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Abstract: A magnesium-based metal matrix composite, Mg-55e-2Zn-25i0,, was synthesized using
the Disintegrated Melt Deposition (DMD) method followed by hot extrusion. Elemental analysis
revealed that the material experienced selenium loss which was attributed to the evaporation of
selenium at high temperatures. Superior damping characteristics were exhibited while retaining
similar Young’s modulus, and significant grain refinement also resulted in decisively superior
mechanical properties such as hardness (32% increase), fracture strain (39% increase), as well as yield
and ultimate compressive strength (157% and 54% increase, respectively). These were a consequence
of 5iO, addition as well as presence of Mg,Si (and MgSe) intermetallic phases which were detected
by X-ray characterization. Furthermore, while the material had lower corrosion resistance than pure
magnesium, it retained acceptable corrosion resistance as well as structural integrity after the full
immersion duration of 28 days. Overall, the material exhibits promising potential for applications in
the biomedical field, especially in development of smaller and lighter implants where mechanical
properties are paramount, with key lessons learned for the synthesis of Mg-materials containing
selenium for the future.

Keywords: magnesium; metal matrix composites; biomedical; disintegrated melt deposition; lightweight
materials; mechanical properties

1. Introduction

Biomaterials are used in numerous fields such as dentistry, orthopaedics, drug delivery
systems, cardiovascular devices as well as skin tissue engineering [1]. Conventional
materials used in these fields include stainless steel, cobalt-based alloys, and titanium alloys.
However, issues such as stress shielding and the release of toxic metal ions are drawbacks
to these conventional materials [2]. Furthermore, these materials are not biodegradable, so
further surgery to remove these implants is traditionally a norm.

As aresult, over the last few years, bioresorbable materials such as magnesium (Mg) [3]
have been gaining attention as it has a very high in vitro corrosion rate of 400 mm/year
(as-cast condition) [4], with non-toxic by-products. This also eliminates the need for any
secondary surgeries for implant removal. Additionally, magnesium is the lightest structural
metal, being 50% lighter than titanium [5] per unit volume. Lastly, the mechanical properties
of magnesium, such as high specific strength and low density, are comparable with that of
human bone, which can resolve the issue of stress shielding [6]. All these characteristics
showcase the suitability of magnesium for biomedical use, hence providing an impetus for
studies on Mg-based materials tailored for biomedical applications.

Zinc, magnesium, selenium and silicon are essential /trace elements required by the
human body for various bodily functions. Zhang et al. demonstrated that the addition
of zinc to magnesium can reduce the corrosion rate and the resultant alloy has improved
mechanical properties, all whilst exhibiting biocompatibility [7]. Additionally, selenium
plays important roles in the human body, including the catalysis of enzymes in the human
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body (as well as substances mimicking these catalysts) [8,9], prevention of various chronic
diseases (with appropriate supplement doses) [10], and anti-cancer as well as antioxidative
properties with regard to cells [11]. Furthermore, combining selenium and magnesium
intake has shown promise as a therapeutic strategy in the protection of the liver against
hyperlipidaemia, achieved partially via antioxidative effects in animal trials [12]. An
improved mechanical response through the addition of SiO, to magnesium has also been
demonstrated; a study by Wan et al. revealed that such addition of 4555 bioglass to pure
magnesium increased its compressive strength by 18% [13].

Metal matrix composites (MMCs) comprise a metallic base reinforced with a suitable
reinforcement. Nanoparticles added in Mg-based metal matrix composites were observed
to exhibit strengthening effects [14], with excellent mechanical properties such as high
strength, high stiffness, and wear resistance whilst maintaining the fracture toughness [15].
The addition of nanoparticles to magnesium matrix composites can help attain a better
balance between strength and plasticity [14]. Due to these enhancements in properties,
magnesium MMCs could potentially be used in biomedical sectors as a substitute for
traditional magnesium alloys and/or composites [16].

These considerations provide an impetus for an investigation on a Mg-based MMC
for potential biomedical applications, namely that of Mg-5Se-2Zn-25i0, (wt.%), to explore
its properties. Accordingly, the objective of the present study was to gain an initial under-
standing of a nanocomposite system containing selenium. This is to be combined with the
Disintegrated Melt Deposition (DMD) method, which has been used since the mid-1990s
with a variety of Mg-materials, including multicomponent alloys and nanocomposites, to
synthesize materials with good results [17,18]. To the authors” knowledge, this is the first
study in which selenium, a trace and medicinal element (recommended dietary allowance
of 55 ug for adults [19]), has been used as an alloying element in a nanocomposite system.

2. Experimental Procedure
2.1. Synthesis

The raw materials used in the synthesis of Mg-55e-2Zn-25iO; are outlined in Table 1.

Table 1. List of raw materials used in this study.

Material Supplier Purity
Magnesium Turnings Acros Organics, Morris Plains, NJ, USA >99.9%
Zinc Shots 99.99%
Selenium Powder Alfa Aesar GmbH & Co KG, Haverhill, MA, USA 99.999%

SiO; nanoparticles, 10-20 nm 99.5%

The ingot was synthesized using Disintegrated Melt Deposition (DMD) with a target
superheat temperature of 750 °C, followed by stirring for 5 min at 500 rpm using a steel
impeller, with argon as the inert gas during this process. This process resulted in an ingot
of 40 mm diameter and Figure 1 shows a schematic of the DMD process.

This ingot was then machined to billets of 35.5 mm diameter and 45 mm length.
These billets were then soaked at 200 °C for 60 min, followed by hot extrusion with a die
temperature of 350 °C using a 8 mm diameter die.

2.2. Microstructural Characterization

The sample was polished and finished with 0.05 micron alumina suspension and there-
after it was observed using a Hitachi S-4300 Field Emission Scanning Electron Microscope
(FESEM, Hitachi, Ltd., Tokyo, Japan) to characterize the microstructure. Energy-Dispersive
Spectroscopy (EDS) was performed to gain insight into the distribution of constituent
elements within the microstructure.
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Figure 1. Schematic diagram of the DMD process.

For X-ray Diffraction (XRD) studies, the sample was ground flat for both the cross-
sectional and longitudinal surfaces. Using the Shimadzu XRD-6000 Automatic Spectrometer
(Shimadzu Corporation, Kyoto, Japan), these surfaces were then subjected to Cu K(ox) X-rays
with wavelengths of 1.5418 A° with a scanning speed of 2 degrees/minute and scanning
range of 10° to 80° to obtain the diffraction peaks, which were compared against standard
values found in the literature.

For grain size characterization, the polished samples were etched with a solution of
1 mL acetic acid and 49 mL H,O for 2 s. Grain images were obtained using an a JEOL
JSM-6010PLUS/LV Scanning Electron Microscope (SEM, JEOL USA Inc., Peabody, MA,
USA); thereafter, these images was analysed using the Image] software (version 1.54g,
National Institutes of Health, Bethesda, MD, USA) to find the grain size.

2.3. Density and Porosity

The mass of 5 samples was measured in air and deionized (DI) water using a GH-252
electronic scale equipped with an AD-1653 Density Determination Kit (AND Company,
Limited, Tokyo, Japan); thereafter, the Archimedes principle was used to find the experi-
mental density.

Two freshly ground samples, each weighing approximately 2 mg, were dissolved
by acid digestion: one in a solution of HNO3; and HCI (ratio of 1:3), and the other in a
solution of HNOj3, HCl, and HF (ratio of 1:3:1). The resulting acid-water matrices were then
characterized for elemental composition using a Perkin Elmer Avio 500 Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES, from PerkinElmer, Inc., Waltham, MA,
USA) to obtain the weight fraction of individual elements in the material. The theoretical
density was calculated using the rule of mixtures, based on the results obtained from the
elemental analysis.

Experimental porosity was characterized by firstly obtaining pore images of the
material, followed by image analysis with the Image] software (version 1.54g, National
Institutes of Health, Bethesda, MD, USA) to obtain the pore area fraction and thus the
corresponding experimental porosity of the MMC.

2.4. Damping Characterization

A sample of length 50 mm was subjected to impulse excitation. The resulting vibration
was recorded by the RFDA Software version 8.1.2 (IMCE, Genk, Belgium), and thereafter
analysed to find damping properties such as the attenuation coefficient, Young’s modulus
and damping capacity.



J. Compos. Sci. 2024, 8, 81

4of 16

2.5. Mechanical Characterization

Using a Shimadzu HMV 02 automatic digital hardness tester (Shimadzu Corporation,
Kyoto, Japan), a sample was subjected to a 245.2 mN force load with a dwell time of 15 s for
a minimum of 15 readings, as per the ASTM E-384 standard to obtain microhardness values.

For compressive testing, samples were ground to a 4000 grit finish to obtain a sample
with a length-to-diameter ratio of 1. These samples were then subjected to a quasi-static
compressive load at a strain rate of 0.0083%/s until failure using the MTS E-44 compres-
sive tester machine (MTS Systems, Eden Prairie, MN, USA) in accordance with ASTM
E9-09 standard.

The fractured samples from compression test were observed using a JEOL JSM-
6010PLUS/LV SEM (JEOL USA Inc., Peabody, MA, USA). This was performed to analyse
the fracture surface.

2.6. Corrosion Testing

Two samples of approximately 2 mm length were ground to 4000 grit. These were
then submerged in Phosphate Buffer Saline (PBS, Thermo Fisher Scientific Inc., Waltham,
MA, USA) in a water bath, where a temperature of 37 °C was maintained. The sample
was then immersed in 1.9 g of AgNO3 and 20 g of CrO3 in 100 mL of deionized water to
remove corrosion products and rinsed with deionized water. Thereafter, it was dried and
weighed to measure weight loss. This was performed in 24 h intervals, for up to 28 days or
until sample failure/disintegration. Using the formula mentioned below and the weight
reduction, corrosion rate can be calculated:

87.6 x W

Corrosionrate (mm/year) = SAT

1)
where W is weight loss in mg, D is the experimental density of the samples in g/cm3, A is
the surface area of the samples in cm?* and T is immersion duration in hours.

2.7. Thermal Characterization

A sample of approximately 2 mm x 2 mm X 2 mm was exposed to a temperature range
of 30 °C to 1400 °C at 10 °C per min in purified air, with a flow rate of 50 mL per minute,
using the Shimadzu DTG-60H Thermogravimetric Analyser (Shimadzu Corporation, Kyoto,
Japan) to determine ignition temperature.

A sample of approximately 2 mm X 2 mm x 2 mm was exposed to a temperature
range of 30 °C to 600 °C at a rate of 5 °C per minute in argon gas of 25 mL per minute flow
rate, using the Shimadzu DSC-60 Digital Scanning Calorimeter (Shimadzu Corporation,
Kyoto, Japan), to determine its thermal response.

A sample of 4 mm length and 8 mm diameter was exposed to temperature range of
50 °C to 400 °C at a rate of 5 °C per minute in argon gas of 0.1 L per minute flow rate,
using the TMA PT1000 Thermo-mechanical analyser (Linseis Messgeraete GmbH, Selb,
Germany), to determine the coefficient of thermal expansion (CTE).

3. Results
3.1. Synthesis

The material was cast, machined, and extruded successfully, shown in Figure 2. How-
ever, it was noted that red-coloured deposits were observed above the DMD setup, implying
that selenium had evaporated during the DMD process. It was also noticed that after some
time, red spots appeared on the surface of machined billets and (to a lesser extent) on
ground samples, though these were not present on polished samples.
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Figure 2. (a) Machined Mg-55e-2Zn-2Si0, and (b) extruded Mg-5Se-2Zn-2SiO,, showing part of the
rod and a polished sample.

3.2. General Microstructure

Figures 3 and 4 as well as Table 2 show the microstructure and EDS results of selected
areas within the microstructure, with pores also visible. While most of the material is
composed of the Mg matrix (with dissolved Zn; spectrum 2), there are some bright regions
exhibiting a Se and O content in conjunction with Mg (spectrum 1), as well as regions with
a Mg, O, and Si content (spectrum 3).

ch 4 g
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Figure 4. Mapping results of Mg-5Se-2Zn-2SiO,.
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Table 2. Atomic weight fractions of detected elements in Mg-5Se-2Zn-2SiO, at selected spectrum

locations.
Detected Element (at %)
Spectrum :
Mg (0] Se Si Zn
1 55.59 18.69 25.71 - -
2 98.82 - - - 1.18
3 86.32 11.05 - 1.43 1.19

The XRD diffractogram of Mg-55e-2Zn-25i0; is plotted in Figure 5, with the following
JCPDS card numbers referenced using the PDF-4+ (2023) database [20]: 00-004-0770 (Mg),
00-035-0773 (Mgj,Si), 00-004-0829 (MgO), 00-051-1389 (Se), and 01-073-6986 (MgSe).

® Mg
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Figure 5. Diffractogram of Mg-55e-2Zn-2Si0, on longitudinal surface.

Table 3 compares the average grain size for the Mg-55e-2Zn-25i0, matrix composite
with pure magnesium. The average grain diameter of Mg-55e-2Zn-25i0;, is a fifth of the
grain diameter of pure magnesium.

Table 3. Grain properties of Mg-5Se-2Zn-25i0, and pure magnesium as a reference.

Material Average Grain Size (um)
Pure Mg * [21] 25+4
Mg-5Se-2Zn-2Si0O, 5+ 2 (180%)

* Material has been synthesized using a similar method (DMD followed by hot extrusion).

3.3. Density and Porosity

Table 4 shows the results of elemental analysis, containing the weight fractions of the
individual alloying elements and reinforcements added, showing significant selenium loss.

Table 4. Elemental analysis test results for Mg-5Se-2Zn-2SiO, composite.

Detected Element/Compound (wt. %)
Mg Se (0)) Zn
95.94 0.66 1.26 2.14

The characterized experimental density and porosity are outlined in Table 5. The
theoretical density was calculated using the rule of mixtures based on results from the
elemental analysis. The experimental porosity was derived from the pore area fraction.
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Table 5. Density and porosity results for Mg-5Se-2Zn-2SiO, with pure magnesium as a reference.

Material Theoretical Density (g/cc) Experimental Density (g/cc)  Porosity (%)
Pure Mg * [21] 1.738 1.727+ 0.020 0.648
Mg-5Se-2Zn-25i0, 1.782 (13%) 1.846 + 0.011 (17%) 0.445 (131%)

* Material has been synthesized using similar method (DMD followed by hot extrusion).

The experimental density for the Mg-55e-2Zn-25i0, matrix composite was approxi-
mately 7% higher than pure magnesium whilst the experimental porosity was 31% lower
than pure magnesium.

3.4. Damping Characterization

The results of the damping test conducted are outlined in Table 6 and Figure 6.

Table 6. Damping results Mg-55e-2Zn-25i0, with pure magnesium as a reference.

Attenuation

Material Coefficient Damping Capacity E-Modulus (GPa)
Pure Mg * [21] 5.709 - 44.00
Mg-5Se-2Zn-25i0, 15.89 (1178%) 0.000422 45.47 (13%)
* Material has been synthesized using similar method (DMD followed by hot extrusion).
3.0~
—15.89x

y =2.02%¢

2.0- R?=0.9979 T

Amplitude

-3.0-% T T T
0.0 0.1 0.2 0.3
Time
Figure 6. Damping profile of Mg-55e-2Zn-25i0, composite.

Comparing the properties of Mg-55e-2Zn-25i0; to the pure magnesium, it can be
noticed that the attenuation coefficient of the metal matrix composite was approximately
triple that of pure magnesium. Additionally, Young’s modulus of Mg-5Se-2Zn-25i0, was
similar to that of pure magnesium (3% higher).

3.5. Mechanical Characterization

The microhardness results are stated in Table 7, showing a significant improvement
over pure Mg.

The Mg-55e-27n-25i0; showed an increase in Vickers’s hardness by 32% when com-
pared to pure magnesium. The resulting compression properties are outlined in Table 8,
while the stress—strain curves of pure Mg and Mg-5Ze-27Zn-25i0; are shown in Figure 7.
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Table 7. Microhardness results for Mg-5Se-2Zn-25iO; and pure magnesium as a reference.
Material Average Hardness (Hv)
Pure Mg * [21] 66 + 3
Mg-55e-27n-25i0, 87 £ 4 (132%)
* Material has been synthesized using similar method (DMD followed by hot extrusion).
Table 8. Compression properties for Mg-55e-2Zn-25i0, and pure magnesium as a reference.
Material Mean 0.2% Yield Mean Ultimate Compressive ~ Mean Fracture Strain Mean Energy
Strength (MPa) Strength (MPa) (%) Absorbed (MJ/m3)
Pure Mg * [21] 70+ 8 314 + 14 23+3 42+4
Mg-55e-27n-25i0; 183 £ 3 (1157%) 485 + 15 (154%) 32 £1(139%) 89 + 9 (1112%)

* Material has been synthesized using similar method (DMD followed by hot extrusion).

(a)so0 Pure Mg (b) s00 | Mg-5Se-2Zn-2Si0O,

400 400
T

g 300 %300
= 2
2 £
2 7

@ 200 200

100 100

0 T T T 0

0 10 20 30 0 10 20 30

. Strain (%)
Strain (%)

Figure 7. Compressive stress—strain curves of (a) Pure Mg [21] and (b) Mg-55e-2Zn-2SiO, composite.
Reprinted from Journal of Alloys and Compounds, Vol. 689, Tekumalla et al., Enhancing overall
static/dynamic/damping/ignition response of magnesium through the addition of lower amounts
(<2%) of yttrium, 350-358, Copyright (2016), with permission from Elsevier.

Mg-55e-27Zn-25i0, was found to have a higher 0.2% yield strength (157% higher),
ultimate compressive strength (54% higher), mean fracture strength (39% higher) and
energy absorbed (112% higher) when compared to pure magnesium. Figures 8 and 9 show
the macroscopic fractured sample as well as the fracture surface of the magnesium matrix
sample, respectively.

R St =

Figure 8. Photograph of compressively fractured Mg-55e-2Zn-2SiO;, showing the 45° angle of fracture.
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Figure 9. Fracture surfaces of (top) pure Mg [21] and (bottom) Mg-55e-2Zn-25i0O;, showing shear
bands as well as cracks on the fracture surface of the latter. Reprinted from Journal of Alloys
and Compounds, Vol. 689, Tekumalla et al., Enhancing overall static/dynamic/damping/ignition
response of magnesium through the addition of lower amounts (<2%) of yttrium, 350-358, Copyright
(2016), with permission from Elsevier.

The shear bands can be observed across the surface in the SEM images in Figure 9,
though the Mg-55e-27n-25i0, material exhibited noticeably more cracks than pure Mg
(which only exhibited shear bands). Some cracks were also present on the fracture surface.
Additionally, the approximate angle of fracture was 45° from the axis of compression.

3.6. Corrosion Testing

Figure 10 shows the trend of average corrosion rate with time submerged for Mg-5Se-
27n-25i0, in PBS solution.

Chart of Average Corrosion Rate vs Time
Immersed

3.75
3.25

N
\1
ol

2.25
1.75

1.25
0 5 10 15 20 25 30

Time Immersed (days)

Average Corrosion rate
(mm/year)

Figure 10. Chart of average corrosion rate vs. time immersed for Mg-55e-2Zn-25i0, composite.

Over the 28 days, the average weight loss was approximately 2.6 mm/year and was
compared with pure Mg in Table 9. After 28 days of immersion, the sample retained
structural integrity.



J. Compos. Sci. 2024, 8, 81

10 of 16

Table 9. Average corrosion rate of Mg-5Se-2Zn-25i0O; with pure Mg as a reference.

Material Average Corrosion Rate (mm/year)
Pure Mg, extruded [22,23] 1.2
Pure Mg, extruded and cold drawn [22,24] 1.6-2.2
Mg-5Se-2Zn-2Si0O, 2.6+0.5

3.7. Thermal Characterization

Figure 11 shows the trend of temperature with elapsed time for the magnesium
matrix composite. This plot was used to ascertain the ignition temperature, which is the
temperature just before the small peak observed. The ignition temperature is recorded
below in Table 10. The ignition temperature of the Mg-55e-2Zn-25i0, was 30 °C higher (an
increase of 5%).

1400

1200

1000

800 +

600

] /

&

T T 1 1
0 2000 4000 6000 8000
Time (s)

Temperature (°C)

&
o
1

Figure 11. TGA results of Mg-55e-2Zn-25iO»

Table 10. Ignition temperature of Mg-5Se-2Zn-25i0, and pure magnesium as a reference.

Material Ignition Temperature (°C)
Pure Mg * [21] 590
Mg-55e-27Zn-25i0, 620 (15%)

* Material has been synthesized using similar method (DMD followed by hot extrusion).

Figure 12 shows the trend of heat flow with temperature for the magnesium matrix
composite. A small exothermic peak is observed at 564 °C.

50

Heat Flow (mW)
n
o

-10 4

T T T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Figure 12. DSC results of Mg-55e-27Zn-25iO;,
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Table 11 shows the coefficient of thermal expansion for Mg-55e-2Zn-25iO, and pure
magnesium. Mg-55e-2Zn-25i0; exhibited a 6% lower CTE, indicating its higher thermal
stability.

Table 11. Coefficient of thermal expansion for Mg-5Se-2Zn-25i0, and pure magnesium as a reference.

Material Average Coefficient of Thermal Expansion (x10~¢ K)
Pure Mg [25] 26.00
Mg-55e-2Zn-2SiO, 24.57 £ 2.25 (16%)

4. Discussion
4.1. Synthesis

The resulting loss of selenium within the material underscores a need for loss-prevention
measures when using selenium (with a melting point of 220.8 °C and boiling point of
685 °C [26]) as an alloying element in the synthesis of materials involving elevated tempera-
tures, especially those exceeding its boiling point, as was performed with DMD processing
with a target superheat temperature of 750 °C in this study.

It was also demonstrated that the hot extrusion of selenium-containing magnesium
materials can be conducted at temperatures beyond that of selenium’s melting point. These
observations underscore the importance of process parameter optimization.

4.2. Microstructure

Based on the SEM and EDS results, it can be observed that the elements in the Mg-5Se-
27n-25i0, material were well distributed. The zinc and silicon dioxide are well dispersed
in the background and there are swirls of selenium in Mg-deficient regions, as shown
by the mapping results. These can be explained due to the low solubility of selenium in
magnesium [27]. The presence of MgO could be attributed to the oxidation of magnesium,
either during synthesis or during sample preparation, where it is difficult to eliminate
oxides entirely. The regions with a high Se content can also be attributed to the formation
of MgSe, supported by DSC results, as further elaborated in Section 4.7.

As magnesium comprised the vast majority of the material, most dominant peaks
corresponded to it. Peaks corresponding to intermetallic phases of Mg,Si and MgSe were
detected. The Mg,Si peak had a relatively low intensity, which could be indicative of the
limited reaction between Mg and SiO, nanoparticles.

The decrease in the grain size resulted in an increase in strength and hardness as per
the Hall-Petch relationship, since the grain size is within the micron range [28]. This can
be attributed to presence of selenium as a grain refiner [29], as well as the presence of
MgSe, Mg,5i, MgO and nano-sized SiO; within the Mg matrix, as previously observed by
Parande et al. [30].

4.3. Density and Porosity

The average experimental and theoretical density for Mg-55e-2Zn-25i0O; is higher
than that of pure magnesium. This could be attributed to the addition of elements such as
zinc (7.14 g/cm?), silicon dioxide (2.4 g/cm3) and selenium (4.28 g/cm3), which all have a
higher density when compared to magnesium.

The elemental analysis results revealed significant selenium loss (less than 1 wt.% was
detected against the 5 wt.% initially used in the synthesis). As mentioned in Section 4.1,
this was likely due to the evaporation of selenium during the DMD process.

The experimental density of Mg-55e-2Zn-25i0O; is higher than the theoretical density,
this could possibly be due to formation of MgO and SeO,, considering their high affinity
with oxygen [31]. The formation of these oxides can, in turn, cause the experimental density
to be higher than the theoretical density. The true porosity value, calculated by the pore
area fraction, was less than 1%, which is consistent with other Mg composites synthesized
using DMD [32].
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4.4. Damping Characterization

The damping properties were found to be substantially enhanced for the MMC when
compared to pure magnesium. This is correlated with the SiO, addition to pure Mg,
where the resulting damping loss rate, representing the material’s ability to absorb or stop
vibrations, was significantly enhanced [30,33]. Silicon dioxide has potential as a vibration-
absorbent material [34] because of its visco-elastic properties, which results in higher energy
dissipation as heat, hence leading to superior damping capabilities [35].

The elastic modulus of Mg-55e-2Zn-25i0, was quite similar (3% increase) to that of
pure magnesium. Considering the Young’s modulus of human cortical bone (ranging
from 12.6 to 27 GPa [36-38]) magnesium-based materials such as the current one provide
the best option to mitigate stress shielding when compared to steels and titanium and
Co-based alloys.

4.5. Mechanical Characterization

An increase in microhardness was observed for the Mg-5Se-2Zn-25i0; matrix com-
posite. This could be attributed to the refinement in grain size [39]. As per the Hall-Petch
relationship, smaller grain sizes can impede dislocation, which increases hardness by hin-
dering plastic deformation. Additionally, silicon dioxide nanoparticles can act as barriers to
dislocation by strengthening the grain boundaries [40]; this in turn also restricts dislocation
motion and plastic deformation, thereby increasing the hardness. Lastly, the presence of
silicon dioxide and magnesium silicide (Mg,Si) can increase overall hardness because of
their hardnesses of 7.3 GPa [41] and 4.5 GPa [42], respectively, which is significantly greater
than that of magnesium.

The Mg-55e-27n-25i0, matrix composite exhibited higher yield strength (157% in-
crease), ultimate compressive strength (54% increase), and fracture strain (39% increase)
values when compared to pure magnesium, owing to the well-known Hall-Petch effect
arising [43] from grain size refinement h. This is because grain boundaries can act as an
obstruction to dislocation via pile-ups [44,45], which in turn increases the yield strength
and ultimate compressive strength. Additionally, silicon dioxide has compressive strength
ranging between 1100 and 1380 MPa [46], which is also higher than magnesium’s. There-
fore, the use of silicon dioxide as high-strength ceramic nanosized reinforcement is effective
in enhancing the compressive properties of Mg-based matrix composites.

Furthermore, the Mg-55e-2Zn-25i0, MMC exhibited a significant increase in fracture
strain, indicating that the MMC has a higher ductility. One of the major drawbacks of using
magnesium materials is their relatively poor ductility [2,47] compared to other metallic
biomaterials, such as including titanium and stainless steel [48]. The improved ductility
of a Mg-55e-27Zn-25i0, composite allows easier fabrication and contouring for intricate
shapes, which can be leveraged for purpose-built structural and biomedical designs.

Shear bands were observed on the fracture surface. The compressive failure occurred
as a result of the shear mode for the composite. However, a few cracks were observed
near the edge of the surface, which could result from the high fracture strain value for the
composite when compared to pure magnesium.

4.6. Corrosion Testing

Mg-55e-27n-25i0, was found to have acceptable corrosion resistance when compared
to pure magnesium. This could be attributed to the addition of silicon dioxide (bioceramic)
nanoparticles to the composite, which forms a precipitate film on the surface [49]. This
reduces the contact of the composite with the solution, thereby reducing the corrosion rate.
The addition of selenium and zinc to metal alloys or composites can result in increased
corrosion rates as intermetallic phases can act as micro-sized galvanic cells [49]. Selenium
also has a Pilling-Bedworth Ratio (PBR) of 1.69 [50], which indicates its ability to form a
protective oxide layer and inhibit further corrosion.

The presence of nano-scale SiO, as reinforcement also possibly impacted the corrosion
rate; previous work with AZ31 alloy with Al;O3; nanocomposites showed a formation of
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a thin but compact oxide layer on the surface [51]. With regard to corrosion resistance, a
reduction in the amount of cathodic phases within the matrix would lead to reduction in
number of galvanic cells and a decrease in grain size would also lead to a more coherent
oxide surface [52], leading to overall lower corrosion rates.

4.7. Thermal Characterization

Mg-5Se-2Zn-2Si0; had a slightly higher ignition temperature than that of pure mag-
nesium. This could be due to the addition of SiO; nanoparticles, which are thermally stable
up to 1300 °C [53] due to the presence of strong covalent bonds, underscoring the ability of
ceramics to increase the ignition resistance of Mg-materials.

The small exothermic peak observed at 564 °C can be attributed to a reaction between
Mg and selenium dioxide, to give magnesium selenide in an inert environment [54]. The
thermodynamics of this reaction were studied by Mills [55,56], who estimated its enthalpy
of formation to be —293 kJ/mol, indicating its exothermic nature. This is further supported
by the detection of a MgSe peak in XRD analysis as shown earlier, indicating its presence.

The Mg-55e-2Zn-25i0, matrix composite was observed to have a lower CTE value
than pure magnesium, thus having an improved dimensional stability. This is because
the CTE value of silicon dioxide (0.24 x 10~° K) [57] is much lower than that of pure
magnesium (26 x 10~° K). This CTE mismatch contributes to the reduction in CTE for the
overall metal matrix composite [58].

5. Conclusions

The synthesis of a Mg-55e-2Zn-25i0; matrix composite via DMD and extrusion was
successful. Based on the characterization conducted, the following conclusions can be
drawn from this study:

1.  Selenium loss in synthesis needs to be addressed with loss-prevention measures.

2. Mg-55e-2Zn-25i0, experienced significant grain refinement (80% reduction in size)
and an increased hardness of 32% when compared to pure magnesium.

3.  Mg-55e-2Zn-25i0; had a similar Young’s modulus to that of pure magnesium, with
only a difference of 3%, whilst having a significantly higher attenuation coefficient,
(178% increase) and a lower true porosity of about 31%.

4. For compressive properties, the 0.2% yield strength (157% higher), ultimate yield
strength (54% higher), fracture strain (39% higher), and energy absorbed (112% higher)
were all higher for Mg-55e-2Zn-2Si0,, demonstrating its superiority over pure Mg in
this context.

5. Mg-55e-2Zn-25i0; had a slightly higher ignition temperature (5% lower) and 6%
lower coefficient of thermal expansion when compared to pure magnesium.

6. Mg-55e-2Zn-25i0, had a higher, but still acceptable, corrosion rate when compared to
pure magnesium. The sample maintained structural integrity even after 28 days in
PBS solution.

Considering the promising properties exhibited by this material in conjunction with
the use of biocompatible additions, further studies involving not just optimized synthe-
sis parameters/loss prevention measures but also alternative synthesis methods (e.g.,
Powder Metallurgy or Turning-Induced Deformation) are viable options. Furthermore,
post-treatment of samples (such as heat or cryogenic treatment) can also lead to potential
property enhancements, which increases domain knowledge and their potential for use in
the biomedical field.
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