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Abstract: Additive manufacturing allows for the fabrication of large-sized metallic glasses with
complex geometries, which overcomes the size limitation due to limited glass-forming ability. To
investigate the effect of synthesis parameters on the Mg-based metallic glasses, Mgg5CuzpZnsY1g
was fabricated by laser-based powder bed fusion under different scanning speeds and laser powers.
For high energy density, the samples showed severe crystallization and macrocracks, while for low
energy density, the samples contained pore defects and unfused powders. Three-dimensionally
printed samples were used for the compression test, and the mechanical properties were analyzed by
Weibull statistics. Our work identifies proper parameters for 3D printing Mg-based metallic glasses,
which provide a necessary, fundamental basis for the fabrication of 3D-printed Mg-based metallic
glass materials with improved performance.

Keywords: additive manufacture; selective laser melting; Mg-based bulk metallic glasses;

microstructure; mechanical performance

1. Introduction

Bulk metallic glasses(BMGs) are metallic materials absent of long-range order in the
arrangement of atoms. Compared to traditional crystalline metals, BMGs show unique
properties, such as high strength, high elastic limit, high corrosion resistance and high wear
resistance [1-4]. The formation of BMGs needs a high cooling rate. A fast cooling rate
requires a large surface-to-volume ratio, so the geometric size and shape of BMG samples
prepared by the traditional rapid casting method are greatly limited. The development of
a novel BMG-forming process has always been one of the hot topics. Three-dimensional
printing is a rapidly developing research field, and it has been applied in various indus-
tries [5-7]. Laser-based powder bed fusion (LB-PBF), also known as selective laser melting
(SLM), uses a high-energy laser to selectively melt metallic powder particles and to fuse
them locally with the layer underneath. The repetitive process allows components to be
built layer by layer. The cooling rate in LB-PBF process can be as high as 10*~10” K/s, which
satisfies the cooling rate for most BMG systems [8]. As LB-PBF overcomes the limitation of
geometric size and shape in BMGs, a rising number of studies have been focused on prepar-
ing BMGs by 3D printing in different systems, such as Zr-, Fe-, Ti-, and CuZr-based metallic
glasses [9-12]. For recent and comprehensive reviews of 3D printing metallic glasses, see
ref [8,13] Mg-based BMGs are promising candidates for engineering materials, such as
those used in the automobile and aircraft industries, because of their marvelous properties,
such as light density, high strength, and being low cost and environmentally friendly.
Mg-based BMGs can improve corrosion behavior significantly and show great potential
for development in a new generation of biodegradable implants [14-16]. However, the
additive manufacture of Mg-based BMGs does not currently exist. Mgg5CuzpZnsY1p(at.%)
BMG has good glass-forming ability, and it is a prototype of Mg-based metallic glass
composites with a high specific strength, which is also suitable for 3D printing [17,18]. In
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this study, we report the fabrication of Mgg;CupoZnsY1o metallic glasses by LB-PBF. The
effect of scanning speed and laser power on the microstructure evolution of the samples is
discussed. The 3D-printed samples show scattered fracture strength, and the mechanical
performance is analyzed by Weibull statistics. The information will provide the neces-
sary, fundamental basis for the fabrication of 3D-printed Mg-based BMG materials with
improved performance.

2. Materials and Methods

The powders with nominal composition MggsCuzgZnsY1o(at.%) were produced by in-
ert gas atomization. As shown in Figure 1a, the powders have an approximately spheri-
cal shape in the SEM image. The size distribution of the powder was measured by laser
particle size analyzer (HELOS (H3751)and RODOS/T4, R4, SYMPATEC GmbH, Clausthal-
Zellerfeld, Germany), and the result is shown in Figure 1b. The LB-PBF experiment was
performed by commercial machine Renishaw AM250 (Renishaw, Wotton-under-Edge, UK).
The forming chamber was vacuumed and protected by argon gas with oxygen content
below 250 ppm. The layer thickness was 50 um. Unidirectional scanning vectors were
used and rotated by 67° in adjacent layers. The hatch spacing between scanning lines was
60 pm. The power of the laser was from 80 to 110 W, and the scanning speed was from
900 to 1200 mm/s. See Table 1 for details of laser power and scanning speed. Specimens
with dimensions of 10 mm x 5 mm X 6 mm were fabricated by SLM for microstructure
test, and samples of 2 mm x 2 mm X 4 mm were fabricated for compression test. The
microstructure of the samples was analyzed by X-ray diffraction (XRD, D8-ADVANCE,
Bruker, Munich, Germany) with Cu K, target, scanning angle from 20° to 80°, scanning
speed of 4° per minute, and scanning step of 0.02. The crystallinity was obtained by
calculating the ratio of the area under the sharp peaks compared to that of the broad
peak using XRD data. The cross-section of the sample was analyzed by scanning elec-
tron microscopy (SEM, JSM-ITS00LA, JEOL Ltd., Tokyo, Japan) with BSE detector. Then,
2mm X 2mm x 4 mm cuboid samples were used for quasi-static uniaxial compression test,
and they were measured with a strain rate of 1 x 10~ s~! using a universal mechanical test
machine (UTM6503, Shenzhen Suns Technology stock Co. Ltd. Shenzhen, China) at room tem-
perature. The Vickers hardness (Hv) was determined by microhardness tester (QnessGmbH
Q30, ATM Qness GmbH, Mammelzen, Germany) with a load of 1 Kg at room temperature.
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Figure 1. Mg-based alloy powders: (a) SEM image of the powders. (b) Size distribution of the powders.
3. Results

MgssCupZns Y1 metallic glasses can be fabricated by LB-PBF in a narrow parameter
window. Figure 2a shows the photo image of samples in good condition. These samples
were fabricated for a laser scanning speed of 1000 mm/s and laser power of 100 W. If
the scanning speed is 900 mm/s and the laser power is 110 W, the samples usually have
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macrocracks. As shown in Figure 2b, the cracks are roughly parallel to the layers. While
the scanning speed is 1200 mm/s and the laser power is 80 W, unfused powder appears
inside the samples and the samples do not show metallurgical combination, as shown in
Figure 2c.

Figure 2. Photo image of 3D-printed Mg-based metallic glasses: (a) Samples in good condition
(scanning speed: 1000 mm/s, and laser power: 100 W). (b) Samples with macrocracks (scanning
speed: 900 mm/s, and laser power: 110 W). (c¢) Samples with unfused powders (scanning speed:
1200 mm/s, and laser power: 80 W).

3.1. Effect of Scanning Speed on the Microstructures

The influence of laser power combined with scanning speed on the microstructure
of the samples was investigated. Figure 3a shows the XRD patterns of the 3D-printed
Mg-based metallic glasses with fixed laser power of 100 W. When the scanning speed is
900 mm/s, the samples show sharp crystalline peaks in an XRD curve. These sharp peaks
are marked with symbols, such as a red solid circle, a blue diamond and a black circle, to
indicate the crystalline phase. The main crystalline phase is Mg,Cu, and there are also
some Y,O3; and unknown phases. These crystalline phases are consistent with the cast
Mgg5CuppZnsYqg of low cooling rate [17]. Analysis from the XRD curve shows that the
crystallinity of the sample is 31% under such processing parameters. When the scanning
speed increases to 1000 mm/s, only tiny crystalline peaks are on the broad peak. The
crystallinity decreases to 23% under such processing parameters. When the scanning speed
increases to 1100 mm/s, the XRD patterns do not show an obvious change, indicating a
similar microstructure of the sample. When the scanning speed increased to 1200 mm/s, the
XRD shows sharp crystalline peaks again, with a crystallinity of 32%. Figure 3b shows an
SEM image of the sample fabricated at a scanning speed of 900 mm/s. The sample shows an
alternative configuration of melting pools (MPs) and heat-affected zones (HAZ). Typically,
MPs are comprised of a monolithic glass, whereas the HAZs often partially crystallize [19].
Figure 3¢ shows the SEM of the sample fabricated at a scanning speed of 1000 mm/s. The
sample still shows an alternative configuration of MPs and HAZs. However, the MPs
become wider and the HAZs become thinner, indicating a more amorphous phase inside
the samples. It has been reported that increments of scanning speed would inhibit the
crystallization process [9]. As the scanning speed increases to 1000 mm/s, the SEM image
shows that there are less crystalline phases in the HAZs. As the scanning speed increases
to 1200 mm/s, a large number of pore defects appear inside the samples, as shown in
Figure 3d.
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Figure 3. XRD and SEM of 3D-printed Mg-based metallic glasses with laser power of 100 W:
(a) XRD of the samples with different scanning speed. (b) SEM of the cross-section at scanning
speed of 900 mm/s. (c) SEM of the cross-section at scanning speed of 1000 mm/s. (d) SEM of the
cross-section at scanning speed of 1200 mm/s.

3.2. Effect of Laser Power on the Microstructures

The laser power also has an influence on the microstructures. Figure 4 shows the
XRD and SEM results of 3D-printed Mg-based metallic glasses at a scanning speed of
1000 mm/s. Figure 4a shows the XRD patterns of 3D-printed samples fabricated at different
laser powers. When the laser power is as high as 110 W, sharp crystalline peaks appear
on the XRD curves. The peaks in the XRD curve indicate that the crystalline phases are
mainly Mg,Cu with some Y,O3 and unknown phase. The crystallinity is 29% under
such processing parameters. When the laser power is 100 W, the XRD curve shows a
minor crystalline peak, indicating that the crystalline phase is inhibited as the laser power
decreases. However, an obvious crystalline peak reappears when the laser power deceases
to 90 W and 80 W, with a crystallinity of 28% and 30%, respectively. Figure 4b shows the
SEM image of the sample fabricated at a laser power of 110 W. Severe crystallization can
be found in the HAZs. When the laser power decreases to 100 W, there are less crystalline
phases in the HAZs, which have already been shown in Figure 3c. When the laser power
decreases to 80 W, pore defects appear on the SEM image. As shown in Figure 4c, the
irregular pore defects are several tens of microns.
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Figure 4. XRD and SEM of 3D-printed Mg-based metallic glasses with scanning speed of 1000 mm/s:
(a) XRD of the samples with different laser power. (b) SEM of the cross-section with laser power of
110 W. (c) SEM of the cross-section with laser power of 80 W.

3.3. Mechanical Performance

Structural analysis shows that optimal laser power and scanning speed should be
100 W and 1000 mm /s, respectively. The Vickers hardness under such processing parameter
is 249 + 11. Figure 5a shows the compression test results of 3D-printed Mg-based metallic
glasses under such processing parameters. The fracture strength is between 222 and
467 MPa, and no plastic strain is observed. The fracture strength is lower than that of the
cast BMGs with the same composition. The variability of fracture strength was analyzed
using the Weibull statistical method [20]. The double logarithmic form of the Weibull
expression is

ln{ln[ ! ] } =InV+mno—mlnoy, @)
1—Pf

where Py is the fracture probability, V is a normalized volume of the tested sample, m is the
Weibull modulus, ¢ is the fracture strength, and oy is a scaling parameter. The probability
of failure, Ps, was calculated using the equation:

i—05

Pri=— 2

where 1 is the total number of tested samples, and i is the sample rank in ascending order of
failure stress. Figure 5b shows the Weilbull plots suggested by Equation (1). Linear fitting of
these data shows that the Weibull modulus m is 4.6 for 3D-printed Mg-based metallic glasses.
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Figure 5. Compressive test results of 3D-printed Mg-based metallic glasses: (a) Compressive stress—
strain curves from 9 samples. (b) Weibull plots of compressive fracture strength.
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4. Discussion
4.1. Effects of Laser Energy Density on the Structures

The processing parameters and sample conditions are listed in Table 1. All the samples
in the table are fabricated with a fixed layer thickness of 50 pm and a hatch spacing of
60 pm. Both laser power and scanning speed have an influence on the structure of 3D-
printed Mg-based metallic glasses. The laser energy density parameter contains both laser
power and scanning speed, and it is a popular parameter to optimize the microstructures of
conventional crystalline alloys as well as BMGs produced by 3D printing [21]. It is defined
as U = P/(vth), where P is the laser power, v is the scanning speed, ¢ is the hatch spacing,
and 1 is the layer thickness. In our study, the hatch spacing is fixed at 60 um, and the layer
thickness is fixed at 50 um. The optimal laser power and scanning speed are 100 W and
1000 mm/s, respectively, and they correspond to a laser energy density of 33.3 J/mm?. Tt
has been reported that the increment of laser energy density causes crystallization in HAZ,
while the decrement of laser energy density causes pore defects [21,22]. The laser energy
density is 37.0 J/mm? for a laser power of 100 W and a scanning speed of 900 mm /s, and
it is 36.7 ] /mm? for a laser power of 110 W and a scanning speed of 1000 mm/s. Under
such parameters, the XRD curves show sharp crystalline peaks, and SEM images show
thick HAZs, both indicating more crystalline phases. As the input of energy increases, the
long duration at a high temperature in HAZ facilitates the growth of crystalline phases.
The laser energy density is 40.7 J/mm? for a laser power of 110 W and a scanning speed
of 900 mm/s. Under such high laser energy density, the samples show macrocracks. The
increment of laser energy causes severe crystallization, and the brittle crystalline phases
cannot inhibit the propagation of cracks caused by thermal stresses. The laser energy
density is 27.7 ]/ mm? for a laser power of 100 W and a scanning speed of 1200 mm/s, and
it is 26.7 ] /mm? for a laser power of 80 W and a scanning speed of 1000 mm/s. Under such
parameters, the SEM images show irregular pore defects with a size of tens of microns. It
has been reported that the pore defects with such a size are considered to be caused by
trapped gas in molten pools [23]. The XRD curves show sharp crystalline peaks under such
laser energy densities. The pores are not good thermal conductors, and more heat is trapped
inside the samples during fabrication, which profits the crystallization process. The laser
energy density is 22.2 ] /mm? for a laser power of 80 W and a scanning speed of 1200 mm/s.
At such low energy density, the input energy does not melt the powder particles completely,
so the samples do not show metallurgical combination. Our orthogonal experiment of laser
power and scanning speed agrees with laser energy density very well. However, there are
controversies regarding the reliability of laser energy density [24]. The laser energy density
has four variables, and different combinations could give the same laser energy density.
Detailed experiments are needed to clarify the effects of the four variables under the same
laser energy density.

Table 1. Sample conditions with different processing parameters.

Energy Density Laser Power Scanning Speed .

(/mm?) W) (mm/s) Main Features

22.2 80 1200 Unfused powder

26.7 80 1000 Tens of microns
irregular pores

277 100 1200 Tens of microns
irregular pores

33.3 100 1000 23% crystallinity

36.7 110 1000 29% crystallinity

37.0 100 900 31% crystallinity

40.7 110 900 Macrocrack
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4.2. Mechnical Performance

One of the enduring attractions of BMGs is their unique mechanical properties. How-
ever, 3D-printed BMGs experience different thermal histories, and the possible structural
heterogeneities and defects may have a significant influence on the mechanical properties.
It has been reported that 3D-printed tough Zr-based and Ti-based BMGs have similar
fracture strength compared to their as-cast counterparts, but 3D-printed brittle BMGs such
as Fe-based ones usually have much lower fracture strength than their as-cast counter-
parts [11,24,25]. The 3D-printed Mg-based metallic glasses show lower and more scattered
fracture strength than that of the conventional cast ones. The fracture strength of the
cast MggsCuppZns Yy is 764-881 MPa, but the fracture strength of the 3D-printed ones is
222-467 MPa [18]. Both the 3D-printed and as-cast Mg-based metallic glasses do not show
any plastic deformation in their compressive stress-strain curves. The Weibull modulus m
of the 3D-printed Mg-based metallic glass is 4.6, close to brittle engineering ceramic materi-
als. It has been reported that some cast Mg-based BMGs have Weibull moduli of 26 and
41 [20]. The smaller m value of the 3D-printed Mg-based metallic glasses denotes a wider
distribution of fracture strength and lower reliability. The deteriorated mechanical per-
formance of 3D-printed Mg-based metallic glasses is due to defects such as pores and
precipitated crystalline phases [8]. While pore defects are hard to completely remove by
optimization of the processing parameters, precipitated crystalline phases can be inhib-
ited by the decrement of laser energy density. However, large pore defects appear if the
laser energy density is too low. In our study, the precipitated crystalline phases are not
completely inhibited until large pore defects appear. An effective approach to improve the
mechanical properties of 3D-printed metallic glasses is to synthesize metallic glass matrix
composites [26,27]. Some Mg-based metallic glass matrix composites are suitable for 3D
printing, and our study provides a starting point for processing parameters [18,28,29].

5. Conclusions

Mg-based metallic glass can be fabricated by laser-based powder bed fusion (also
known as selective laser melting) under a proper scanning speed and laser power. The
3D-printed Mg-based metallic glasses show lower and more scattered fracture strengths
compared with their as-cast counterparts, and more efforts are needed to improve the
mechanical performances. The main conclusions of this article are as follows:

1.  Theoptimal energy density for 3D printing MgesCuzoZns Y19 metallic glass is 33.3 ] /mm?,
with a laser power of 100 W, a scanning speed of 1000 mm/s, a layer thickness of
50 um, and a hatch spacing of 60 um, respectively.

2. The decrement of laser energy density causes large pore defects, and further decreas-
ing leads to unfused powder. The increment of laser energy density caused more
crystalline phases in HAZs, and further increasing leads to macrocracks.

3. The 3D-printed Mg-based metallic glasses show deteriorated mechanical performances,
and Weibull statistics show that they are less reliable than their as-cast counterparts.
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