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Abstract

Nowadays, magnesium (Mg) based alloys have gained much interest due to its potential use as biodegradable implants for the
application of fixation, screws and plates in orthopaedics field. The main problems of biodegradable implants made from pure Mg are
its low strength and easily corrodible. Therefore, the purpose of this study was to analyse the sintering temperature of magnesium-zinc
(Mg-Zn) alloys reinforced with carbon nanofibres (CNF) through mechanical and morphological structures. Pure Mg, Zn, and CNF was
prepared via powder metallurgy (PM) method. The samples were mechanically alloyed using planetary ball mill to create finer powder.
Next, the samples were compacted using the Instron machine for 10 minutes at room temperature to produce a 10 mm diameter
cylindrical platelet. Then, the specimens were heated with an argon gas flow for 4 hours at different sintering temperatures. The results
showed that the optimum sintering temperature for Mg-Zn alloys reinforced with CNF was at 250°C with elastic modulus and yield
stfrength of 2729.886 MPa and 140.628 MPa, respectively. The findings of this study concluded that Mg-Zn alloys reinforced with CNF
composites have great potential to be used as new biodegradable implants for medical applications in the future.
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1.0 INTRODUCTION Several other disadvantages of non-degradable
orthopaedics implants have been found which

Implants have been widely utilised in biomedical
application such as orthopaedics, cardiovascular,
cochlear and ophthalmic to improve the essential
functions of the human body. To date, there are two
types of implant materials, which are non-
degradable and degradable materials.  Unlike
degradable materials, non-degradable materials
such as tfitanium alloys and stainless steels do not
decompose easily in the human body. Moreover,
fitanium alloys have relatively less resistance to wear
and cause dllergic tissue reactions due fo fret [1].

include metal allergies, metal implant failures, and
complications related to joint replacement [1].
Biodegradable materials are materials that are
susceptible fo degradation or reabsorption process
of the metabolic fragments of the material under the
influence of physiological reactions. The most
common biodegradable materials for magnesium
(Mg) alloying are with calcium (Ca), zinc (Zn), tin (Sn)
and manganese (Mn) as these elements are essential
nutrients for the human body [3]. These alloys are
widely used in orthopaedics, cardiovascular and
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fissue engineering applications [1-2]. It should be
noted that the human body consists of Mg, wherein
35% of Mg localised in the blood, while the remaining
65% of Mg can be found in the bones and teeth,
which allows the Mg alloys to be safely placed in the
human body [2]. Apart from that, the advantage of
pure Mg correlates with its density, which is 1.74
g/cm? that is nearly similar to bone density (1.8-2.0
g/cm?3) [4]- However, pure Mg possesses low elastic
modulus with high rapid of degradation rate if
applied info the human body [5]. From previous
study, it was reported that Mg-Zn alloys showed some
improvements on yield strength and at the same time
could reduce hydrogen evolution during bio-
corrosion [3]. Moreover, Bommala et al. [2] revealed
that Mg can degrade while simultaneously healing
bone tissue breakage. If the orthopaedics implant is
Mg based, hence no additional surgery is needed to
remove the implant after the bone healing process
takes place. However, pure Mg has a deficiency in
mechanical properties in terms of strength. Therefore,
a suitable element must be added to pure Mg in
order to improve its mechanical properties. Other
than the aforementioned biodegradable materials,
there are several biomaterial implants that have
been normally used for orthopaedics applications
such as metallic, ceramic and polymer materials [1].

In order to optimise the strength, the combination
of Mg with alloy composites can provide higher
mechanical strength  and resistance  against
corrosion as compared to pure Mg [3]. The
advantage of Mg composites includes its toughness
(around 1.6 times higher than hydroxyapatite) and
degradable characteristics as the Mg itself is readily
an essenfial nutrient to the human body [3]. The
degradable metal matrix of Mg composites is a good
property, which gives it the potfential to become a
great material for use in implant applicafion [2].
Previous studies have revealed that several Mg
composites can be composed with carbon
nanofibres (CNF) and hydroxyapatite (HA) element
[3, 5]. The former element which is carbon can be
known as a reinforcement particle for metal alloy
due to its ability to escalate the strength properties of
any composite materials [3]. It should be noticed that
a study by Kobayashi ef al. [18] found the use of
carbon-based element, i.e. CNF, as reinforcement
particle could possibly improve the strength of a
metal matrix.

It is known that there are many methods available
to develop Mg composites and one of them is
powder metallurgy (PM) method [9]. This method
consists of ball miling, compaction and sintering
process to formulate the Mg composite. The sintering
process is the most crucial step in PM method, which
aims to form a solid material mass without melting it
through liquefaction from heat or pressure for metals,
ceramics, plastics, and other metals. The pressure
during the sintering process could increase the
degree of the bonding material; therefore, solid
material mass is fully compact and form [?9]. In this

study, we ufilised the PM method to develop the Mg
composite.

The main purpose of this paper was to investigate
the effects of sintering temperature for the
fabrication of Mg alloy reinforced with carbon
nanofibres (CNF) via PM method. The materials used
in this study were pure Mg metal, Zinc (Zn) metal and
CNF. The opfimum sintering temperature was
investigated in the range of 200 to 500°C. The
mechanical properties of the composites were
evaluated by compressive test. The morphological
structure of the composites was evaluated using
scanning electron microscope (SEM) and energy
dispersive x-ray (EDX). This pilot study was aimed to
provide valuable information to the medical industry
and researchers in  developing biodegradable
implants from Mg composites for the freatment of
bone fracture.

2.0 METHODOLOGY
2.1 Fabrication of Mg Composite

The fabrication of Mg composite was performed via
Powder Metallurgy (PM) process. Firstly, pre-
freatment of Mg-Zn alloys reinforced with CNF was
conducted. The compositions are such that 96 wt.%
of pure Mg powder (99.67% purity, Bendosen) and 4
wt.% of pure Zn powder (99.67% purity, Bendosen)
was mixed with 10 mL of ethanol (Duran) using
mechanical agitator. This composition was labelled
as Mafrix A. Meanwhile, a total of 2 wt.% of CNF
(Aldrich) was mixed in ethanol using ultrasonicator
(performed at power of 50W and frequency of 40 kHz
for a duration of 1 hour) where this solution was later
lobelled as Matfrix B. The calculations of the
compositions are shown in Equation (1), (2), (3), and
(4).

WHQ’—ZH =98% X WT (])

Wewr = 2% X Wy (2)
Wig =96% X Wiy _z,  (3)
Wz, = 4% X ng—Zn (4)
Where,
W1 = Total weight of the composition

Wmgzn = Total weight for Mg-Zn (Matrix A)
Wenr Total weight for CNF (Maftrix B)
Wmg = Total weight for Mg

After an hour of mixing process for Matrix A, Matrix
B was poured info a beaker of Matrix A by using
mechanical agitator. Then, the samples were dried in
an oven overnight at temperature of 60°C. The PM
method consists of three processes which are ball
miling, compacting and sintering have been
conducted. Planetary Ball Mill model PM100 (Retsch)
was ufilised for this process, and it has exploited both
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friction and impact of high cenftrifugal forces. Also, it
will produce a rapid particle size reduction. The
process was set at 220 rom for power rotation for 4
hours. The powder sample was poured info a
grinding jar (250 ml) with the stainless-steel beads (22
mm). The selective speed of the ball mill based was
referred to a previous study [5], which reported that
the optimum compressive strength of the composite
and lay within the limits of the mechanical strength
required by natural bone.

After that, the samples were inserted info a mold
for compaction process, wherein the samples were
required to be in cylindrical form with a diameter of
10 mm and a height of 5 mm. This compaction
method was referred to American Society for Testing
and Materials  (ASTM), ASTM  B925-15. Prior to
compaction process, the load cell value was
calculated following Equation (5) below. The samples
were inserted into a jig with other tfools and
compressed at 400 MPa to form a cylindrical shape
for 10 minutes at room temperature using Universal
Testing Machine, Instron 600DX. The compaction
pressure was based on a previous finding where the
most optimum pressure was at 400 MPa [§].

Formula pressure equation,

P = F/A (5)
Where,

P = Pressure

F = Force

A = Surface area of cylindrical (mm2)

Lastly, the specimens were subjected to sintering
process using Compact Split Tube Furnace BS-1200-
50X machine. A total of 10 specimens were placed
inside the tube alternately with ceramic rocks to
avoid specimens from being in confact with each
other during the process as shown in the Figure 1. To
ensure the surface of the samples were proftected
from combustion and oxidation during sintering, the
samples were placed in a closed tube and then
vacuumed for 10 minutes. Then, argon gas was
flowed info a tube with a flow of 10 L/min for 4 hours
at various temperatures ranging from 200°C, 250°C,
300°C, 350°C, 400°C, 450°C and 500°C. After that, the
engine was left for 30 minutes for the cooling process.
Finally, the specimens were taken from the tube and
cooled at room temperature.

Figure 1 The specimens in the furnace tube

2.2 Characterization

Universal testing machine Instron 8874 with 25 kN of
load cell was used for compression test to identify the
mechanical properties of the Mg-Zn reinforced with
CNF as shown in the Figure 2. This procedure was
referred to ASTM-E9. In this study, two important
mechanical elements were identified through this
compression process where it was elastic modulus
and yield strength. In the beginning, the specimens
were placed on the base and the extension, wherein
the load cell was stabilized. A displacement confrol
test was applied at a velocity of 2.0 mm/s af room
temperature. All compressive tests were repeated
three times for each sample.

For morphological analysis, scanning electron
microscopy (SEM) and Energy Dispersive X-ray (EDX)
(Model Hitachi Tabletop Microscope TM 3000, Japan)
were used to analyze all samples. The experimental
analysis was set at observation view and the
magnification was set at 50X magnification. EDX
analysis was used to observe the type of elements
and percentage of elements present on the sample
surfaces.

Figure 2 The specimen was placed on the load cell

3.0 RESULTS AND DISCUSSIONS
3.1 Compression Test

Figure 3 shows the average elastic modulus for all
samples. Based on the diagram, the highest value of
elastic modulus was found from the specimens that
were sintered at 250°C (2729.89 = 212.69 MPa),
meanwhile the lowest value was from specimens
sintered at 450°C (1655.79 + 195.47 MPa). The other
specimens that had been sintered at 300°C, 350°C,
and 400°C had a similar value of elastic modulus.
Figure 4 illustrates the yield strength for all seven
different temperatures. Based on the bar chart, the
highest yield strength was found from the specimens
that were sintered at 250°C which was 140.28 + 21.69
MPa, while the lowest yield strength was 61.41 £ 25.24
MPa at 200°C. On the other hand, there are two
values of yield strength which are close to each other
from the specimens sintered at 400°C and 450°C with
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the value of 130.725 + 17.37 MPa and 128.0.80  6.56
MPa, respectively.
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Figure 3 Elastic Modulus (E) by the level of sintering
temperature
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Figure 4 Yield strength by the level of sintering temperature

Based on the current results (Figure 3 and 4), it
shows that the most optimum sintering temperature
was at 250°C. This justification is due to the specimen
that was sinfered with 250°C demonstrated highest
magnitude of elastic modulus (2729.886 MPa) and
yield strength (140.628 MPa). To the best of authors’
knowledge, there are no similar studies had been
conducted previously. Therefore, direct comparison
between these findings and other scholar’s results
could not be discussed. However, there are some
studies from the previous literatures, wherein the
highest compressive strength and elastic modulus
were found in the porous Mg-Zn scaffolds that had
been sintered at 550°C [7]. A study conducted by
Hoon et al. [8] reported that temperature of 640°C
was the optimum condition for Mg composite
reinforced with carbon nanotubes (CNT) with the
yield strength of 119 Mpa.

It is known that the typical natural bone has an
elastic modulus between 0.1 GPa and 20 GPa [9].
while the average yield strength of femur bone is 135
MPa [3]. In this study, the highest elastic modulus of
Mg-Zn alloys reinforced with CNF was 2.7 GPa, which

is within the abovementioned range. Besides, the
modulus slowly decreased beyond the temperature
of 250°C. Moreover, the value of yield strength from
almost all  specimens in this recent study
demonstrated low magnitude than average yield
strength of femur bone (135 MPa) [3]. Nevertheless,
there was one specimen had been sintered at 250°C
that represented higher magnitude over the yield
strength of the femur bone. As far as the authors are
concerned, further studies must be conducted in the
future especially on corrosion with animal testing fo
ensure the Mg-Zn alloys reinforced with CNF is safe to
be used as implants without incurring a stress fracture
or suffering damage at the constructs.

3.2 Morphology and Composition

Figure 5 show the result of microstructural properties
and composition of Mg-Zn composites via Scanning
Electron Microscopy (SEM) and Energy Dispersive X-
ray (EDX). It is consisting of a solid solution of carbon
(C) and Zn elements in the Mg composite. As shown
in Figure 5, it can be observed that the
microstructural surface of all specimens is fine grain,
and each of them presented different features
especially on the surface roughness. Based on same
figure, the specimens made of Mg-Zn dalloys
reinforced with CNF had low porosity and contains
several elements. The EDX spectra and atomic
percentage of elements listed in Figure 5 showed
that the specimens consisted mainly of Mg and C,
and a small amount of Zn element. The presence of
C is due to the reinforcement of CNF used in this
study. The highest peak observed in the EDX spectra
of the specimens was Mg, followed by CNF and Zn.
This is because when solid solution formation occurs,
Zn which consists of smaller atoms appeared as
impurities in the larger Mg atom laftice [10]. This can
be observed from atomic percentage results as
shown in Figure 5. In terms of strength and ductility, it
must be high to achieve grain refinement, which is
related to the presence of high frequency of low
energy boundaries. Thus, the smaller the grain size,
the higher the yield strength. The findings of this study
are in agreement with those obfained by
Seyedraoufi et al. [7] wherein the grain size of Mg-Zn
scaffolds increased when the temperature
increased, which may reduce the strength properties
[7]. In the present study, a similar phenomenon was
observed when the sintering temperature was
increased, which reduced the mechanical strength
of Mg alloys.
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Figure 5 SEM images under 50X magnifications and EDX
Characterization element of Mg-Zn alloys reinforced with
CNF with sintering temperature (a) 200°C, (b) 250°C, (c)
300°C, (d) 350°C, (e) 400°C, (f) 450°C and (g) 500°C

4.0 CONCLUSION

In this study, powder metallurgy method has been
used to successfully fabricate and analyse the
effects of Mg-Zn reinforced with CNF at different
sintering tfemperatures. From the results, the opfimum
temperature was obtained at 250°C with the elastic
modulus and vyield strength of 2792MPa and 140MPa,
respectively.
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