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A B S T R A C T   

Amorphous magnesium (Mg) alloy, especially Mg–Zn–Ca series, has been receiving continuous attention in 
biomedical field, because of its favorable corrosion resistance, suitable modulus and biocompatibility. In this 
work, laser powder bed fusing (LPBF) with unique characteristics of rapid solidification and layer-by-layer 
fashion was used to fabricate bulk Mg–Zn–Ca and Mg–Zn–Ca–Y amorphous parts. It was revealed that the as- 
built parts contained amorphous structure, since the molten pool experienced an extremely high cooling rate 
that suppressed ordered arrangement of atoms. A few of nanocrystals (α-Mg and Ca2Mg5Zn13) were obtained due 
to repeated heat accumulation in heat-affected zones. More significantly, Y alloying altered the glass forming 
ability and stimulated in-situ formation of quasicrystal I-phase with high hardness and elastic modulus, which 
not only acted as reinforced particles, but also retarded the propagation of shear bond and thereby excited the 
emergence of secondary shear bands and vein patterns. Thus, Mg–Zn–Ca–Y part exhibited simultaneously 
improved yield strength and plasticity. Despite the micro galvanic corrosion induced by crystalline phases, it 
exhibited a moderate corrosion rate. Furthermore, in vitro cell tests proved its favorable biocompatibility. Our 
work highlighted the feasibility to prepare amorphous Mg alloy with controllable performance.   

1. Introduction 

Magnesium (Mg) alloy is regarded as a new generation revolutionary 
medical metal because of its distinctive biodegradability, appropriate 
mechanical properties, excellent osseointegration performance and 
biocompatibility [1–4]. The Mg ions generated from degradation can be 
absorbed through metabolism, and even promote osteoblasts [5,6]. In 
addition, its young’s modulus (~45 GPa) is close to that of natural bone 
tissue (15–30 GPa), effectively mitigating the stress shielding effect [7, 
8]. However, Mg alloy degrades too rapid in vivo that contains highly 
corrosive chloride ions and other organic molecules, resulting in pre-
mature collapse of structural integrity and rapid decay of mechanical 
properties. Consequently, current Mg-based devices like bone scaffold or 

cardiovascular stent are hardly to fulfill the desirable service life 
(generally 6–12 months) [9,10]. Up to now, several strategies, such as 
purification, alloying treatment and surface coating, have been pro-
posed to improve the corrosion resistance of Mg alloy, and are achieving 
substantial progress [11–13]. 

Amorphization is another practicable measure to enhance the 
corrosion resistance of Mg alloy. Amorphous alloy, known as metallic 
glass, owns homogeneous microstructure with short-range ordered and 
long-range disordered atomic arrangement. They are free of crystal 
structure defects such as grain boundaries and dislocations, and thus 
exhibit better anti-corrosion ability than corresponding polycrystalline 
alloy [14,15]. Gu et al. [16] revealed that amorphous Mg–Zn–Ca alloy 
alleviated galvanic corrosion and localized corrosion. During 
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degradation, continuous and dense corrosion layer consisting of Zn 
oxide/hydroxide and Mg oxide/hydroxide provided excellent protection 
for substrate. Wang et al. [14] prepared amorphous Mg–Zn–Ag, and 
found that its corrosion rate was decreased with immersion time 
increasing, due to the formation of a protective barrier layer with uni-
form corrosion products. In addition, amorphous Mg alloy also exhibits 
high strength, as the atoms intertwine with each other and thereby need 
high energy to tear the matrix [17,18]. 

From a manufacturing point of view, the preparation of amorphous 
parts requires a very high cooling rate, so that the atoms have no enough 
time to arrange orderly during rapid cooling. At present, common 
preparation methods mainly include water quenching method, spray 
casting method, copper mold casting method, hot pressing etc. [13,19]. 
However, the size of the amorphous alloy prepared by above methods is 
very limited, usually a thin layer structure with a thickness of only a few 
millimeters. Meanwhile, it is also challenging to obtain a complex 
porous structure [20,21]. Laser powder bed fusion (LPBF) is a rapid 
solidification technology, in which the cooling rate (>104 K/s) is higher 
than the critical cooling rate (103 K/s) required to form the amorphous 
structure in most amorphous systems. More importantly, LPBF, as a 
typical additive manufacturing technology, builds parts in a 
layer-by-layer pattern along the building direction (BD) perpendicular 
to the substrate. Thus, it can break through the size and shape limita-
tions of conventional preparation methods and prepare large and porous 
amorphous alloy parts [22–28]. For example, Mahbooba et al. [29] re-
ported that the thickness of iron-based amorphous parts prepared by 
LPBF could reach 30 mm, which is much higher than the critical 
dimension of 2 mm for casting. Zhang et al. [30] used LPBF to prepare a 
zirconium-based amorphous porous scaffold with a porosity of 70 %, a 
Young’s modulus of ~13 GPa, and a yield strength of 350 MPa. 

In this work, LPBF was adopted to prepare Mg–Zn–Ca amorphous 
alloy. Mg–Zn–Ca series alloy was selected owing to its favorable bio-
logical properties. It was reported that the released Mg, Zn, and Ca ions 
could promote bone cell proliferation and differentiation [13,31–33]. 
Furthermore, considering the intrinsic brittleness of amorphous alloy, 
rare-earth yttrium (Y) was alloyed with Mg–Zn–Ca, aiming to improve 

the plastic deformability. Previous research reported that Y addition was 
able to induce the formation of quasicrystal I-phase (Mg3Zn6Y, icosa-
hedral quasicrystal structure) that could tailor the mechanical properties 
[34–36]. Mg–Zn–Ca based parts with various Y content (0, 1, 2 at.%) 
were prepared with LPBF. The microstructure, mechanical properties 
and corrosion behavior were studied comprehensively. Furthermore, the 
correlation between microstructure and performance was explored 
in-depth. 

2. Materials and methods 

2.1. Powder preparation and characterization 

The nominal composition (at.%) of raw materials was determined at 
Mg60Zn35Ca5, Mg59Zn35Ca5Y1 and Mg58Zn35Ca5Y2. Aerosolization was 
utilized to prepare spherical powder. In detail, as-cast alloy was pre-
pared in resistance furnace, then melted and aerosolized under the 
protection of high purity argon. The as-received Mg60Zn35Ca5 powder 
was observed by scanning electron microscopy (SEM, Zeiss Sigma-300, 
Germany), which exhibited favorable sphericity with few satellite par-
ticles (Fig. 1a). The particle size was measured using laser particle size 
analyzer (Mastersizer 3000, Marvin Company, UK). It showed a normal 
distribution with a d10 of 14.1 μm, d50 of 42.5 μm and d90 of 85.4 μm, as 
presented in Fig. 1b. 

The phase structure of powder was characterized by X-ray diffrac-
tometer (XRD, Bruker, D8 Advance, Germany). Typical broad diffraction 
hump was observed for Mg60Zn35Ca5 powder, indicating its complete 
amorphous structure (Fig. 1c). It was believed that the atomization 
process with rapid cooling offered favorable condition for the formation 
of amorphous structure. For Mg59Zn35Ca5Y1 and Mg58Zn35Ca5Y2 pow-
ders, several weak crystalline peaks were detected. 

2.2. LPBF process 

A commercial laser printing system (HBD-150, Guangdong Hanbang 
3D Tech Co. Ltd., China) was utilized in LPBF experiments. A fiber laser 

Fig. 1. (a) Morphology, (b) particle size distribution, and (c) XRD pattern of powder. (d) Typical porous and columnar parts prepared by LPBF.  
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(IPG, 500 W) with a spot of ~70 μm was applied as heat source. During 
LPBF, the processing chamber was filled with high purity argon to avoid 
oxidation. It is well accepted that Mg powder easily evaporates under 
the irradiation of high-energy laser beams. Herein, a gas circulation 
device was used to remove Mg fume, aiming to mitigate its negative 
impact on processing. After a series of pre-experiments, the parameters 
were optimized at laser power 85 W, scanning rate 130 mm/s, hatch 
space 60 μm and layer thickness 50 μm. Typical porous and columnar 
parts were exhibited in Fig. 1d. 

2.3. Microstructural characterization 

The phase structure of as-built part was investigated by XRD. The 
glass transition and crystallization behavior were studied using differ-
ential scanning calorimetry (DSC, ZBDSC-2D, Beijing Hengjiu Science 
Instrument Factory, China) at a heating rate of 10 K/min. 

To reveal microstructure, the as-built part was sequentially grounded 
using 600, 1200 and 2000 SiC papers, then mechanically polished to 
obtain mirror surface, and etched using 3 vol% nitric acid alcohol so-
lution. The microstructure was observed using SEM in backscattered 
electron mode. Furthermore, the part was grounded to 40 μm thickness, 
punched into small discs with a diameter of 3 mm, and then thinned with 
an ion thinner (Gatan 691, Gatan, USA). Nano-scaled microstructure 
was captured by using a transmission electron microscopy (TEM, Tecnai 
G2 F20, FEI Company, USA). 

2.4. Mechanical testing 

The as-built part was cut in parallel using a wire cutting machine. 
Uniaxial compression test was carried out using a conventional me-
chanical testing machine (E44.304, Metes industrial systems Co. Ltd., 
China) at 5 × 10− 4 s− 1. Subsequently, the lateral and fracture surface 
were captured utilizing SEM. Nanoindentation test was performed via 
Nano indenter (G200, Agilent, USA) at a constant strain rate of 0.05 s− 1 

and depth of 200 nm. In addition, TEM and SEM analysis were carried 
out on the samples after 2 % compression strain to study deformation 
mechanism. 

2.5. Electrochemical testing 

Electrochemical test was implemented to study the corrosion 
behavior of as-built part and the stability of its surface corrosion product 
layer by using an electrochemical workstation (PARSTAT 4000A, 
Princeton Applied Research, USA) with three classical electrodes, 

including working electrode, counter electrode and reference electrode. 
Prior to test, the part was ground and polished, then soldered to copper 
wire and wrapped with epoxy resin leaving an exposure area (1 cm2). 
Subsequently, the part was immersed in simulated body fluid (SBF, pH 
7.4) for 7 d so that its surface was completely covered with corrosion 
products. Open circuit potential (OCP) measurement was performed for 
half an hour. Electrochemical impedance spectroscopy (EIS) test was 
performed from 105 to 10− 2 Hz, then analyzed and fitted via ZSimp-
Demo 3.30 software. Potential dynamic polarization (PDP) test was 
carried out within OCP±500 mV at 1 mV/s. Based on Tafel extrapolation 
method, corrosion potential (Ecorr) and corrosion current density (icorr) 
were determined from the PDP curves. 

2.6. Immersion test 

Immersion experiment was performed in SBF for 28 d at 37 ◦C, with 
the ratio of corrosive solution volume to exposure sample area (100 mL/ 
cm2) [37]. The generated hydrogen was collected through funnel into 
25 mL inverted burette and recorded. During immersion, the solution 
was renewed every one day. The corrosion rate was calculated by 
hydrogen evolution (PH, mm/year) [38]: 

PH= 2.088
VH

At
(1)  

where VH (mL) was hydrogen evolution volume, A (cm2) was exposed 
surface area and t (day) was immersion time. After 28 d, the part was 
dried in air. The corrosion surface and cross section were treated with 
gold spray and observed by SEM. Chromic acid solution (200 g/L CrO3 
and 10 g/L AgNO3) was chosen to removing corrosion products. Sub-
sequently, the corrosion surface without products was observed via 
SEM. The mass loss (W, mg) was measured and corresponding corrosion 
rate (Pw, mm/year) was calculated: 

PW= 2.10
W
At

(2)  

2.7. In vitro biocompatibility assessment test 

Mouse cranial preosteoblasts (MC3T3-E1) were adopted for in vitro 
cell test. Sterilized part was immersed in Dulbecco modified Eagle me-
dium (DMEM) that contained 10 % fetal bovine serum for 3 d to obtain 
extracts. The ratio of medium volume to exposure sample area was set at 
0.8 mL/cm2 from ISO 10993-5: 2009 standard [7]. Cells at a density of 
5000 cells/well were planted in 96 well plates, and then incubated for 1 

Fig. 2. (a) XRD patterns, and (b) DSC curves of as-built parts. The inset was DSC curve for localized temperature range.  
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d. Afterwards, the extracts were added to replace the medium and 
renewed every 2 d. After incubating for 1, 4, and 7 d, cell counting Kit-8 
(CCK-8) reagent of 10 μL was added to further culture for 1 h. The 
absorbance was determined via a microplate reader (Beckman, USA) at 
450 nm. The cell viability was calculated by:  

Cell viability (%) = ODpart /ODblank × 100%                                              

In addition, the live/dead cell assay was carried out, in which the cells 
were stained and visualized using Calcein-AM and Ethidium 
homodimer-1 reagents for 30 min. The cell morphology was captured 
utilizing a fluorescence microscope (BX60, Olympus Co., Japan). 

2.8. Statistical analysis 

All tests were executed at least three times to guarantee the reli-
ability. The data were represented as mean ± standard deviation. The 

statistical significance was determined using one-way analysis of vari-
ance (ANOVA) by Tukey’s test. Herein, p value less than 0.05 was 
believed to be of statistical significance. 

3. Results and discussion 

3.1. Microstructural characteristics 

The phase structure of as-built parts was examined by XRD, with 
results depicted in Fig. 2a. In general, a specific broad diffraction hump 
ranging from 30 to 50◦ was observed for all parts, which clearly revealed 
their amorphous structure. Several weak crystal diffraction peaks were 
also detected, indicating the occurrence of crystallization behavior 
during LPBF. The α-Mg and Ca2Mg5Zn13 phase were major crystalliza-
tion phase in Mg60Zn35Ca5 part. Notably, their diffraction peaks grad-
ually turned strong with Y increasing, while new crystallization peaks 
corresponded to quasicrystal I-phase appeared. The thermodynamic 
stability was investigated utilizing DSC, with collected curves shown in 
Fig. 2b. Moreover, the corresponding thermal characteristics were listed 
in Table 1 and comparable to those of reported studies on Mg-based 
amorphous alloys [39–41]. All scanning curves exhibited an endo-
thermic signal associated with the glass transition, as indicated by the 
arrow at ~344 ◦C in Fig. 2b, which reaffirmed the formation of glassy 
atomic structure. Besides, exothermic crystallization peaks corre-
sponding to the start of crystallization were also detected. Notably, Y 
addition reduced the crystallization temperatures (Tk) in some extent, 

Table 1 
Thermal characteristics from DSC curves, showing the glass transition temper-
ature (Tg), the crystallization temperatures (Tx), the undercooled liquid region 
(ΔT = Tx-Tg), and the crystallization enthalpy (ΔHcryst).  

Parts Tg (K) Tx (K) ΔT (K) ΔTcryst (J/g) 

Mg60Zn35Ca5 344.1 354.7 10.6 56.4 
Mg59Zn35Ca5Y1 344.3 353.2 8.9 34.3 
Mg58Zn35Ca5Y2 344.2 351.6 7.5 25.7  

Fig. 3. TEM and SAED patterns of (a) Mg60Zn35Ca5, (b) Mg59Zn35Ca5Y1 and (c) Mg58Zn35Ca5Y2 parts. HR-TEM and FFT patterns of (d) Mg60Zn35Ca5 and (e) 
Mg59Zn35Ca5Y1 part. 
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Fig. 4. (a) Schematic diagram of laser melting process, in which the direction of temperature gradient is from the edge (low) of molten pool to its center (high), (b) 
hierarchical microstructure in as-built part and (c) SEM showing the cross-section microstructure of as-built Mg60Zn35Ca5 part. 

Fig. 5. (a) Compressive stress-strain curves, and (b) corresponding mechanical parameters. (c) Lateral and fracture surface morphologies, and (d) shear band spacing 
and density of fractured parts. 
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since it deteriorated the thermal stability of amorphous structure. 
Moreover, the crystallization enthalpies (ΔHcryst) gradually decreased 
due to the enhanced crystallization, namely, the increased crystal vol-
ume fraction. 

TEM was executed to explore the microstructure in-depth, with 
bright-field (BF) images and selected area electron diffraction (SAED) 
patterns shown in Fig. 3. For Mg60Zn35Ca5 part, some nanocrystals (~30 
nm) were observed in matrix (Fig. 3a). From the SADF image, the matrix 
(Region I) exhibited a typical electron diffraction pattern of halo ring, 
which confirmed its amorphous structure. The nanocrystal (Region II) 
was identified as α-Mg with close-packed hexagonal structure [42]. After 
Y addition, the numbers and volume fraction of crystalline phases were 
considerably increased (Fig. 3b-c). Numerous striated crystalline phases 
tended to form rings in Mg59Zn35Ca5Y1 part. The corresponding SADF 
pattern (Region III) presented typical 3-fold rotational symmetry, which 
confirmed its icosahedral quasicrystal structure. As Y increased to 2 at. 
%, ring-like crystalline phases formed a continuous network-like dis-
tribution. High resolution TEM (HR-TEM) further proved the formation 
of amorphous structure with disordered atomic arrangement, quasi-
crystals with unique 5-fold rotational structure, as well as α-Mg (0.26 
nm), Ca2Mg5Zn13 (0.458 nm) phase from their crystal plane spacing 
(Fig. 3d–e) [15,43,44]. Besides, the amorphous matrix and in-situ 
precipitated crystalline phase were tightly integrated, showing a 

favorable bonding interface. 
The above microstructure analysis revealed that crystallization 

behavior occurred, which was usually considered an inevitable phe-
nomenon during LPBF. As schematically showed in Fig. 4a and b, the as- 
built parts generally consisted of two regional structures, namely melt 
pool (MP) and heat-affected zone (HAZ). Herein, MP was formed by a 
high energy laser beam radiating onto the surface of the powder bed 
causing the powder to melt. HAZ was the reheating region between 
overlapping melt pools and where the current layer (N+1) melt pool 
reheated the previous layer of deposition (N) [45,46]. Therefore, the 
two regions undergone different heat history and consequently exhibi-
ted hierarchical microstructure. As shown in Fig. 4c, two distinct strat-
ified regions could be clearly observed along the building direction of 
Mg60Zn35Ca5 part. The smooth region corresponded to the melt pool was 
usually a monolithic glass since it experienced an extremely high cooling 
rate. Distinctively, the HAZ partially crystallized (the glass and crys-
talline phase coexisted). It was believed that temperature of HAZ was 
relatively low, but still higher than the crystallization temperature, 
which induced the transformation of the amorphous structure into a 
crystalline structure, also known as structural relaxation [22,47]. 

On the other hand, the physicochemical properties of powder 
composition also affected the crystallization behavior. In theory, 
amorphous alloys need to contain more than three components with 

Fig. 6. Nanoindentation analysis: (a) hardness maps, elastic modulus maps, (b) load-displacement curves, and (c) hardness and modulus. The inset was the position 
of indentation, while nanocrystals were α-Mg and Ca2Mg5Zn13 phases. 
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large atomic size differences (>12 %) and negative mixing enthalpy 
[48]. Previous researches proved the favorable glass forming ability of 
Mg60Zn35Ca5 ternary system [15]. In our work, the alloy treatment with 
Y promoted the crystallization, particularly the formation of I-phase. A 
coincident fact was that the composition domain to generate I-phase in 
Mg–Zn–Y ternary system was similar to that for the formation of 
amorphous structure in Mg–Zn–Ca ternary system. That was 60–75 at.% 
of Mg, 25–40 at.% of Zn, and less than 6 at.% of Y or Ca [34]. Never-
theless, the formation of I-phase demanded no strict requirements for 
cooling rate. Meanwhile, the crystallization temperature of I-phase was 
above the glass transition temperature [49]. Thus, in Mg59Zn35Ca5Y1 
quaternary system, 1 at.% of Y addition preferentially consumed Mg and 
Zn atoms to form I-phase, thereby ruining the original glass forming 
ability of Mg–Zn–Ca ternary system. However, in Mg58Zn35Ca5Y2 sys-
tem, the total content Y and Ca was above 6 at.%. In terms of atomic 
composition ratio, it provided convenience for the formation of other 
crystalline phases, like α-Mg. As showed in Fig. 2a, the obvious 
diffraction peaks of α-Mg confirmed this point. 

3.2. Mechanical properties 

The typical compressive stress-strain curves were depicted in Fig. 5a, 

and corresponding mechanical parameters were exhibited in Fig. 5b. All 
parts exhibited extremely high yielding strength, but relatively insuffi-
cient plastic deformation ability due to their intrinsic amorphous char-
acteristic. Particularly, Mg60Zn35Ca5 part exhibited a fracture strain of 
1.7 % and a yield strength of 493.7 MPa. Notably, 1 at.% Y addition 
increased the strain to 2.5 %, and yield strength to 621.3 MPa. However, 
continuous Y addition unfriendly reduced the yield strength to 429.2 
MPa, despite the further improvement of deformation ability. The lateral 
and fracture morphologies of post-test parts were captured by SEM, as 
showed in Fig. 5c. For all parts, secondary shear bands leading to shear 
offsets could be detected on the lateral surfaces, and the number of shear 
bands increased with Y addition. Meanwhile, the shear band spacing 
decreased from~151 μm to ~42 μm (2 at.% Y), whilst the shear band 
density increased from ~3 × 10− 4 μm− 1 to ~8 × 10− 4 μm− 1, implying 
that more local plastic regions were activated after Y addition (Fig. 5d). 
Another feature of the plastic deformation, vein pattern, was also found 
on the fracture surfaces. In general, the fracture surface morphology of 
Mg59Zn35Ca5 part was mainly composed of smooth areas, which was the 
result of shear deformation that occurs before fracture. For 
Mg59Zn35Ca5Y1 and Mg58Zn35Ca5Y2 part, the fractured surface exhibi-
ted more vein pattern features, which also confirmed their improved 
plasticity. 

Fig. 7. (a) Deformation process of Mg60Zn35Ca5 and Mg59Zn35Ca5Y1 part, in which I-phase is the quasicrystal. (STZs, small clusters of atoms which rearrange 
themselves spontaneously and cooperatively under shear stress, is a fundamental unit of shear band formation [50].) (b) TEM of dislocation from nanocrystals, SADF 
pattern for the coexistence of glass matrix with nanocrystals and (d) multiple shear bands of deformed Mg59Zn35Ca5Y1 part subjected to a compression strain of 2 %. 
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Nanoindentation test was performed, with microhardness and elastic 
modulus maps shown in Fig. 6a. The color ranging from blue to red 
corresponded to gradually improved hardness and modulus. It could be 
seen that Mg59Zn35Ca5Y1 part was dominated with red areas, and 
exhibited relatively high HAVG (3.7 ± 0.3 GPa) and EAVG (48.2 ± 3.1 
GPa). However, Mg58Zn35Ca5Y2 part exhibited smallest HAVG (3.2 ± 0.2 
GPa) and EAVG (41.7 ± 1.8 GPa) among the three groups. In addition, the 
load-displacement curves obtained at specific areas with various phase 
combination were studied, as depicted in Fig. 6b. A sharp ‘pop-in’ 
(abrupt increase in indentation displacement) was visible on all the 
curves, corresponding to the initial yield point. As compared with glass 
matrix, (glass + nanocrystals) presented a premature yield point (a 
decreased yield load) and reduced hardness and modulus, which indi-
cated α-Mg phase and Ca2Mg5Zn13 were soft phases with low hardness 
and modulus. However, I-phase precipitation lagged the yield point and 
increased the yield load, hardness and modulus, which indicated that I- 
phase could act as a hard phase. Therefore, the as-built Mg59Zn35Ca5Y1 
part with I-phase presented improved hardness, elastic modulus and 
yield strength (Fig. 6c). Notably, Mg58Zn35Ca5Y2 part owned further 
increased crystallized phase (α-Mg), which weakened the strengthening 
effect of I-phase. 

Our results clearly proved that Y addition tailored the mechanical 
properties of LPBF processed Mg–Zn–Ca amorphous alloy, which should 
be correlated with the different type and quantity of crystalline phases in 
glass matrix. For complete amorphous alloy, it has almost no clear 
plastic deformation zone. For example, Zhao et al. [34] prepared 

monolithic Mg71Zn25Ca4 amorphous alloy with only a linear elastic 
behavior and no plastic deformation. For Mg60Zn35Ca5 part presented in 
this work, the compressive test proved it included elastic deformation 
and a small amount of plastic deformation. As revealed by previous TEM 
observation, there were very small amount of nano-scaled crystalline 
phases (α-Mg and Ca2Mg5Zn13) in Mg60Zn35Ca5 part. Under the effect of 
external stress, the phases with low hardness and modulus acted as soft 
phases and preferentially yielded. Due to the mismatch in modulus, 
stress concentration occurred at the phase-amorphous interface, leading 
to the phases deformation by inducing the formation of dislocation (T). 
Subsequently, these deformed phases acted on the surrounding amor-
phous matrix to stimulate the nucleation and then propagation of the 
STZs, ultimately achieving the initiation of shear band slip systems. 
(Fig. 7a). Thus, the Mg60Zn35Ca5 part in this work still showed small 
plastic deformation areas. With Y content increasing, the crystalline 
phases were significantly increased, which effectively improved the 
plastic deformation ability. In theory, the improvement of plasticity 
would undoubtedly sacrifice a certain amount of strength, like 
Mg58Zn35Ca5Y2 part. However, the Mg59Zn35Ca5Y1 part showed simul-
taneously improved strength and plasticity as compared with the other 
two groups. As our nanoindentation tests revealed, quasicrystal I-phase 
owned higher hardness and modulus than the glass matrix. Thus, the 
I-phase in Mg59Zn35Ca5Y1 part served as hard and reinforced particles, 
whose surrounding glass matrix yielded preferentially as subjected to 
high external forces. Consequently, the activation of shear band slip in 
Mg59Zn35Ca5Y1 consumed more fracture energy, which gave birth to 

Fig. 8. (a) OCP, (b) PDP curves, (c) Nyquist and (d) equivalent circuits obtained by electrochemical testing.  

Table 2 
Electrochemical parameters from PDP curves and equivalent circuits.  

Parts icorr (μA/cm2) Ecorr (V) Rf (Ω⋅cm2) Rct (Ω⋅cm2) L (H⋅cm2) RL (Ω⋅cm2) 

Mg60Zn35Ca5 39.0 ± 1.4 − 1.15 ± 0.01 124.3 ± 32.5 1192 ± 52.3 / / 
Mg59Zn35Ca5Y1 53.7 ± 3.2 − 1.32 ± 0.03 102.9 ± 25.3 619.1 ± 32.1 34750 ± 223 3956 ± 102 
Mg58Zn35Ca5Y2 107.2 ± 5.3 − 1.42 ± 0.02 63.4 ± 18.5 541.2 ± 22.6 16830 ± 153 2153 ± 83  
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high yielding strength. On the other hand, I-phase as hard phases could 
also hinder the movement of shear band and induce the generation of 
secondary shear bands [34]. As showed in Fig. 7c, it also was clearly 
observed that shear band proliferated at the I-phase/glass matrix 
interface. In short, our work revealed that suitable Y alloying could 
bring about positive impacts of mechanical properties for laser printed 
Mg–Zn–Ca amorphous alloy. 

3.3. Corrosion behavior 

The corrosion behavior was investigated using electrochemical ex-
periments, with recorded OCP curves plotted in Fig. 8a. Initially, the 
potential of all parts shifted to low potential due to the dissolution of 
corrosion products, and then varied dynamically in equilibrium [51]. 
Herein, Mg60Zn35Ca5 part exhibited a high potential of ~ − 1.21 V. After 
Y addition, the parts displayed a rapidly decreased potential, indicating 
unstable corrosion layer and resultant peeling. Meanwhile, the sudden 

fluctuations in potential could be detected, which revealed the occur-
rence of pitting. The PDP curves were depicted in Fig. 8b, and the Ecorr 
and icorr were listed in Table 1. It was revealed that Y alloying decreased 
the Ecorr and improved the cathodic polarization current. Breakdown 
potentials (Eb) were evidently found in their anodic polarization curves, 
which was an indication of localized corrosion. 

Nyquist plots obtained by EIS tests were depicted in Fig. 8c. All parts 
contained two characteristic capacitance loops at high and medium 
frequencies. After Y addition, the capacitance ring turned small, indi-
cating low charge transfer resistance. More importantly, the inductive 
loop appeared at low frequency, which was a signal of corrosion product 
layer collapse and localized corrosion. Therefore, two corresponding 
equivalent circuits were fitted, as displayed in Fig. 8d. The Rs was the 
solution resistance. The Rf and CPEf were defined as the resistance and 
capacitance of corrosion product layer. The Rct and CPEdl were defined 
as the charge transfer resistance and double layer capacitor on sample 
substrate surface, respectively. The RL and L represented the resistance 

Fig. 9. (a) Corrosion surface with and without corrosion products, (b) cross-section morphology and EDS line scan of corrosion products layer.  
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and inductance from the collapse of partial corrosion layer in response to 
Mg + reaction. As listed in Table 2, Y-containing parts presented low Rct 
and Rf, which indicated that Y addition promoted the charge transfer 
and destabilized the protective layer, thus weakening the corrosion 
resistance. 

Immersion test was performed to further explore the biodegradation 
behavior, with biodegradation surface exhibited in Fig. 9a. All parts 
were completely covered with corrosion products. Particularly, dense 
and flat corrosion layer covered on Mg60Zn35Ca5 part, whereas the parts 
with Y possessed loose and granular corrosion products. Some studies 
reported that the granular was CaCO3 (high KSP = 4.9 × 10− 9), indirectly 
reflecting their relatively fast corrosion rate to produce more Ca2+ [52, 
53]. The corrosion morphologies after removing product clearly 
revealed that the parts with Y experienced local corrosion, as proved by 
the large corrosion pits. In contrast, the Mg60Zn35Ca5 part was corroded 
relatively slightly and uniformly. In addition, the cross-section of 

product layer was observed via SEM, as shown in Fig. 9b. The corrosion 
film of Mg60Zn35Ca5 part was only about 10 μm thick and uniformly 
covered the matrix. However, for the parts with Y, the corrosion film 
reached a thickness of ~15–20 μm. Furthermore, the obvious localized 
corrosion pits could be detected. Also, Mg58Zn35Ca5Y2 part experienced 
a more severe localized corrosion than Mg59Zn35Ca5Y1. From EDS line 
analysis, Zn elements were detected in all corrosion product layers, 
which indicated the formation of Zn oxide/hydroxide. For the parts with 
Y, EDS line analysis next to corrosion pits confirmed the presence of Y 
oxide/hydroxide, which could be related to the galvanic corrosion 
constituted between I-phase and substrate. In addition, Ca and P ele-
ments were also detected, which indicated Ca–P products like (apatite) 
deposited on the matrix. 

The H2 volume variation during immersion test was depicted in 
Fig. 10a. The Mg60Zn35Ca5 part showed slowest hydrogen volume evo-
lution among all groups. After Y addition, the parts exhibited an 

Fig. 10. (a) H2 variation and degradation rate. (b) Comparison of corrosion rate (mass loss) among as-builts parts as well as reported bio-degradable Mg alloys in SBF 
(PH 7.4) at 37 ◦C (Pure Mg [58], Mg-Zn-Ca [58], Mg–Zn–Y [59], WE43 [60], Mg-Sr [61], AZ31 [62], ZK60 [63]). 

Fig. 11. (a) Fluorescence microscopy images of MC3T3-E1 cells cultured in 100 % extracts for 1, 4 and 7 d, (b) cell viabilities in 50 % and 100 % extracts.  
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increased hydrogen release rate, namely accelerated corrosion rate. 
Accordingly, Mg59Zn35Ca5Y1 showed an accelerated corrosion rates of 
0.43 mm/year. A comparison between the degradation rate of amor-
phous and polycrystalline Mg alloys were exhibited in Fig. 10b. There 
was no doubt that the amorphous Mg alloys showed relatively low 
corrosion rate than polycrystalline Mg alloys. As is well known, grain 
boundaries are usually the beginning of corrosion, as atoms from grain 
boundaries typically have higher energy and are most sensitive to 
corrosion [54]. At the same time, the precipitated phase is easy to 
construct a micro couple with the Mg matrix, as different phase com-
positions often have potential differences [55]. Notably, the matrix of 
Mg60Zn35Ca5 was mainly amorphous, as showed in Fig. 3a. There were 
very few of grain boundaries, dislocations, and other factors that could 
easily lead to corrosion. Thus, it ultimately achieved a uniform and slow 
degradation. In fact, the dense and uniform passivation film also 
confirmed its uniform degradation model. However, the parts with Y 
were relatively crystallized. A large number of crystalline phases, 
including α-Mg, Ca2Mg5Zn13 and quasicrystal I-phase, would form 
localized galvanic corrosion with the surrounding amorphous Mg ma-
trix, while the same corrosion would also occur between them. In 
addition, the SBF with high concentrations of chloride ions can easily 
break through the corrosion product layer, leading to rapid expansion of 
initial corrosion pits and ultimately leading to the collapse of the matrix. 
As exhibited in Fig. 9a, unevenly distributed and deep corrosion pits 
appeared, which clearly confirmed this localized corrosion mechanism. 
Despite this, the corrosion rate of Mg59Zn35Ca5Y1 part was less than 0.5 
mm/year, which still met the clinical corrosion requirement for ortho-
paedic implants [56,57]. 

3.4. In vitro biocompatibility assessment 

In term of above results, the biocompatibility of Mg60Zn35Ca5 and 
Mg59Zn35Ca5Y1 parts were evaluated, with a blank control group. The 
fluorescence microscopy images of MC3T3-E1 cells were captured, as 
presented in Fig. 11a. Herein, live cells were green and dead cells were 
red. Notably, almost no dead cells were visible during the entire culture, 
while the live cell number increased with incubation time. As compared 
with the blank group, the Mg60Zn35Ca5 and Mg59Zn35Ca5Y1 groups 
possessed relatively few cells number, due to the relatively high corro-
sive ion solubility in the extracts. CCK-8 assay was carried out to 
quantitatively assess cell viabilities (Fig. 11b–c). Apparently, the cell 
viabilities for both two groups increased with incubation time, but 
Mg59Zn35Ca5Y1 group exhibited relatively low cell viabilities. This could 
be due to the fact that the alloy with higher corrosion rate increased the 
pH and osmotic pressure in the medium, which is obviously not 
conducive to cellular proliferation [64]. In detail, the cell viabilities for 
Mg60Zn35Ca5 were 91.7 % after 7 d, but dropped to 88.4 % for 
Mg59Zn35Ca5Y1. Moreover, the diluted extracts (50 %) provided a better 
environment for cell proliferation than 100 % extracts. Based on stan-
dard (ISO 10993–5:1999) [65], the biosafety was assessed as grade 0–1 
in 50 % and 100 % extracts, which was acceptable for the clinical 
requirement. 

4. Conclusions 

In this study, Mg–Zn–Ca and Mg–Zn–Ca–Y amorphous parts were 
successfully fabricated by LPBF. Their microstructure, mechanical 
properties, corrosion behavior and biocompatibility were studied. The 
conclusions were as follows:  

(1) As-built parts contained amorphous structure, despite that a few 
nano-sized crystallized phases (α-Mg and Ca2Mg5Zn13) were 
found in glass matrix due to repeated heat accumulation in HAZs. 
More importantly, Y alloying ruined the glass forming ability and 
stimulated the in-situ formation of quasicrystal I-phase.  

(2) As compared with Mg60Zn35Ca5 part, Mg59Zn35Ca5Y1 exhibited 
simultaneously enhanced strength and plasticity. This was 
because I-phase as a hard phase retarded the propagation of shear 
bond and thus excited the emergence of secondary shear bands 
and vein patterns.  

(3) Mg60Zn35Ca5 part with few crystalline defects achieved a uniform 
and slow degradation. The parts with Y possessed loose corrosion 
layers and exhibited reduced corrosion resistance. Despite this, 
Mg59Zn35Ca5Y part still presented moderate corrosion rate of 
0.43 mm/year.  

(4) Both Mg60Zn35Ca5 and Mg59Zn35Ca5Y1 parts exhibited favorable 
biocompatibility and could be evaluated to be grade 0− 1. 
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