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Abstract: Development of metallic glasses is hindered by the difficulties in manufacturing bulk parts
large enough for practical applications. Spark plasma sintering (SPS) has emerged as an effective
consolidation technique in the formation of bulk metallic glasses (BMGs) from melt-spun ribbons.
In this study, Mggs5Zn3pCas melt-spun ribbons were sintered at prolonged sintering times (15 min
to 180 min) via SPS under a pressure of 90 MPa and at a temperature of 150 °C (which is below
the crystallization temperature), to provide an insight into the influence of sintering time on the
consolidation, structural, and biodegradation behavior of Mg-BMGs. Scanning Electron Microscopy
was used to characterize the microstructure of the surface, while the presence of the amorphous phase
was characterized using X-ray diffraction and Electron Backscatter Diffraction. Pellets 10 mm in
diameter and height with near-net amorphous structure were synthesized at 150 °C with a sintering
time of 90 min, resulting in densification as high as 98.2% with minimal crystallization. Sintering at
extended durations above 90 min achieved higher densification and resulted in a significant amount
of local and partial devitrification. Mechanical properties were characterized via compression and
microhardness testing. Compression results show that increased sintering time led to better structural
integrity and mechanical properties. Notably, SPS150_90 displayed ultimate compressive strength
(220 MPa) that matches that of the cortical bone (205 MPa). Corrosion properties were characterized
via potentiodynamic polarization with Phosphate Buffered Solution (PBS). The results suggest that
the sintered samples have significantly better corrosion resistance compared to the crystalline form.
Overall, SPS150_90 was observed to have a good balance between corrosion properties (10 x better
corrosion resistance to as-cast alloy) and mechanical properties.

Keywords: magnesium-based bulk metallic glass; spark plasma sintering; melt spinning; mechanical
properties; biocorrosion properties

1. Introduction

Magnesium-based metallic glasses have been studied extensively in recent years
for a wide range of biomedical applications [1,2]. These metallic glasses are different
from traditional metallic alloys as they exist in the amorphous state and are shown to
exhibit excellent corrosion resistance and yield strength [1,3]. Coupled with their good
biocompatibility in vivo [4], magnesium-based bulk metallic glasses have great potential in
the biomedical sector as an alternative class of absorbable implant biomaterials [5].

Despite the numerous advantages of bulk metallic glasses, very few have made
it to the manufacturing stage. This is because the synthesis of bulk metallic glasses
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(BMGs) is extremely challenging, owing to the need for extremely high cooling rates
of ~10*-10° °C/s [6]. Different densification methods have been proposed to obtain BMGs,
including warm extrusion [7,8], equal channel angular extrusion [9], selective laser sinter-
ing [10], and spark plasma sintering [11]. Among them, spark plasma sintering (SPS) has
garnered special interest as a post-consolidation method due to its high throughput power
consolidation, which is assisted by elevated temperature and pressure [12].

Sintering is a process in which materials are compacted into solid-state objects. The
bonding of sintered particles via atomic diffusion mechanics is governed by both heat
and pressure [13]. Since Mg-based BMGs have a relatively low working temperature
range of up to 150 °C in Mg-Zn-Ca metallic glass, SPS has shown to be extremely useful
in the synthesis of Mg-based BMGs owing to its precise temperature control and high
pressure [11]. Any temperature above 150 °C would result in the nucleation of crystals,
destroying the amorphous nature of the BMG [11].

In our previous paper, we devised a two-step synthesis process involving melt spin-
ning and spark plasma sintering to successfully fabricate fully amorphous Mg-based bulk
metallic glass pellets with a diameter of 10 mm and high corrosion resistance [11]. However,
their structural integrity and mechanical properties were not ideal because of the presence
of significant porosity and the lack of inter-atomic bonding during the SPS process.

Accordingly, this research focuses on refining the SPS process through three objectives:
(i) improving the structural integrity and mechanical properties of Mg-Zn-Ca BMG, while
maintaining a complete amorphous nature by increasing sintering time; (ii) understanding
the effect of sintering time on diffusion mechanics; and (iii) maintaining good biocorrosion
resistance post SPS.

2. Materials and Methods
2.1. Materials

An alloy ingot with a composition of MggsZn3pCas (as-cast) was synthesized via
Disintegrated Melt Deposition (DMD), and the raw materials used are detailed in Table 1
below. The raw materials were melted at a target superheat temperature of 750 °C, followed
by stirring of the melt at 420 rpm for 5 min before casting.

Table 1. Raw materials used in the synthesis of Mgg5Zn3yCas,

Raw Material Supplier
Magnesium (Mg) turnings, 99.9% purity ACROS Organics, Waltham, MA, USA
Zinc (Zn) granules, 99.8% purity Alfa Aesar, Waltham, MA, USA
Calcium (Ca) granules, 99.8% purity Alfa Aesar, Waltham, MA, USA

2.2. Synthesis

The master alloy (5 g) was melt-spun in a quartz crucible under an argon atmosphere
with a copper spinning wheel turning at 2000 rpm, with the argon injection pressure set at
450 mbar. The distance between the nozzle of the quartz crucible and the copper wheel
was controlled at 0.5 mm. Amorphous ribbons of the alloy were produced with a thickness
and width of ~0.1 mm and 3 mm, respectively. A schematic of the melt spinning setup is
shown in Figure 1.

The amorphous ribbons obtained were mechanically milled into powder and com-
pressed at room temperature using a 10 mm compaction die in a hydraulic press under
500 psi pressure for 1 min.
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Figure 1. Schematic illustration of the melt spinning process.

Finally, the compacted powder was sintered into pellets, with a diameter of 10 mm
and a height of 10 mm, via SPS. A DR. SINTER LAB Jr. SERIES 632LX machine from
Fuji Electronics was utilized for this process, operating under vacuum conditions (<3 Pa)
and featuring a maximum sintering DC pulse of 3000 A. A K-type thermocouple was
employed to monitor and regulate the temperature. During the sintering process, the
ribbons were placed in a high-strength carbon die at a pressure of 90 MPa and at 150 °C.
The temperature of 150 °C was established as the optimal operating temperature, beyond
which crystallization occurs [11]. A schematic illustration of the SPS technique is shown in
Figure 2.
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Graphite Electrode

Graphite Mold
Mechanically milled melt-spun ribbons

Hydraulic ~ Pulsed DC
Press Current

Thermocouple
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Figure 2. Schematic illustration of spark plasma sintering.

The initial heating rate was held at 15 K/min but was gradually reduced to 7 K/min
near the end of the heating process to avoid overheating. Table 2 presents the specific
processing parameters for each sample, with designations such as SPS150_15 representing
a sample sintered at 150 °C for 15 min.
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Table 2. Spark plasma sintering operating parameters and experimental procedure.
Starting Heating Time Heating Time Final Slnferlng Force Pressure
Temp Rate (min) Rate (min) Temperature Time (kN) (MPa)
Q) (°C/min) (°C/min) Q) (min)
SPS150_15 30 15 4 7 8.6 150 15 7 90
SPS150_30 30 15 4 7 8.6 150 30 7 90
SPS150_60 30 15 4 7 8.6 150 60 7 90
SPS150_90 30 15 4 7 8.6 150 90 7 90
SPS150_180 30 15 4 7 8.6 150 180 7 90

2.3. Characterization
2.3.1. Surface Morphology

The spark plasma-sintered samples were ground with 1200 grit SiC paper for XRD
analysis and polished up to a 0.05 um finish using a diamond suspension for SEM/EBSD
studies. During each polishing step, the samples were cleaned ultrasonically for 5 min with
ethanol. The microstructure of the spark plasma-sintered samples was analyzed using both
an OLYMPUS metallographic optical microscope and a JEOL JSM-6010 Scanning Electron
Microscope (SEM). The spark plasma-sintered samples were also analyzed using a Shi-
madzu LAB-XRD 6000 X-ray diffractometer for phase identification. The diffractometer had
a Cu K radiation source (A = 0.1541 nm), and a scan speed of 2° /min was used for phase
identification. To confirm the amorphous nature of the samples, electron backscattered
diffraction (EBSD) was performed using a Gemini SEM 450 (Carl Zeiss Microscope GmbH,
Germany) high-resolution scanning electron microscope equipped with an EDAX EBSD
system with a velocity camera. Prior to EBSD, the samples were polished using a water-free
oxide polishing suspension and were cleaned using lab grade ethanol. Additionally, the
samples also underwent ion polishing for 2 h using the PECS II system by Gatan to remove

any residual surface deformation/oxide layers.

2.3.2. Density and Porosity

Density measurements were conducted following Archimedes’ principle. The samples
were initially weighed in air and then in distilled water using an A&D ER-182A electronic
balance (Bradford, Massachusetts) with an accuracy of +0.0001 g. Table 3 below shows the

composition and density of the alloy synthesized in this work.

The experimental density of the alloy was determined via Equation (1) below:

_ Wair X Pwater — Wwater X Pair

Wair — Wwater

PE

M

where pg represents the experimental density of the alloy in g/cm3, w is the weight of

specimen, and p,ir and pwater refer to the density of air and water, respectively, in g/cm?.
The difference between experimental densities of the as-cast alloy compared to the

experimental density of the sintered samples can be used to calculate the porosity levels

within the sintered sample, as governed by Equation (2) below:

Porosity (%) = % x 100
2

@

where p; and p; represent the experimental density of the as-cast master alloy and sintered

samples, respectively, in g/cm?3.
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Table 3. Composition and densities of the Mgg5Zn3pCas synthesized in this work.

Material Raw Materials Theoretical Density Actual Density
Composition Composition by Weight % (g/cm?3) (g/cm®)
Mg 42.2%
Mg65Zn30Ca5 Zn 52.42% 2.86 2.85
Ca 5.36%

2.3.3. Mechanical Properties

Vickers hardness measurements were made using a Shimadzu-HMW automatic digital
microhardness tester. A load of 245.2 mN and a 15s dwell time were utilized for each
indentation across the sample surface. This set of parameters is in line with ASTM standard
E384-08. At least 20 indentations were obtained for each sample.

Following this, compression testing was conducted using an MTS 810 fully automated
servo hydraulic mechanical testing machine. The strain rate was set at 8.33 x 1075 s,
with height and diameter set to 10 mm (height-to-diameter ratio of 1).

2.3.4. Biocorrosion Tests

The biocorrosion tests were performed via an electrochemical cell setup. The spark
plasma-sintered sample was used as the working electrode, the counter electrode was a
graphite rod, and a Saturated Calomel Electrode (SCE) was used as the reference electrode.
Lastly, the electrolyte used in this study was Phosphate Buffered Solution (PBS) from Life
Technologies, Singapore, with a pH of 7 4.

The system was left as an open circuit for 60 min before being polarized at a voltage
of —200 mV vs. their open circuit potential (OCP) to +200 mV vs. their OCP, with a scan
rate of 1 mV s~ . To simulate body conditions, the electrolyte was maintained at 37 °C via
a water bath. A Gamry Reference 600 potentiostat was used for data collection, while a
Solatron Analytical SI 1287 was used for data analysis.

3. Results
3.1. Spark Plasma Sintering of Mg-Zn-Ca BMGs

There are a few parameters that can be optimized with SPS, namely pressure, sintering
temperature, and sintering time. In the present study, pressure was kept constant at 90 MPa,
which is the maximum pressure that can be safely exerted on the high-strength carbon die.
Sintering temperature was maintained at 150 °C, which is the optimal working temper-
ature of MggsZn3pCas, above which crystallization occurs that destroys the amorphous
nature [11]. Therefore, this study focused on the effect of elevated sintering time on the
amorphous nature, mechanical properties, and biocorrosion properties of MgZnCa BMGs.

The BMGs were successfully sintered by SPS at 150 °C with a sintering time of up
to 180 min. The effect of sintering time on the amorphous characteristics of MgZnCa
BMGs can be observed by the XRD patterns in Figure 3. The amorphous nature of the
BMG was largely maintained for up to 90 min of sintering time, as shown by the diffused
broad peak at ~20 = 38°. The XRD results also show very minute peaks across the diffused
region at ~20 = 37° in all sintered samples. Here, diffraction peaks superimposed onto the
amorphous halo for all sintered samples could be observed, indicating that some form of
crystallinity exists and that the sintered samples are predominantly but not completely
amorphous. At an extended sintering time of above 90 min, significant crystalline peaks
start to emerge such as that in SPS150_180. These peaks correspond to crystalline Mg-
Zn and «-Mg phases which indicate that crystallization has occurred, disrupting the
homogenous amorphous matrix.

To account and check for the amorphous nature of the samples post sintering, a
differential scanning calorimeter was utilized. Here, selected DSC scans of SPS150_90
and SPS150_180 are shown in Figure 4a,b. The two samples were used for comparison
because there was a sharp change in the XRD patterns from SPS150_90 to SPS150_180,
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as shown in Figure 3. Contrast in the DSC trace could be observed. SPS150_90 showed
an onset of glass transition (Tg) and subsequent crystallizations, with the first onset of
crystallization denoted as Tx at ~160-170 °C in Figure 4b. This glass transition and the first
crystallization temperatures are in line with studies reported on similar Mg-Zn-Ca metallic
glass systems [14—-16]. On the other hand, SPS150_180 is lacking the onset of glass transition
and crystallization, as shown in Figure 4b. Therefore, the DSC scans prove that SPS150_90
is predominantly in the amorphous state with a very small amount of crystallinity, while
SPS150_180 recrystallized to a certain degree.

i SPS150_180min
SPS150_90min
SPS150_60min
. SPS150_30min
1 SPS150_15min
5 amg CPC
L“./ ot—MgCHVIg Mg7zrl\]/3|g72n3
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20 I 3IO ' 410 . 5[0 I 6IO ' 7|O . 80
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Figure 3. XRD patterns of pre-SPS cold compacted (CPC) and spark plasma-sintered Mg-Zn-Ca
ribbons at varying sintering times from 15 to 180 min.
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Figure 4. Comparison of DSC traces between SP5150_90 and SPS150_180 (a) across the full range of
temperatures (50 °C to 600 °C) and (b) a magnified view of 100 °C to 200 °C.

EBSD was also performed to analyze microstructural features in SPS150_180 to confirm
the presence of grains, which showed the presence of crystallinity. From the EBSD Inverse
Pole Figure (IPF) map in Figure 5a, grains can clearly be indexed in SPS150_180; x-Mg
crystalline phase was identified with a final grain size of 2.70 £ 1.9 um and a significant
amount of crystallinity, as shown in Figure 5b. On the other hand, no grains could be
indexed with SPS150_90, which suggests that the presence of crystallinity, while present, is
minimal. These results are consistent with our data collected from XRD, suggesting that
significant dynamic crystallization occurred with prolonged sintering times above 90 min.
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Figure 5. Electron backscattered diffraction patterns of MgZnCa: (a) IQ + IPF map and (b) grain
size distribution.

The surface morphologies of the pre-SPS powder and the spark plasma-sintered BMGs
at different sintering times (15 to 180 min) compared to the as-cast alloy are shown in
Figure 6. Here, we can look at the effect of sintering time on surface morphology. At lower
sintering times (15-30 min), it can be observed that the powders are not bonded together, as
shown by the large gaps between the powders in Figure 6b,c. In addition, the contrasting
layers seen in Figure 6b,c show that any form of bonding between layers is lacking, with
the presence of a significant amount of porosity on the surface also shown.

At higher sintering times (60-180 min), the interparticle distances are significantly
reduced and there is minimal porosity present, as shown in Figure 6d—f. Unlike the flaky
appearance due to the presence of contrasting layers seen at lower sintering times, a smooth
and homogenous texture was observed at higher sintering times. Denoted by the circles in
Figure 6d—f, these are areas in which the interfaces among powder particles start to fade
away, forming a more homogeneous matrix. These could suggest that, at elevated sintering
times, short-order diffusion of atoms may have occurred between adjacent powder particles,
resulting in some form of chemical and mechanical interlocking which is likely to promote
better structural integrity.
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Figure 6. SEM micrographs of (a) pre-sintered Mg-Zn-Ca powder, spark plasma-sintered Mg-Zn-Ca
BMGs with (b) 15 min, (c) 30 min, (d) 60 min, (e) 90 min, and (f) 180 min sintering times, and
(g) as-cast alloy. Here, the dark circles show regions in which the interfaces between ribbons could
have been diffused.

Comparing Figure 6d—f, we can observe that the further increase in sintering time from
60 min to 180 min had minimal impact on porosity (1.88 vol. % in SPS150_60 to 1.22 vol. %
in SPS150_180). This may be attributed to a lack of long-range diffusion in atoms that
typically require higher temperature [17].

3.2. Density and Porosity

The measured densities and derived porosities of Mg-Zn-Ca spark plasma-sintered
BMGs compared to as-cast Mg-Zn-Ca alloy are shown in Figure 7. The densities of
SPS150_15, SPS150_30, SPS150_60, SPS150_90, and SPS150_180 are 2.74 g/cm?, 2.76 g/cm?,
2.81g/cm?,2.82 g/cm3, and 2.83 g/cm3, respectively, while their respective porosities are
4.29%, 3.70%, 1.88%, 1.53%, and 1.22%. The porosity values are derived by comparing
density values to the density of the as-cast Mg-Zn-Ca alloy. Here, increased sintering time
has shown to be successful in reducing porosity by ~70% while maintaining the amor-
phous nature of the BMGs. With an extended sintering time above 60 min, the porosities
of spark plasma-sintered samples remained low and represent those of near-net-shaped
products (~2%).
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Figure 7. Density and porosity of Mg-Zn-Ca BMGs at different sintering times.

3.3. Mechanical Properties

Figure 8 shows the Vickers hardness results of spark plasma-sintered BMGs under
different sintering times. The results have shown that the hardness value increases with
increasing sintering time, with a maximum value of ~430 HV exhibited by SPS150_180.
Generally, Vickers hardness highly depends on the volume fraction of pores [18]. From
SPS150 to SPS150_180, the porosity reduced significantly, as discussed earlier (4.29% com-
pared to 1.22%). Therefore, we can observe that the hardness of the material increased
from ~350 HV to ~430 HV. While there was a slight reduction in hardness from ~361 HV in
SPS150_15 to ~353 HV in SPS150_30, the difference is insignificant in the overall trend.

However, the hardness of the material did not change significantly from SPS150_90 to
SPS150_180 despite doubling the sintering time and further reducing porosity (1.53% to
1.22%). This could be due to the presence of grains that could allow for easier dislocation
motion in amorphous matrices within SPS150_180, resulting in a drop in hardness.

The as-cast sample is expected to have a significantly lower hardness of 75 HV as it is
in a complete crystalline state. This hardness value for the as-cast alloy is in line with other
studies conducted on crystalline Mg-based alloys [18-20].

MgZnCa Alloys
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Figure 8. Microhardness of Mg-Zn-Ca BMGs at different sintering times.
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The mechanical properties of sintered samples were also investigated by compression
tests. Engineering stress—strain curves of all samples are shown in Figure 9. Calculated
values of ultimate compression strength (UCS), fracture strain, and energy absorbed are
shown in Table 4. The results show a notable improvement in UCS and fracture strain with
increasing sintering time. The increase in sintering time from 15 min to 180 min resulted in
an increase in UCS from 108 MPa to 254 MPa.

Comparing both the hardness and compressive strength of the materials, we can
observe a discrepancy in the results: the hardness value of the as-cast alloy is the lowest,
while compressive strength is the highest. This could be because the hardness measurement
was more of a surface indentation, which is relatively independent of the bulk sample and
does not provide a full representation of the structural integrity of the bulk sample. The
nature of the sintering process (which is significantly below the melting temperature of
the alloy) would mean that voids within the sintered samples are present. Additionally,
the lack of melting would mean that the interlocking between particles would not be as
strong (think of two particles being melting together compared to two particles compacted
together). This phenomenon would not be captured by the surface indenter but would be
captured by the compression tests as it involves the entire bulk sample.

Table 4. Compressive response of Mg-Zn-Ca BMGs sintered for various lengths of time.

Sample Name UCS (MPa) Reference
As-cast 324 +10 -
Cortical bone 205 + 17 [21]
SPS150_15 108 + 10.5 -
SPS150_30 143 £ 74 -
SPS150_60 187 + 8.9 -
SPS150_90 220 +£5.3 -
SPS150_180 254 +72 -
I As-cast MgZnCa
I SPS150_15
—— SPS150_30
——— SPS150_60
SPS150_90
SPS150_180

0 e

' I ' I ' I ' I ' I
Strain (%)
Figure 9. Compressive stress—strain curves of Mg-Zn-Ca BMGs with various sintering times.

In our earlier discussion, the SEM images of the sintered samples, particularly those
with more than 60 min of sintering time, had ribbon interfaces that started fading away,
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forming a more homogenous matrix. This, coupled with a reduction in porosity, could
possibly explain why we see a significant improvement in UCS with prolonged sintering
time. The mechanical properties of the sintered samples, particularly SPS150_90, exhibited
compressive strength that is similar to cortical bone (220 MPa and 205 MPa, respectively).
The similarity in compressive strength can reduce the effect of stress shielding [22], which
commonly occurs due to a difference in mechanical properties between the bone and the
implant material [23]. Expectedly, SPS150_180 has better mechanical properties among
all sintered samples due to its significantly longer sintering time compared to the other
samples. However, the presence of crystallization, as shown in Figure 3, will have a
detrimental effect on its corrosion resistance, which will be discussed in the next section.
Therefore, a careful optimization between mechanical properties and corrosion resistance
can be tailored for different applications.

3.4. Biocorrosion Properties

The changes in open circuit potential (OCP) as a function of time after 1 h of immersion
in Phosphate Buffer Solution (PBS) at 37 °C are shown in Figure 10. Here, OCP refers to
the potential difference between the working electrode (metal surface to be studied) and
the reference electrode [24]. The Eqcp values for as-cast crystalline MgZnCa and SPS150_15,
SPS150_30, SPS150_60, SPS150_90, and SPS150_180 MgZnCa BMGs are —1.47 V, —=1.32V,
—1.27V,—1.25V, =135V, and —1.4 V, respectively. The less negative the corrosion potential,
the lower the tendency for corrosion in PBS [25]. Minor changes in Eqp were noticed from
SPS150_15 to SPS150_90, with SPS150_60 having the most positive potential among the
sintered samples. SPS150_180 and crystalline as-cast MgZnCa, on the other hand, have
significantly more negative potential values, signaling a significant reduction in corrosion
resistance as compared to the other sintered samples.

From the OCP data, it can be observed that the OCP was fairly smooth and stable
from SPS150_15 to SPS150_90. This suggests the formation of a passive film on the surface.
SPS150_180 and the crystalline as-cast alloy, on the other hand, showed significant fluctua-
tions in OCP across the entire duration. This would suggest that the passive film formed
on the surface is unstable, resulting in the continuous re-passivation and de-passivation of
the oxide film [26].
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Figure 10. Time dependence of open circuit potential (OCP) across different sintering times.
The potentiodynamic polarization (PDP) curves for the spark plasma-sintered samples

as compared to the as-cast crystalline MgZnCa are shown in Figure 11. For a more accurate
depiction of results, three scans were performed for each sample. The median trace with
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the most representative corrosion current (icorr) and corrosion potential (Ecorr) was selected
and plotted.
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Figure 11. Potentiodynamic plot of Mg-Zn-Ca across various sintering times.

From the PDP scans, it was found that the BMGs have more noble corrosion potentials
(—1200 to —1350 mVscg) compared to the crystalline MgZnCa (—1470 mVgcg), indicating
lower corrosion activity. This is likely due to the lack of crystalline phases and because the
BMGs are generally free of microstructure defects such as grain boundaries and dislocations,
reducing galvanic couples and preventing intergranular and localized pitting corrosion [27].
In addition, the absence of structural defects suppresses ion diffusion, thereby improving
corrosion resistance [28].

A closer inspection of the PDP plots reveals that the cathodic reaction kinetics are
comparable from SPS150_15 to SPS150_90, indicating similar cathodic activity (hydrogen
evolution). When compared to SPS150_180, significantly higher cathodic activity could
be observed for the latter. Cathodic activity is extremely important in the application of a
biomaterial as the rapid hydrogen evolution can lead to the formation of gas cavities and
swelling at the implant site [29].

Comparing the anodic reaction kinetics, the anodic curves showed similar current
density values from SPS150_15 to SPS150_90. Corrosion current density is a parameter that
closely relates to the degradation resistance of the material. Therefore, a lower corrosion
current density would represent better corrosion resistance. However, in SPS150_180, the
presence of crystallinity results in a shift to higher current density values and enhanced
anodic dissolution.

Table 5 illustrates the Tafel fitting results of the potentiodynamic polarization curves.
The corrosion current density (Icorr) is a parameter that strongly correlates to degradation
resistance, while the corrosion rate in mm/year is derived from the following general
formula (Equation (3)) [30]:

Corrosion Rate in mm /year = 3.27 X Icorr X E;N 3)

where Lo represents the corrosion current density (mA/ cm?), EW represents the equiva-
lent weight of the material, and p represents the density of the material in g/cm3.
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Table 5. Corrosion response of Mg-Zn-Ca at various sintering temperatures.
Sample Name Icorr (MA/cm?) Ecorr (mVgcg) Corrosion Rate (mm/Year)
CRYSTALLINE 19.2 x 1072 —1469 4.086
SPS150_15 1.25 x 1072 —1276 0.265
SPS150_30 1.01 x 1072 —1240 0.214
SPS150_60 1.95 x 102 —1200 0.413
SPS150_90 1.86 x 1072 —1290 0.394
SPS150_180 3.91 x 1072 —1351 0.829

The corrosion current density and the corrosion rate are directly related, meaning that a
higher corrosion current density indicates a higher rate of metal dissolution, which results in
a higher corrosion rate [31]. The corrosion rates in Table 5 suggest that corrosion resistance
is the most optimal at sintering times of up to 30 min, with a ~20x improvement in
corrosion resistance compared to the as-cast crystalline alloy (0.214 mm/year in SPS150_30
compared to 4.086 mm/year in the crystalline MgZnCa alloy).

With prolonged sintering time, however, the corrosion rate increased significantly. The
corrosion rate of SPS150_180 was 0.829 mm/year, suggesting a comparable corrosion rate
to as-cast crystalline MgZnCa (4.086 mm/year). The results suggest that the presence of
a significant amount of crystallinity in SPS150_180, as identified by the EBSD in Figure 5,
accelerated the degradation that is otherwise very limited in samples with a 90 min sintering
time. It is interesting to note that by increasing sintering time from 30 min to 90 min, the
corrosion rate increased ~2x from 0.214 mm/year in SPS150_30 to ~0.413 mm/year in
SPS150_90. This increase in corrosion activity may be attributed to the presence of more
crystallinity at elevated sintering times.

Nonetheless, all sintered samples in this work showed better corrosion resistance than
the crystalline as-cast samples, indicating that a more stable passive film formed on the
surfaces. However, the presence of crystalline phases in SPS150_180, as confirmed with
the XRD and EBSD studies, had a detrimental effect on corrosion resistance. Therefore, by
optimizing sintering time, SPS150_90 has been shown to produce a good balance between
mechanical properties and corrosion resistance.

4. Discussion
Influence of Sintering Time on the Densification of Melt-Spun Ribbons

It is widely known that metallic glasses are prone to structural relaxation and crys-
tallization. Diffusion plays a major role in these processes, and even more so towards the
understanding behind the consolidation mechanism during SPS. While the knowledge of
diffusion in metallic glasses has been rather limited, temperature-dependent Arrhenius
plots on diffusion have been well discussed [32-34]. Often, people have interpreted this as
a sign of a diffusion process that resembles that in crystals. In crystals, defects that behave
like vacancies at thermal equilibrium are the carriers for diffusion. However, the resulting
diffusivity values have sometimes differed greatly from those that are typical of a vacancy
mechanism [35].

Spark plasma sintering of BMGs is a relatively new concept. In recent years, some
studies have been performed on spark plasma-sintered Zr-based [36] and Fe-based [37]
alloys. However, unlike many other materials sintered via SPS, Mg-based BMGs are
extremely challenging to obtain. This is due to the temperature constraint during sintering,
which is brought forth by the inherently low crystallization temperature of ~160 °C. As
such, any sintering temperature used should be below the crystallization temperature of
the alloy to prevent the onset of crystallization.

To improve the diffusion rate in amorphous matrices, we can increase the pressure
during sintering to force atoms to move through particulate barriers. Increasing pressure
can also cause brittle fractures in metallic glass ribbons or particles with little ductility,
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resulting in increased surface area and density during sintering. High pressure can over-
come limitations set by temperature and has been studied in detail for densification during
SPS [38]. The current study was limited to a maximum pressure of 90 MPa due to the con-
straints imposed by the equipment and compaction die used. However, it is worth noting
that industrial grade SPS equipment has been reported to exert much higher pressures of
400-500 MPa. For instance, a paper published by Perriere et al. reported the use of 500 MPa
to achieve full densification of amorphous powders [39].

Time dependence on the diffusion kinetics of metallic glasses is less studied. For
instance, in a work on diffusion coefficients in metallic glasses by Tyagi et al., it was
suggested that enhanced diffusion over the relaxed state of the amorphous solid can be
attributed to the diffusion of atoms via excess vacancies, which could be generated due to
the mismatch of atomic size during the glass forming process [40]. As a consequence of
this enhanced diffusion, which is time- and energy-dependent, an irreversible increase in
volume density could be observed [40].

Our results indicate that nearly full densification could be obtained with prolonged
sintering time, as shown in the density values in Figure 6. Densification via SPS can be
achieved through two steps. Firstly, the initial stages of sintering occur at narrow necks
of particle interfaces and would generally result in a localized increase in temperature,
where relaxation occurs rapidly due to the high thermal diffusivity of the material. This
results in some form of cohesion between particles [11,41]. As the sintering progresses,
complete densification could then happen during the second step. This occurs when the
necks (regions of contact between neighboring particles) are wide enough, thus allowing
for homogeneous heating and Newtonian flow (enhanced diffusion) of the particles within
the BMGs, therefore leading to complete densification [37,42].

While our studies have shown that increased sintering time results in better densifi-
cation, what is notably interesting is that prolonged sintering time can have an effect on
the amorphous behavior of the spark plasma-sintered samples. When sintering time was
increased from 90 min to 180 min, a significant amount of crystallization was observed by
both XRD and EBSD studies, as shown in Figure 3 and Figure 4, respectively. Generally,
crystallization requires the nucleation of grains, which is energy-dependent [43]. However,
the fact that SPS150_90 shows little signs of crystallization shows that a temperature of
150 °C provides insufficient energy for the nucleation of grains with 90 min of sintering
time. While this phenomenon is yet to be studied, a possible explanation could be the
enhanced diffusion attributed to prolonged sintering time at elevated pressure (90 MPa)
and temperature (150 °C) coupled with the presence of free excess volume in metallic
glasses [44].

5. Summary

The influence of sintering time on the production of spark plasma-sintered Mg-Zn-Ca
BMGs was studied. The experimental results reveal the following:

(1) Increasing the sintering time during the SPS process is effective in improving the
density and structural integrity of Mg-Zn-Ca BMGs at 150 °C and 90 MPa.

(2) A predominantly amorphous structure was obtained post SPS with a sintering time
of up to 90 min (SPS150_90), with density close to that of the master alloy (2.82 g/cm?
vs. 2.85¢g/ cm3, ~98.2% densification). Densification increases with increasing sinter-
ing time.

(8) SPS150_90 achieved UCS of 220 MPa, which is similar to that of cortical bone, thereby
eliminating the issue of stress shielding.

(4) Sintered samples with a sintering time of 90 min or less have similar corrosion re-
sistance. There was a slight reduction in corrosion resistance (~2x) from SPS150_30
to SPS150_90 (0.214 mm/year vs. 0.394 mm/year). Nonetheless, SPS150_90 ex-
hibited ~10x better corrosion resistance than as-cast MgZnCa (0.394 mm/year vs.
4.086 mm/year).
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