calculating the driving forces 

DFs) of all crystalline phases under the supercooled liquid 

hase. The calculated DFs of each phase in the Mg-Zn bi- 
ary system with the increasing of Zn content at the 300 °C 

re shown in Fig. 1 a. Along with the varying of Zn content, 
he DFs of crystalline compounds show a “U’ shape with a 

inimum value at the composition around 28 at.% Zn. Ac- 
ording to the present DFs’ criterion, this composition region 

ith minimum DFs is expected to have good GFA of Mg-Zn 

lloys [34] . Moreover, the present calculations show a good 

greement with the previously experimental data [ 35 , 36 ] as 
hown in Fig. 1 a. 

Then, in order to find the composition of Mg-Zn-Ag alloys 
ith better GFA, the DFs of crystalline compounds in Mg-Zn- 
g ternary system at 300 °C were calculated with constant 
alue of 4 at.% Ag as shown in Fig. 1 b. The “U” shape 
f compounds’ DFs also is appeared in the composition re- 
ion 19 to 29 at.% Zn for Mg 96-x Zn x Ag 4 alloys. As shown in
ig. 1 b, the composition with super GFA is shifting to Mg- 
ich region with the addition of Ag. According to the present 
alculations, the alloys Mg96-xZnxAg4 ( x = 17, 20, 23, 26, 
9, 32, 35, in at.%) with relatively high DFs were selected 

or the metallic glass preparation. 

.1.2. Mg-Zn-Ag metallic glasses characterization 

The XRD patterns of the free side of the Mg 96-x Zn x Ag 4 

 x = 17, 20, 23, 26, 29, 32, 35) ribbons obtained by the 
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Fig. 1. The calculated DFs of individual crystalline phases of (a) Mg-Zn and (b) Mg 96-x Zn x Ag 4 alloys using CALPHAD technique. 

Fig. 2. XRD patterns of #1-Mg 79 Zn 17 Ag 4 , #2-Mg 76 Zn 20 Ag 4 , #3- 
Mg 73 Zn 23 Ag 4 , #4-Mg 70 Zn 26 Ag 4 , #5-Mg 67 Zn 29 Ag 4 , #6-Mg 64 Zn 32 Ag 4 
and #7-Mg 61 Zn 35 Ag 4 samples obtained by powder XRD diffraction. 
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Fig. 3. The images of the Mg–Zn–Ag metallic glasses with the #3- 
Mg 73 Zn 23 Ag 4 , #4-Mg 70 Zn 26 Ag 4 and #5-Mg 67 Zn 29 Ag 4 compositions. 
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elt-spinning method are shown in Fig. 2 . Clearly, with 

he increase of Zn content, the microstructure of the sam- 
les have experienced great evolution which transforms 
rom multi-phase structure to amorphous structure and then 

ulti-phase structure. For the samples #3-Mg 73 Zn 23 Ag 4 , #4- 
g 70 Zn 26 Ag 4 , and #5-Mg 67 Zn 29 Ag 4 , the appearance of wide 

nd strong amorphous characteristic diffraction peaks around 

0 ° to 50 ° confirms their amorphous nature. Several crystal 
eaks appeared in the diffraction patterns for the samples #1- 
g 79 Zn 17 Ag 4 , #2-Mg 76 Zn 20 Ag 4 , #6-Mg 64 Zn 32 Ag 4 , and #7-
g 61 Zn 35 Ag 4 indicate these alloys constituted with the com- 

osite microstructure of amorphous and crystalline phases. 
acrographic observations on the samples #3-Mg 73 Zn 23 Ag 4 , 

4-Mg 70 Zn 26 Ag 4 , and #5-Mg 67 Zn 29 Ag 4 demonstrate the 
idth of approximately 2 ∼3 mm and thickness of 30 μm, as 

hown in Fig. 3 . Comparatively, the sample #4-Mg 70 Zn 26 Ag 4 

as the biggest width and the #5-Mg 67 Zn 29 Ag 4 has the small- 
4 
st width, but the sample #5-Mg 67 Zn 29 Ag 4 has best edge, 
hich indicates its good casting capability. 
In order to determine the glass-forming ability (GFA) of 

g-Zn-Ag samples, the glass transition temperature (T g ), 
elting temperature (T m 

), and crystallization temperatures 
T p1 , T p2 , T p3 …) of #3-Mg 73 Zn 23 Ag 4 , #4-Mg 70 Zn 26 Ag 4 ,
nd #5-Mg 67 Zn 29 Ag 4 were measured in the present work. 
he characteristic temperatures: T g , T m 

, T p1 , T p2 , and 

 p3 of samples #3-Mg 73 Zn 23 Ag 4 , #4-Mg 70 Zn 26 Ag 4 , and #5- 
g 67 Zn 29 Ag 4 were determined using DSC measurements 
ith heating rate of 5, 10, 20, and 40 K/min are shown in 

ig. 4 and summarized in Table 1 . The glass transition tem- 
erature (T g ), crystallization temperatures (T p1 , T p2 , T p3 …) 
ncrease monotonically with decreasing Mg content. 
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Fig. 4. The DSC curves of the Mg–Zn–Ag metallic glasses at 5, 10, 20 and 40 K/min heating rates: (a) #3-Mg 73 Zn 23 Ag 4 , (b) #4-Mg 70 Zn 26 Ag 4 and (c) 
#5-Mg 67 Zn 29 Ag 4 . 

Table 1 
Characteristic temperatures and activation energies for crystallization of Mg 96-x Zn x Ag 4 ( x = 23, 26, 29) metallic glasses. 

Sample Crystallization 
temperature (K) 

Heating rate (K/min) Activation energy (kJ/mol) T rg 

(T g /T s ) 
5 10 20 40 

#3-Mg 73 Zn 23 Ag 4 T p1 350.9 354.3 359.4 365.6 E p1 204.9 0.507 
T p2 378.4 382.5 389.1 395.6 E p2 197.1 

#4-Mg 70 Zn 26 Ag 4 T p1 354.7 358.1 363.4 372.8 E p1 209.4 0.508 
T p2 389.2 393.6 400.8 407.8 E p2 194.1 

#5-Mg 67 Zn 29 Ag 4 T p1 370.4 374.2 379.3 385.1 E p1 204.0 0.525 
T p2 396.0 400.6 407.1 413.8 E p2 192.1 
T p3 481.1 488.1 495.1 501.2 E p3 201.4 

∗Note: T p1 and T p2 are crystallization peak temperatures, E p1 and E p2 are activation energies. 
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The characteristic temperatures shift to higher with increas- 
ng heating rate, as shown in Fig. 4 and listed in Table 1 .
he dependence of the heating rate of phase crystallization in 

etallic glasses indicates that the nucleation and phase tran- 
ition with a heating rate of 0 K/min can be extrapolated lin- 
arly with the values from 5, 10, 20, and 40 K/min by thermal 
ctivation process, while the rate of kinetic glass transition 

emperature (T g ) depends on the relaxation process of glass 
ransition zone. The apparent activation energy of each char- 
cteristic transformation was evaluated by Kissinger method 

37] , as shown in Table 1 . The higher the apparent activation 

nergy related to the higher the anti-crystallinity tendency, 
here the better GFA can be obtained. The maximum E p ob- 

ained from sample #5-Mg 67 Zn 29 Ag 4 indicates the best ther- 
al stability of metallic glasses compared to other samples. 
5 
he composition dependence of the reduced glass transition 

emperature (T rg = T g /T s ) with compositions for the Mg-Zn- 
g metallic glasses, as listed in Table 1 . The ‘‘strong liq- 
id’’ behavior of metallic glasses results in a reduced rate of 
oth crystal nucleation and growth, and therefore contributes 
reatly to the extraordinary GFA [38] . The maximum T rg was 
ound to be 0.525 at a composition close to Mg 67 Zn 29 Ag 4 , 
esulting in the best GFA. 

.2. Corrosion behavior investigation 

The density of Mg-Zn-Ag metallic glasses and their cor- 
osion rates after immersion in SBF solution for 3, 7, and 14 

ays are listed in Table 2 . The density of Mg-Zn-Ag metal- 
ic glasses increases with the increase of Zn content in the 
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Table 2 
The Density of Mg-Zn-Ag metallic glasses and their corrosion rates after immersion in SBF solution for 3, 7, and 14 days. 

Sample Density, ρ (g/cm 

3 ) Corrosion rate, 3d (mm/year) Corrosion rate, 7d (mm/year) Corrosion rate, 14d (mm/year) 

#3-Mg 73 Zn 23 Ag 4 3.38 0.38 ±0.03 0.34 ±0.03 0.31 ±0.01 
#4-Mg 70 Zn 26 Ag 4 3.45 0.34 ±0.02 0.32 ±0.01 0.30 ±0.02 
#5-Mg 67 Zn 29 Ag 4 3.56 0.22 ±0.03 0.21 ±0.02 0.19 ±0.02 

Table 3 
The element components of products on surface of samples obtained by EDS after mmersion with 3, 7 and 14 days. 

Elememt (at.%) O Na Mg P Cl Ca Zn Ag 

#3-Mg 73 Zn 23 Ag 4 –3d 35.70 2.91 37.25 3.36 0.12 4.00 13.79 2.87 
#4-Mg 70 Zn 26 Ag 4 –3d 56.72 2.42 16.85 7.67 0.47 9.56 5.23 1.08 
#5-Mg 67 Zn 29 Ag 4 –3d 57.51 5.64 12.13 5.13 0.55 5.86 11.18 1.99 
#3-Mg 73 Zn 23 Ag 4 –7d 60.57 1.46 13.49 8.16 0.70 9.88 4.39 1.35 
#4-Mg 70 Zn 26 Ag 4 –7d 53.67 2.44 17.98 6.90 0.11 7.19 9.70 2.01 
#5-Mg 67 Zn 29 Ag 4 –7d 45.79 2.75 24.91 6.37 0.17 6.95 11.03 2.03 
#3-Mg 73 Zn 23 Ag 4 –14d 50.10 1.99 22.72 6.77 0.09 7.37 8.76 2.20 
#4-Mg 70 Zn 26 Ag 4 –14d 42.04 2.52 30.80 4.43 0.12 4.48 13.08 2.53 
#5-Mg 67 Zn 29 Ag 4 –14d 46.30 3.29 22.00 5.43 0.18 5.74 14.48 2.58 
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ominal composition. While the corrosion rates of Mg-Zn- 
g metallic glasses after immersion in SBF solution for 3, 
, and 14 days decrease with the increase of Zn content. 
lthough the metallic glass could be treated with a homoge- 
ous microstructure, but the different kind of local atomic 
lusters would existed in the matrix [39] . The increased Zn 

ddition would promote the formation of atomic clusters with 

igh Zn content, which could play the role of “region pro- 
ective shield”, because of the relative high potential of Zn. 
his may be the main reason that results in the corrosion 

ate changing tendency of Mg-Zn-Ag metallic glasses with 

he increasing of Zn. Furthermore, the corrosion rates of Mg- 
n-Ag metallic glasses decrease as the days of immersion 

n SBF solution increase, which should be ascribed to the 
ormed corrosion product with relative homogeneous distri- 
ution and forming barrier layer between the simulated body 

uid and metallic glasses. The corrosion rates change of sam- 
le #3-Mg 73 Zn 23 Ag 4 is the most significant with immersion 

ime. According to the recent research [40] , the corrosion rate 
hould be less than 0.5 mm/year for the biodegradable mate- 
ials used as implant to meet the requirement of the tissue 
epair. In the present research, the Mg-Zn-Ag based metallic 
lasses have lower corrosion rate than the suggested value. 
oreover, the declined corrosion rates with the time would 

e more suitable with the tissue repairing process. 
The SEM characterizations on Mg-Zn-Ag metallic glasses 

efore and after immersion in SBF solution for 3, 7, and 

4 days are shown in Fig. 5 . The element components of 
roducts on surface of samples obtained by EDS after im- 
ersion with 3, 7 and 14 days are listed Table 3 . The 
EM observations on the ribbon surface of samples #3- 
g 73 Zn 23 Ag 4 , #4-Mg 70 Zn 26 Ag 4 , and #5-Mg 67 Zn 29 Ag 4 before 

mmersion demonstrate the obvious pit defects (see Fig. 5 a- 
). The pits demonstrate clear elongated morphology along 

he spinning direction. However, the size and quantity of the 
it defect decreases with the increased Zn content. Actually, 
he pits will affect the contact area during the immersing test, 
6 
hich would result in slightly increased actual surface area 
han the nominal area in immersion tests. However, the exper- 
mental error limit is still within the acceptable range. After 
he 3, 7, and 14 days of immersion, surface of Mg-Zn-Ag 

etallic glasses exhibits typical corroded features of covered 

lm embellished with small particles. Small cracks generate 
n the surface of the samples immersed for 3, 7, and 14 

ays, which mainly resulted from the dehydration of the cor- 
oded product film. Such a phenomenon indicates the relative 
ompact film is formed on the surface, which is beneficial 
o the corrosion resistance. Compared with the three metallic 
lasses samples, the cracks in the #3-Mg 73 Zn 23 Ag 4 are big- 
er and denser, while the cracks in the #4-Mg 70 Zn 26 Ag 4 are 
maller and fewer. Based on the surface features, it can be 
educed that the corroded product films on the three kinds 
f metallic glasses samples almost maintain integral. When 

he immersion time extends to 14 days, the surfaces of the 
etallic glasses evolve differently. 
To further study the corroded product film, the elemental 

istribution of Mg-Zn-Ag metallic glasses immersed in SBF 

olution for 3 days has been analyzed by EDS, as shown in 

igs. 6-8 . The different matrix composition has resulted in 

he different surface corroded product and morphology. For 
he #3-Mg 73 Zn 23 Ag 4 sample as example, its typical elemen- 
al distribution analysis reveal that the aggregated particles are 
ich of Ca, P and O, as shown in Fig. 6 . According to the pre-
ious research [ 41 , 42 ], the simultaneous presence of Ca, O, 
nd P indicates the formation of apatite. While the rest area 
s rich of Mg, Zn and O, which means the Mg(OH) 2 and 

Zn(OH) 2 should be the main corroded product. Moreover, it 
eems that the Zn prefers to segregate along the cracks. It can 

e deduced from these phenomena that the relative rapid re- 
ction of Mg matrix with the SBF promotes the formation of 
he apatite [43] . Due to the better corrosion resistance, the Zn 

ould like to segregate along the boundary of the corroded 

lm to balance its whole corrosion properties. However, the 
gO and ZnO formed after the dehydration have obvious dif- 
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Fig. 5. Surface morphology observations with SEM on Mg–Zn–Ag metallic glasses before and after immersion in SBF solution: (a) #3-Mg 73 Zn 23 Ag 4 , (b) 
#4-Mg 70 Zn 26 Ag 4 and (c) #5-Mg 67 Zn 29 Ag 4 before immersion; (d) #3-Mg 73 Zn 23 Ag 4 , (e) #4-Mg 70 Zn 26 Ag 4 and (f) #5-Mg 67 Zn 29 Ag 4 after immersion for 3 
days; (g) #3-Mg 73 Zn 23 Ag 4 , (h) #4-Mg 70 Zn 26 Ag 4 and (i) #5-Mg 67 Zn 29 Ag 4 after immersion for 7 days; (j) #3-Mg 73 Zn 23 Ag 4 , (k) #4-Mg 70 Zn 26 Ag 4 and (l) 
#5-Mg 67 Zn 29 Ag 4 after immersion for 14 days; The inset in images shows the EDS spectra of the corrosion products after immersion on samples’ surface. 
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erence in crystal structure, which could generate great stress 
nd result in the cracks. 

As for the #4-Mg 70 Zn 26 Ag 4 sample, its typical elemental 
istribution analysis reveals that the elements distribute ho- 
ogeneously in most area, except the cracks, as shown in 

ig. 7 . Along the cracks, the Zn and Mg segregate obviously, 
ut lacking of Ca, O and P. Such a feature is similar with 

he #3-Mg 73 Zn 23 Ag 4 sample, but the amount of apatite de- 
reases obviously. For the #5-Mg 67 Zn 29 Ag 4 sample, its typi- 
al elemental distribution analysis shows really homogeneous 
haracteristics, as shown in Fig. 8 . The features of the #4- 
g 70 Zn 26 Ag 4 and #5-Mg 67 Zn 29 Ag 4 samples verify their good 

orrosion resistance, due to the integrated and compact sur- 

ace film. s

7 
In order to reveal the corrosion behavior of the Mg-Zn-Ag 

etallic glasses, the corrosion products were removed and 

he corroded surface was observed, as shown in Fig. 9 . For 
he #3-Mg 73 Zn 23 Ag 4 sample immersed in SBF solution for 3 

ays, small pits and large corrosion areas are the main char- 
cteristics, as shown in Fig. 9 a. The strip protrusions (see 
ig. 9 d) and more corrosion pits appeared uniformly (see 
ig. 9 g) with the increasing of immersion time. The size 
istributes from hundreds of nanometers to several microns. 
n addition, the pits distribute in most area, but there are 
till some isolated region with smaller pits. For the #4- 
g 70 Zn 26 Ag 4 sample, the ultrafine pits with hundreds of 

anometers are the main feature embellished small pits with 

everal microns, as shown in Fig. 9 b. With the increasing 
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Fig. 6. SEM image of corroded surface of #3-Mg 73 Zn 23 Ag 4 sample immersed in SBF solution for (a) 3 days, and its elemental distribution maps of (b) Mg, 
(c) Zn, (d) Ca, (e) O and (f) P. 

Fig. 7. SEM image of corroded surface of #4-Mg 70 Zn 26 Ag 4 sample immersed in SBF solution for (a) 3 days, and its elemental distribution maps of (b) Mg, 
(c) Zn, (d) Ca, (e) O and (f) P. 
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f immersion time, the change of corrosion surface of #4- 
g 70 Zn 26 Ag 4 sample is similar to that of #3-Mg 73 Zn 23 Ag 4 

ample. Because of the corrosion rate is less than that of #3- 
g 73 Zn 23 Ag 4 sample, the corrosion pits have not appeared 

niformly on the #4-Mg 70 Zn 26 Ag 4 sample immersed in SBF 

olution for 14 days (see Fig. 9 h). For the #5-Mg 67 Zn 29 Ag 4 

ample, its pits feature is almost similar with that of the #4- 
g 70 Zn 26 Ag 4 sample, but the sizes of the pits are smaller, as 

hown in Fig. 9 c. For the #5-Mg 67 Zn 29 Ag 4 sample immersed 

n SBF solution for 14 days, the quantity of corrosion pits 
s lower than that of #3-Mg 73 Zn 23 Ag 4 and #4-Mg 70 Zn 26 Ag 4 
8 
amples, as shown in Fig. 9 i. From the surface morphology 

bservation, the corrosion degree of #5-Mg 67 Zn 29 Ag 4 sample 
s less than #3-Mg 73 Zn 23 Ag 4 and #4-Mg 70 Zn 26 Ag 4 samples. 
his phenomena confirms the corroded surface morphology 

f these samples. The relative rapid corrosion rate may re- 
ult in the surface film with porous structure, which is apt to 

ause the cracks during the dehydration. The lower corrosion 

ate could promotes the more densified surface film. There- 
ore, the #4-Mg 70 Zn 26 Ag 4 and #5-Mg 67 Zn 29 Ag 4 samples have 
he lower corrosion rate, compared with the #3-Mg 73 Zn 23 Ag 4 

ample. 
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Fig. 8. SEM image of corroded surface of #5-Mg 67 Zn 29 Ag 4 sample immersed in SBF solution for (a) 3 days, and its elemental distribution maps of (b) Mg, 
(c) Zn, (d) Ca, (e) O and (f) P. 

Fig. 9. Surface morphology observations using SEM on Mg–Zn–Ag metallic glasses immersed in SBF solution for 3, 7 and 14 days and cleaned by 
CrO 3 /AgNO 3 solution: (a) #3-Mg 73 Zn 23 Ag 4 , (b) #4-Mg 70 Zn 26 Ag 4 and (c) #5-Mg 67 Zn 29 Ag 4 immersion for 3 days; (d) #3-Mg 73 Zn 23 Ag 4 , (e) #4-Mg 70 Zn 26 Ag 4 
and (f) #5-Mg 67 Zn 29 Ag 4 immersion for 7 days; (g) #3-Mg 73 Zn 23 Ag 4 , (h) #4-Mg 70 Zn 26 Ag 4 and (i) #5-Mg 67 Zn 29 Ag 4 immersion for 14 days. 

9 
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Fig. 10. Three-dimensional reconstruction of LSCM for Mg-Zn-Ag metallic glasses before immersion: (a) #3-Mg 73 Zn 23 Ag 4 (b) #4-Mg 70 Zn 26 Ag 4 (c) #5- 
Mg 67 Zn 29 Ag 4 . Three-dimensional reconstruction of LSCM for Mg-Zn-Ag metallic glasses immersed in SBF solution for 3 days and cleaned by CrO 3 /AgNO 3 

solution: (d) #3-Mg 73 Zn 23 Ag 4 (e) #4-Mg 70 Zn 26 Ag 4 (f) #5-Mg 67 Zn 29 Ag 4 . 
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Fig. 11. Mg ion concentrations of the SBF solution with immersed Mg-Zn- 
Ag metallic glasses for different time. 
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To comparatively investigate the Mg-Zn-Ag metal- 
ic glasses surface evolution after corrosion, the three- 
imensional macro-graphic observations on original and cor- 
oded surfaces of the samples #3- #5 are shown in Fig. 10 . 
he corroded surfaces are chosen from the specimens im- 
ersed in SBF solution for 3 days with removed the sur- 

ace corrosion products. Obviously can be seen, the average 
epth of the pit defects of sample #3-Mg 73 Zn 23 Ag 4 before 
mmersion is the highest among all samples with the value 
f 6 ±0.5 μm. The pit defects on the surface of samples #3- 
g 73 Zn 23 Ag 4 tend to deepen after the surface corrosion layer 

emoved. The morphologies of samples #4-Mg 70 Zn 26 Ag 4 and 

5-Mg 67 Zn 29 Ag 4 after removing the corrosion layer are simi- 
ar to that before immersion. This is related to the lower corro- 
ion rate of samples #4-Mg 70 Zn 26 Ag 4 and #5-Mg 67 Zn 29 Ag 4 . 
he corrosion pits of all samples showed a certain unifor- 
ity, without large corrosion pits. It can be concluded that 

uch morphology would be beneficial to the homogeneous 
egradation. 

To evaluate the effect of Mg-Zn-Ag metallic glasses during 

heir degradation, the Mg ion concentrations after their im- 
ersion in SBF solution for 1, 3, 5, and 10 days were tested 

nd the results are shown in Fig. 11 . Obviously, the Mg ion 

oncentrations are almost increased with the time linearly. The 
g ion concentrations of SBF solutions immersed with #3- 
g 73 Zn 23 Ag 4 , #4-Mg 70 Zn 26 Ag 4 and #5-Mg 67 Zn 29 Ag 4 sam- 

les for 1 day are 48.67 mg/L, 47.87 mg/L and 34.88 mg/L, 
espectively. When the immersion time increases to 3 days, 
he corresponding Mg ion concentrations of SBF solutions 
ncrease to 206.3 mg/L, 199.6 mg/L and 166.4 mg/L, respec- 
ively. Comparatively, the SBF solution immersed with #3- 
10 
g 73 Zn 23 Ag 4 sample has the highest Mg ion concentration, 
hile that with #5-Mg 67 Zn 29 Ag 4 sample has the lowest Mg 

on concentration. Based on the corrosion rate and corroded 

urface, it can be concluded that the releasing of Mg ion dur- 
ng the degradation of Mg-Zn-Ag metallic glasses is depended 

n their corrosion rates which are related with the chemical 
omposition. Then, the increased Zn content in the Mg-Zn-Ag 

etallic glasses contribute to the corrosion resistance. Fur- 
hermore, the Zn and Ag ion concentrations have not been 

etected in the SBF solutions with immersion of Mg-Zn-Ag 

etallic glasses till 10 days, which could be partly ascribed to 
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Fig. 12. The pH variation of the SBF solution with immersed Mg-Zn-Ag 
metallic glasses for different time. 
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heir low content. The elemental distribution maps ( Figs. 6–8 ) 
howed higher Zn content on the corroded surface during the 
 days immersion period. Similarly, Gu [44] showed that the 
resence of zinc (oxide/hydroxide) is higher than magnesium 

oxide/hydroxide) in the Mg 66 Zn 30 Ca 4 and Mg 70 Zn 25 Ca 5 al- 
oys during the initial soaking time of 3 days. In addition, the 
ormation of Zn and Ag atoms clusters would also contribute 
o the less ion concentration, due to their higher electrode 
otential [3] . 

Actually, the degradation of Mg base alloy would result 
n the ion releasing and pH value variation, which influences 
he cell activity. Therefore, the pH values of the SBF solu- 
ion immersed with Mg-Zn-Ag metallic glasses were tested 

nd given in Fig. 12 . The SBF solution is set as the con-
rol group, which helps to analyze the variation of pH value 
aused by the degradation of metallic glass samples. It can 

e seen that the pH values of all SBF solutions immersed 

ith different samples increase greatly in short time and then 

ncrease gradually with the time extending. When the immer- 
ion time exceeds 70 h, the pH values of all SBF solutions 
ends to fluctuate between 9.7 and 10.1. Comparatively, the 
BF solution immersed with #3-Mg 73 Zn 23 Ag 4 sample has the 
ighest pH value, while the SBF solution immersed with #4- 
g 70 Zn 26 Ag 4 and #5-Mg 67 Zn 29 Ag 4 samples have the lower 

H value. Such results are consistent with the corrosion be- 
avior of these Mg-Zn-Ag metallic glasses samples. It should 

e noted that the SBF solution has a natural increased pH 

alue with the time, which may be caused by the ambient 
O 2 gas [ 45 , 46 ]. Consideration of the pH value variation of
BF solution, the pH value of the SBF solution immersed 

ith different Mg-Zn-Ag metallic glasses samples should be 
ower, which is beneficial to their biocompatibility. 

.3. Cytotoxicity analysis 

The direct and indirect culturing of MDCK cells and RD 

ells were performed to investigate the cytocompatibility or 
11 
umor cell inhibitory effect of the Mg-Zn-Ag metallic glasses. 
he morphology of the MDCK cells directly cultured with 

ifferent Mg-Zn-Ag metallic glass samples is shown in Fig. 
3 . Compared with the control group, the MDCK cells cul- 
ured on #4-Mg 70 Zn 26 Ag 4 sample exhibit decreased activity, 
nd those on #3-Mg 73 Zn 23 Ag 4 and #5-Mg 67 Zn 29 Ag 4 samples 
how the similar morphology after 3 days culturing. When the 
ulturing time extends to 7 days, the MDCK cells of the con- 
rol group proliferate obviously, compared with those cultured 

or 3 days. While the MDCK cells on #5-Mg 67 Zn 29 Ag 4 sam- 
le just proliferate a little after the culturing for 7 days. The 
DCK cells on samples #4-Mg 70 Zn 26 Ag 4 sample almost lose 

heir luster feature after the culturing for 7 days, which indi- 
ates the potential toxicity. When the culturing time extends 
o 14 days, the MDCK cells on #3-Mg 73 Zn 23 Ag 4 sample re- 
urns to normal, while the MDCK cells on #4-Mg 70 Zn 26 Ag 4 

ample died. The MDCK cells on the #5-Mg 67 Zn 29 Ag 4 sam- 
le exhibit normal morphology, which indicates their higher 
ctivities. Such a result may be ascribed to the accumulation 

f metal ions releasing. These results are almost consistent 
ith the results of immersion test, which indicates the well- 

ontrolled corrosion rate could decrease the cyctotoxicity of 
g-Zn-Ag metallic glasses. 
To further verify such an opinion, the morphology of the 

DCK cells cultured in Mg-Zn-Ag metallic glasses extrac- 
ion medium was observed, as shown in Fig. 14 . Clearly, the 

DCK cells cultured in all Mg-Zn-Ag metallic glasses ex- 
raction mediums demonstrate the similar state with those in 

he control group, which indicates the extraction of Mg-Zn-Ag 

etallic glasses has low cytotoxicity. Then, it can be deduced 

hat the morphology of directly cultured MDCK cells could 

e attributed to the aggregated Ag in the corroded product 
lm [47] . Actually, the improved corrosion resistance of #5- 
g 67 Zn 29 Ag 4 sample also restrains the dissolving of Ag ions 

nd decrease its cytotoxicity. 
The morphology of the RD cells cultured on Mg-Zn-Ag 

etallic glasses for 1 and 2 days is shown in Fig. 15 . Com- 
ared with the control group, the RD cells cultured on #3- 
g 73 Zn 23 Ag 4 , #4-Mg 70 Zn 26 Ag 4 and #5-Mg 67 Zn 29 Ag 4 sam- 

les exhibit markedly inhibitory effect after 1 day culturing. 
hen the culturing time extends to 2 days, the RD cells of the 

ontrol group proliferate obviously, compared with those cul- 
ured for 1 day. The RD cells on samples #3-Mg73Zn23Ag4 

nd #4-Mg70Zn26Ag4 samples exhibit more severe damage 
eatures. However, compared with the treated normal MDCK 

ells, Mg-Zn-Ag metallic glasses exhibit obvious inhibitory 

ffect on RD tumor cells, suggesting its potential application 

or removal of residual tumor cells. 
The analysis on the cyctotoxicity of the Mg-Zn-Ag metal- 

ic glasses extracts for RD cells were tested by its 1-fold and 

-fold diluted extracts and their results as shown in Fig. 16 . 
hen the culturing time is 2 days, the RD cells in all Mg- 

n-Ag metallic glasses extraction mediums with different di- 
ution ratio exhibit the similar viability. When the culturing 

ime is 4 days, the viability of RD cells in Mg-Zn-Ag metal- 
ic glasses extraction mediums with 1:1 dilute ratio decreases 
reatly. These results indicated that metallic glasses extracts 
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Fig. 13. The morphology of the MDCK cells cultured on Mg-Zn-Ag metallic glasses for 3, 7 and 14 days. 
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ay have obvious inhibitory effect on RD cells proliferation. 
owever, the RD cells in Mg-Zn-Ag metallic glasses extrac- 

ion mediums with 1:2 dilute ratio exhibit the similar viabil- 
ty, compared with those cultured in extraction mediums with 

ame dilute ratio for 2 days, except the #5-Mg 67 Zn 29 Ag 4 ex- 
raction medium. Such results indicate the ion concentration 

ould affect the tumor cell viability. 
The present studied Mg 67 Zn 29 Ag 4 metallic glass has a rel- 

tive lower corrosion rate by comparison compared to the 
revious reported results [ 44 , 48-51 ] (see Fig. 17 ). The cor-
osion rate of the Mg 67 Zn 29 Ag 4 metallic glass is lower than 

hat of the Mg 66 Zn 30 Ca 4 bulk metallic glass (BMG) and the 
xtruded WE43 alloy. Moreover, it could be found that in the 
ypical biomedical Mg based alloy, the Zn, Al and rare-earth 

RE) additions in the Mg alloy could improve the corrosion 

esistance, while the Ca addition increases the corrosion rate. 
uch a phenomenon should be attributed to the strengthen- 

ng effect of alloying elements on the grain boundary. Gen- 
rally, to obtain the ideal Mg alloy with balanced mechanical 
roperties, the processing technique with grain refinement ef- 
ect is always the optimum choice. The previous researches 
 52 , 53 ] have demonstrated that the grain size could exert sig-

ificant influence on the corrosion behavior. With the decrease a

12 
f grain size, the increased low angel grain boundary would 

mprove the stress corrosion resistance and benefit the service 
ife of the implant [54] . Moreover, the segregated alloying ele- 
ents of along with grain boundary could help to restrict the 

orrosion of grain boundary and improve the homogeneous 
egradation of Mg alloy [55] . 

For the present fabricated Mg-Zn-Ag metallic glasses, its 
ell homogeneously distributed elements eliminate the pit 

orrosion. The amorphous crystal structure reduces the cor- 
osion preference of grain boundary, which ensures the uni- 
orm degradation. Moreover, the appropriate addition Zn and 

g increase the integral electrode potential of the Mg-Zn-Ag 

etallic glasses, which enhance the corrosion resistance [3] . 
urthermore, the complementary formation of Zn(OH) 2 in the 
orrosion product layer would repair the micro-void and keep 

ts continuous and uniform cover state, which could handicap 

he subsequent corrosion and ion release. The Zn also prefers 
o segregate along the crack region of corrosion product layer 
emonstrate its secondary repairing effect. Therefore, the ions 
f Zn and Ag are almost no detected in the immersion so- 
ution, because they may lie in the corrosion product layer. 
uch features not only improve the corrosion resistance but 
lso optimize the biocompatibility and antibacterial function 
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Fig. 14. The morphology of MDCK cells cultured in Mg-Zn-Ag metallic glasses extraction medium for 3, 7 and 14 days. 

Fig. 15. The comparison of corrosion behavior among Mg67Zn29Ag4 metallic glasses as well as the as reported typical biomedical Mg alloys. 
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Fig. 16. The RD cells activity cultured in the Mg-Zn-Ag metallic glasses 
extraction medium using 1-fold and 2-fold diluted extracts (mean ± SD, 
∗P < 0.05, ∗∗P < 0.01). 

Fig. 17. The comparison of corrosion behavior among Mg67Zn29Ag4 metal- 
lic glasses as well as the as reported typical biomedical Mg alloys. 

o
o
t
A
g
r
c
l
t
c
a
m

4

p

c
t
c

D

fi
a

A

a
G
d
2
(
J
C

S

f
0

R

f the Mg-Zn-Ag metallic glasses. The appropriate existence 
f Ag could significantly reduce the inflammation resulted by 

he bacterial infection at the initial implanting stage [ 56 , 57 ]. 
dditionally, the low corrosion rate of Mg-Zn-Ag metallic 
lasses and enfolded feature of Ag ensure the low releasing 

ate of Ag ion, which would exert little influence on the bio- 
ompatibility of implants fabricated by the Mg-Zn-Ag metal- 
ic glasses. Most of all, the Mg and Zn have been proved 

o be helpful the osteogenesis and angiogenesis [58] . Espe- 
ially for the bone tissue repair filler, the low corrosion rate 
nd well functionalized Mg-Zn-Ag metallic glasses would be 
ore suitable as the main constituents. 

. Conclusion 

In the present research, the systematic investigations have 
erformed on glass forming ability, corrosion behavior and 
14 
ytocompatibility of the Mg-Zn-Ag metallic glasses to reveal 
heir biomedical application possibility. The following con- 
lusions can be drawn: 

(1) The maximum Ep obtained from sample #5- 
Mg 67 Zn 29 Ag 4 indicates the best thermal stability 

of metallic glasses compared to other samples. The 
maximum T rg was found to be 0.525 at a compo- 
sition close to Mg 67 Zn 29 Ag 4 , resulting in the best 
glass-forming ability 

(2) The corrosion rate of Mg-Zn-Ag metallic glasses after 
immersion in SBF solution decreases with the increase 
of Zn content. The degradation rate of Mg-Zn-Ag metal- 
lic glasses meets the clinical application requirement. 
In addition, the pH and Mg ion concentration decrease 
with the increase of Zn content. 

(3) The MDCK cells cultured in sample #5-Mg 67 Zn 29 Ag 4 

exhibited better cell viability. In addition, the Mg-Zn- 
Ag metallic glasses exhibit obvious inhibitory effect on 

RD tumor cells. The well decreased corrosion rate of 
the Mg-Zn-Ag metallic glasses cooperated with its os- 
teogenesis and tumor inhibition function could benefit 
its biomedical application as bone tissue repairing fill- 
ing constituent. 
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