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Abstract: Magnesium, Mg, has been widely investigated due to its promising potential as magnesium
alloys for various applications, particularly as biomedical implantation devices among other medical
applications. This work investigates the influence of different cooling rates on the strength of
pure Mg. The cooling rates were set to cover a low cooling rate LCR (0.035 °C/s) in an insulated
furnace, a moderate cooling rate MCR (0.074 °C/s) in uninsulated-ends furnace, and a high cooling
rate HCR (13.5 °C/s) in liquid CO,. The casting process was accomplished using a closed system
of melting and cooling due to the reactivity-flammability of magnesium in order to minimize
processing defects and increase the safety factor. The as-cast samples were metallographically
examined for their microstructure, and properties such as impact strength, hardness, and tension
were determined. Increasing the solidification rate from 0.035 °C/s to 0.074 °C/s increased the
hardness from 30 to 34 Rockwell Hardness and the UTS from 48 to 67 MPa. A higher solidification
rate of 13.5 °C/s further enhanced the hardness to 48 Rockwell Hardness and the UTS to 87 MPa in
comparison to the 0.074 °C/s cooling rate. Additionally, the fracture behavior and morphology were
investigated. It was found that in general, the mechanical properties tended to improve by refining
the grain structure.

Keywords: magnesium; microstructure of magnesium; mechanical properties of magnesium; solidi-

fication of pure magnesium; quenching

1. Introduction

Lately, the field of bio-medical implants has made tremendous progress in employing
advanced alloying systems and techniques for fabricating implantation devices. Besides
Mg, other metals have been used in orthopedic applications such as titanium, stainless
steel, cobalt, zinc, and others [1,2]. Moreover, Mg and its alloys have been used in various
applications such as automotive, aerospace, medical, electronic, non-structural, hydrogen
storage, and sports [3,4]. Throughout the development of biomedical implantation devices,
several alloys have been tested for their properties and bio-compatibility. It has been found
that some metals such as iron have poor biocompatibility. Iron stents implanted in rabbits
caused an inflammatory response and/or neointimal proliferation, even though this did
not lead to systemic toxicity [5]. Other bio-absorbable implantation devices made with
different metals had limited use due to the low recommended daily dosage. However, Mg
shows good compatibility with a high allowable intake and no systemic toxicity.

In addition, the density of magnesium and its alloys (1.73-1.85 g/cm?) is close to the
cortical bone density (1.75 g/cm?). The elastic modulus of magnesium (41-45 GPa) is also
close to that of natural bone (3-20 GPa) in comparison with other metals, which helps
in reducing stress shielding of the human bone (i e reduction in bone density) [6,7]. Mg
possesses an adequate specific ratio [8], with an hexagonal close-packed (HCP) crystal
structure, a density of 1.738 g/cm? including an electrochemical potential of —2.37 V. In
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the as-cast condition, Mg exhibits poor mechanical properties (yield strength, ultimate
tensile strength, and elongations of 27.5 MPa, 97.5, and 7.31, respectively [9]. Addition-
ally, Mg exhibits a fast degradation rate of 2.89 mm/year in 0.9% NaCl solution [6,7,10].
Moreover, the formability of as-cast Mg at room temperature is relatively poor due to the
localized slip and the build-up of localized stresses at the grain boundaries [10]. Redha
and Sreekanth [11] reviewed the use of magnesium alloys and composites in orthopedic
implants. Their work highlighted the close match of the physical and mechanical properties
of Mg to the bone, besides other benefits of using magnesium for orthopedic applications.
The set of advantages can be summarized as a low density, high specific strength, high
damping capacity, good biocompatibility, and reduced stress shielding effect. Nevertheless,
Mg and its alloys need further development in order to have improved corrosion perfor-
mance and exhibited mechanical properties if they are to be employed as highly efficient
orthopedic implants.

In particular, Mg shows good biocompatibility with a high allowable daily dosage
(240420 mg/day) and no systemic toxicity or infection [6,7]. In general, for biomedical
applications, different elements, which can be a specific type of metal or combination of
metals, have been considered as bio-absorbable elements as discussed in numerous stud-
ies [12-35]. Due to the physical properties and good biocompatibility of Mg alloys in the
human body, magnesium and its alloys have been used in several biomedical applications
such as stents, screws, pins, needles, and for load-bearing orthopedic applications. The
results of using Mg alloys as implants have been reported to be positive in animals and
humans. As an example, consider the case where a stent was implanted in the left lung of a
baby whose weight was 1.7 kg and the healing process post-implantation was reported to
be highly successful [36].

The main advantages of using biodegradable implants include the elimination of
multiple surgeries and the biodegradation process, which occurs spontaneously due to the
low thermodynamic stability of magnesium alloys. Furthermore, Mg can be absorbed as a
vitamin by the body during the healing process. In addition, it stimulates multiple enzyme
systems and leads to increased formation of new bones. However, pure Mg has poor
mechanical properties and low corrosion resistance in the as-cast condition. In addition, the
flammability and reactivity of magnesium increases the probability of inducing processing
defects during the melting and solidification processes. These defects such as gas porosity
and impurities also contribute to reducing the strength of Mg alloys and to increase the
tendency of these alloys to accelerated corrosion [6,37-39].

Alternatively, several strengthening mechanisms have been targeted in order to im-
prove the performance of magnesium. One of these mechanisms is grain refinement, which
is governed by the Hall-Petch equation. This can be achieved by implementing high
solidification rates. Pang et al. [40] investigated the relationship between cooling rates and
the performance of Mg-rare earth element-based alloys. In their work, they investigated
the influence of low cooling rates (0.7-3.6 °C/s) on the mechanical properties and mi-
crostructure of Mg-10Gd-3Y-0.5Zr. The mold was designed with a gradual tapered shape
of various thicknesses to meet the goal of having multiple zones with different cooling
rates. A sand casting process was used in this study. Although the difference in cooling
rates was not significant, a change in grain size from 59 um to 39 um was found to take
place with increasing cooling rates. It was found that the strength and hardness were both
improved due to the effect of refining the grain microstructure. Accordingly, in this work,
the influence of the rate of solidification on the exhibited microstructure and mechanical
properties of pure Mg is investigated.

2. Materials and Methods

Various fabrication steps were conducted in casting the final samples from raw mate-
rials. Due to the high reactivity and flammability of Mg, the casting process was carried
out in closed melting and cooling systems. Pure magnesium (99.8%) in the form of rods
(1.3” diameter x 12” length) were purchased from Alfa Aesar and the certificate of analysis
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was obtained using inductively coupled plasma to confirm the impurity content. Table 1
shows the impurity content, which was found to be below the tolerance limits [41,42].

Table 1. Impurity content of the purchased magnesium (nominal) [42,43].

Elements Weight (%)
Manganese <0.05
Silicon <0.05
Cobalt <0.01
Aluminum <0.005
Copper <0.005
Iron <0.001
Lead <0.001
Nickel <0.001
Zinc <0.001

Mg has a high decomposition (evaporation) rate, which increases with increasing tem-
perature, in addition to the oxidation that occurs during processing, not to mention other
process defects that may occur in the castings. Alternatively, using traditional methods to
achieve rapid solidification compromises the safety due to the high flammability-reactivity
of magnesium. Optimized casting systems and procedures were developed to enhance
the casting process. The process consisted of two parts: melting and quenching. The
designed system for melting used a combination of negative and positive pressure both
static and dynamic, which can be used for different types of alloying systems, especially
flammable-reactive metals with high decomposition rates. The designed system was set to
achieve four goals: producing a safe and efficient system; reducing the processing defects
to attain alloys with optimum properties; reducing the manufacturing cost; and improving
the environmental efficiency. Figure 1a shows a casted sample of Mg. The cooling rates
were set to cover a low cooling rate LCR (0.035 °C/s) in an insulated furnace, moderate
cooling rate MCR (0.074 °C/s) in an uninsulated-ends furnace, and high cooling rate HCR
(13.5 °C/s) in liquid CO,. High solidification (13.5 °C/s) was achieved by liquid CO,
quenching after dropping the crucible down into the developed quenching equipment that
was stationed right under the melting setup. Moreover, the established procedure reduced
the fabrication cost and risk factor of casting magnesium since Mg is highly flammable
and oxidation prone at high temperatures. Magnesium is rather soft physically and fast to
degrade in water, hence the samples were briefly exposed to water during the grinding
process with SiC paper up to 1200. Hence, the grinding process was achieved by using two
polishing stages. The first one was done using 1 um alumina solution for a rather short
time. To obtain a good surface finishing, further polishing in a vibratory polisher (ViboMet
2 from Buehler, IL, USA) was performed with a developed recipient that consisted of
200 mL polishing oil and 0.5 g of Al,O3 powder (0.05 um), as shown in Figure 1b.

(b)

Figure 1. (a) Cast sample of Mg. (b) Prepared sample for microstructure and compositional analysis.

A Stemi 2000-C stereoscope from Zeiss equipped with an Axiocam ERc 5s camera
equipped with acquired flexibility and 5 megapixel color imaging capability was used
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to analyze the macrostructure and fracture mechanism after impact. For microstructural
determinations, an Axio vert A1l from Zeiss was used. The instrument was used to mea-
sure the grain size and to observe the microstructural features. The samples were taken
from different locations of each casting. The grain size was determined according to the
ASTM standard E112-G6, where fifteen measurements were taken for each sample after
grinding, polishing, and etching. For further microstructural analysis, a JEOL JSM-6460 LV
scanning electron microscope (SEM) with an energy dispersive x-ray spectrometer (EDS)
were employed.

Tensile tests were carried out using an Instron Bluehill 3365 universal testing machine.
Four samples were made for each casting according to ASTM B557-subsize. Charpy
impact properties were determined using a Tinus Olsen impact testing machine (model
IT 504). Four samples from different locations were machined out and tested for each alloy
according to ASTM E23-16b. The hardness of the alloys was measured using a Rockwell
Hardness tester, digital model Macromet II Twin from Bueler. The test was done according
to the ASTM E-18 standard, where a scale H with 1/8” ball indenter made of tungsten
carbide was used. The load weight was 60 kg and the speed control had 5 and 10 s load
time. For assessing the hardness properties, a minimum of 30 readings from different
regions of each alloy were recorded. Additionally, error bars were added where applicable.

3. Results and Discussion
3.1. Microstructure

Imaging of the exhibited microstructures was conducted after etching the polished
samples with a modified etchant solution consisting of 24 mL of distilled water, 75 mL
ethylene glycol, and 2 mL of nitric acid for 1 min [41]. The microstructure of pure Mg was
analyzed for grain size determinations, microstructural observations, and for determina-
tions of the effect of the various cooling rates.

The average grain size of pure Mg that was slowly cooled in a completely insulated
furnace LCR-Mg (0.035 °C/s) was found to be 4235 pm, as shown in Figure 2a. Under a
moderate cooling rate MCR-Mg (0.074 °C/s), the grain size was found to be 2257 um, (see
Figure 2b), but it decreased significantly when quenched in liquid CO, (13.5 °C/s) down to
an average range of 6 pm to 12 um, as shown in Table 2. Figure 3 shows the microstructure
of rapidly cooled HCR-Mg. The influence of the cooling rate on the grain size of pure
magnesium is illustrated in Figure 4, which was constructed to show the full scale of the
grain size and the log values of cooling rate.

(@) | (b)

Figure 2. Stereoscope imaging of the macrostructure of pure magnesium at 6.5x. (a) Cooled in the furnace LCR-Mg (low

cooling rate) with scale bar of 5000 pm, (b) cooled in the furnace with uninsulated-ends MCR-Mg (moderate cooling rate)

with scale bar of 5000 pum.
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Table 2. Average grain size of pure magnesium under different cooling rates.

Pure Mg ~Grain Size (um)
LCR-Mg (0.035 °C/s) 4235
MCR-Mg (0.074 °C/s) 2252
HCR-Mg (13.5°C/s) 6to12

AN

PRI
' < Nk

Figure 3. Microscope images of the microstructure of pure magnesium quenched in liquid CO; at 500x. (a) The far side
from the cooling inlet with scale bar of 20 um, (b) the near side from the cooling inlet with scale bar of 20 pum.

The grain size-cooling rate curve
4500
3750
3000
2250

1500

Grain Size (pm)

750

-1.5 -1 -0.5 0 0.5 1 1.5

Log Values of Cooling Rate ("C/s)

Figure 4. The grain size-cooling rate curve for low cooling rate LCR-Mg (0.035 °C/s) in an insulated
furnace, moderate cooling rate MCR-Mg (0.074 °C/s) in an uninsulated-ends furnace, and high
cooling rate HCR-Mg (13.5 °C/s) in liquid CO;.

3.2. Impact and Fracture Mechanism

Four samples for each casting condition were tested by using the Charpy impact tester
according to ASTM E23-16b. Table 3 illustrates the summary of the results for all alloying
systems. The impact strength of the slowly cooled pure magnesium in a completely
insulated furnace (LCR-Mg) and moderately cooled pure magnesium Mg-cooled in a
tube furnace with uninsulated eends (MCR-Mg) exhibited the highest values of 660 and
654.29 ] /m among the other types, respectively, as shown in Figure 5. The total absorbed
energy was consumed by two mechanisms: the energy needed for fracture propagation
and the ductile deformation. The high deformation and long fracture path, in Figure 6a—d,
justifies the increase in the absorbed energy.
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Table 3. Summary of Charpy impact testing results.

Mg Systems Break Energy (J) Impact Strength (J/m)
LCR-Mg 6.6 660
MCR-Mg 6.54 654.2
HCR-Mg 5.49 549.2

Charpy Impact Strength

800
—~ 700
= 600 I
?“C 500
@ 400
& 300
T 200
2 100
E

LCR-Mg MCR-Mg HCR-Mg
Strength 660 654.2 549.2
Mg Systems

Figure 5. Charpy impact strength of the alloying systems.

Generally, pure magnesium has low mechanical properties. However, high defor-
mation indicates high ductility that was due to the large grain size of LCR-Mg (4235 um)
and MCR-Mg (2252 um). The impact strength was decreased to 549.19 J/m for quenched
pure Mg (HCR-Mg), which was attributed to the reduction in the ductility of pure Mg. As
discussed in the previous section, quenched pure Mg has an average grain size of 6~12 um,
which is smaller than unquenched Mg and reduces the ductility of the sample. Figure 6e,f
shows the fracture of quenched pure Mg.

3.3. Hardness

A minimum of 30 readings were obtained from each sample by using scale H-Rockwell
Hardness HRH. Figure 7 summarizes the results of the hardness test. The hardness of pure
Mg increased with an increase in the cooling rate. MCR-Mg hardness improved slightly by
11% in comparison to the slowly cooled Mg, while the hardness for the rapidly cooled pure
magnesium (HCR-Mg) significantly increased to 40% and 57% in comparison to LCR-Mg
and MCR-Mg, respectively, as shown in Figure 7.

3.4. Tensile and Fracture Mechanism

The tensile properties of the alloying systems were collected to study the effect of the
solidification rates. Four samples were tested for each alloying system. The test was carried
out in an INSTRON universal testing machine with a strain rate of 1 mm/min. Table 4
summarizes the tensile properties of the Mg casting conditions. The first set of testing was
conducted on pure magnesium samples to study the effect of the solidification rates.
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Figure 6. The fracture surface morphology of impact samples of pure magnesium at 6.5x. (a) Top view and (b) side view
are for slowly cooled pure magnesium (LCR-Mg), (c) top view and (d) side view are for moderately cooled pure magnesium
(MCR-Mg), (e) top view and (f) side view are for quenched pure magnesium (HCR-Mg).
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Stress (MPa)

100

Rochwell Hardness

60
- 50
g 40
T 30 1
L
= 20
v
g 10
S
a LCR-Mg MCR-Mg HCR-Mg

Data Label 30.75 3443 48.53
Mg Systems

Figure 7. Scale-H Rockwell Hardness of pure magnesium at different solidification rates.

Table 4. The results summary for tensile properties for all Mg alloying systems.

Alloying Systems E (GPa) YS (MPa) UTS (MPa) Ductility (%)
LCR-Mg 4.6 15.40 48.97 10.30
MCR-Mg 2.6 24.19 67.4 10.29
HCR-Mg 7.7 24.34 87.18 9.50

The slowly cooled pure magnesium showed low yield strength and ultimate tensile
strength of 15.4 MPa and 48.9 MPa, respectively. However, the LCR-Mg exhibited a good
ductility of 10.3%. Increasing the solidification rate to 0.074 °C/s improved the yield
and ultimate tensile strengths considerably. The YS and UTS of MCR-Mg increased in
comparison with LCR-Mg by 57% and 37%, respectively. On the other hand, the ultimate
tensile strength of the quenched pure magnesium increased by 78% and 29% with respect
to LCR-Mg and MCR-Mg, respectively. However, the effect of the solidification rate on the
ductility was found to be insignificant, as shown in Figure 8.

Stress- Strain Curves

——Mg-LCR
Mg-MCR
——Mg-HCR

0.02 0.04 0.06 0.08 0.1 0.12
Strain

Figure 8. The stress-strain curves for pure magnesium cooled at different solidification rates.

Figures 2 and 3 show the microstructure of pure magnesium at different magnifications
of 6.5x for slowly and moderately cooled pure Mg and 500 x for quenched Mg. Comparing
between Figures 2, 3 and 8, there was a correlation between the significant improvement
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of the tensile properties of Mg and cooling rate. The fracture morphology of all pure
magnesium samples is shown in Figure 9. LCR-Mg showed enormous deformation (twisted
around the shape), which is due to the large grain size (4235 um for a cooling rate of
0.035 °C/s). The deformation of the samples was decreased and became more uniform
with an increase in the solidification rates. Additionally, Figure 10 illustrate the tensile
properties of the Mg casting conditions.

(a)

(b) (c)

Figure 9. The tensile fracture morphology for pure magnesium that were cooled by different solidification rates with scale
bar of 2000 pm. (a) LCR-Mg, (b) MCR-Mg, (c) HCR-Mg.

Tensile Strength (MPa)

100
90
80
70
60
50
40
30
20
10

Tensile Properties B YS M UTS W Ductility
13
12
I I 10
10
I 9 ;3
8 T
Z i
6 %
5 2
4 a
3
2
] l
0
LCR-Mg MCR-Mg HCR-Mg
Mg Systems

Figure 10. Tensile properties chart for pure magnesium with different solidification rates.

3.5. SEM and EDS

Scanning electron microscopy (SEM) and energy dispersive x-ray spectrometer (EDS)
analysis were conducted to further investigate the microstructure and phase composition
of the examined Mg castings. The samples were machined, mounted in conductive filler
mounting compound, ground, and polished to 0.05 um. Wide range magnifications were
performed to obtain a complete analysis for the matrix using secondary electron imaging
with an account voltage of 15 KV.

Different samples of pure magnesium LCR-Mg, MCR-Mg, and HCR-Mg were an-
alyzed at 1000x and 20,000%, as shown in Figure 11. The SEM images did not show a
noticeable difference. While microstructure and the grain size were detectable by using
the optical microscope, as was observed in Figures 2 and 3, the images showed a clear
structure at different magnifications and no detectable grain boundaries in both secondary
electron imaging (SEI) and backscattered electron imaging (BSI). Figure 12 shows the EDS
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elements map, and the map shows the magnesium element as a main element with the
existence of oxygen distributed across the examined area. Furthermore, the sample was
analyzed using the EDS spectrum to confirm the elemental content of the system. Figure 13
shows an example of pure magnesium spectrum. The presence of magnesium and oxygen
were found to have a weight percentage of 98.5 and 1.08% for LCR-Mg, 99.19% and 0.81 %
for MCR-Mg, and 99.24% and 0.76% for HCR-Mg, respectively.

(b)

Figure 11. SEM images of pure magnesium cooled in the furnace (low cooling rate) at different magnifications. (a) At
10,000 x with scale bar of 1 um, (b) at 20,000 x with scale bar of 1 um, and (c) pure magnesium rapidly cooled in liquid CO,
at different magnifications at 1000 x with scale bar of 10 um.

Mg Ka1_2 Electron Imaae 1 O Kat
(a) (b) (©)

Figure 12. EDS elements map of LCR-Mg cooled in the furnace (slow cooling rate). (a) Area of interest. (b) Magnesium
map. (c) Oxygen map.



Metals 2021, 11, 1264 11 0f 13

Spectrum 2+

os 1 7 2 245 3 LWW o 4 AR ] a
Figure 13. The EDS spectrum images of LCR-Mg cooled in the furnace (low cooling rate).

4. Conclusions

In this work, three solidification rates were considered and it was found that increasing
the solidification rate from 0.035 °C/s to 0.074 °C/s reduced the grain size by 46%. The
change in the solidification rate improved the hardness, yield strength, and UTS by 11%,
57%, and 37%, respectively. Further increase in the solidification rate to 13.5 °C/s for
HCR-Mg reduced the grain size significantly by 99% and enhanced the hardness and UTS
by (57-40%) and (78-29%) in comparison to LCR-Mg and MCR-Mg, respectively. The
fracture morphology showed less deformation with an increase in the solidification rates.
Additionally, structural and compositional analysis using SEM/EDS did not show any
noticeable differences and the grain boundaries were not detectable.
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