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Abstract

Magnesium alloys represent a novel category of biodegradable materials, offering numerous
advantages in addressing the limitations associated with conventional biomedical materials.
Magnesium-based metallic biomaterials offer a promising solution for fixing fractures, ensuring
effective treatment without the inconvenience of subsequent implant removal procedures. In the present
work, AZ31 Mg-alloy was chosen as the base material. Five specimens were meticulously fabricated,
each varying in weight percentages of reinforcement materials: Owt%, 0.5wt%, 1wt%, 2wt%, and 4wt%
of carbon nanotubes (CNTSs), while the weight of nanohydroxyapatite (nHA) remained constant at 0.5
wt%. Friction stir casting was the chosen fabrication method for the specimens. The EDS results reveals
that the components such as C, Zn, Ca, P, O, Mg, and Al are present in desired proportions on the
sample surface. Addition of CNTs/nHA significantly enhanced the tensile strength, compressive
strength, and micro-hardness of the AZ31 matrix, and values are 25.65%, 153.3%, and 41.26% higher
than pure AZ31 matrix, respectively. The porosity of the composites has increased with the increase in
the content of CNTSs, and its values were 0.43%, 2.18%, 2.34%, 2.48 %, and 5.3% at 0 wt% 0.5 wt%, 1
wt%, 2 wt%, and 4 wt% respectively. The newly developed AZ31 alloy composite is stronger and may
be utilised in bone implants and biomedical applications.
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INTRODUCTION

Metallic biomaterials are favored for temporary tissue applications owing to their ability to bear
loads. Among these materials, magnesium-based ones stand out due to their unique combination of
desirable biological properties [1-3]. They degrade naturally within the physiological environment
while still providing robust load-bearing support. Thus, magnesium-based metallic biomaterials offer a
promising solution for fixing fractures, ensuring
effective treatment without the inconvenience of
subsequent implant removal procedures [4-6].
Magnesium and the natural bone has similar
mechanical characteristics, which reduces the
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stress-induced observed with other materials.
However, magnesium deteriorates swiftly in the
biological surroundings, producing magnesium
hydroxide via the evolution of hydrogen during the
deterioration phase [7-9]. As the decomposition
rate is slow, the resulting H, gas is utilized by the
developing cells and high deterioration rate may
create a sub-facial pocket generated by the gas at
the connection of implant and tissues. It is noted
that the hydrogen gas produced during breakdown
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of magnesium implants vanishes entirely within 6 weeks and seldom causes difficulties. However, fast
deterioration has an impact on contacts of materials and tissues that rely on cell activity. So, preventing
quick degradation is crucial in the development of magnesium-based bio-absorbable prostheses
[10-14].

The deterioration rate of magnesium may be reduced through the development of novel materials
made of composites applying surface coatings, and changing its micro-structure [15-17].
Hydroxyapatite (HA) has drawn significant interest during the last 20 years because of its superior
biological compatibility, bio mineralization, and good strength. There are limited work done on
fabrication of Mg/HA nanocomposite by powder sintering methods. In addition, much work has been
done to increase the durability of several Mg-alloys by coating their surfaces with HA. However, since
deterioration begins at the magnesium's surface, adding HA into the surface may provide superior
protection by making the matrix surface better bioactive [18-20]. In the past researches, the Friction
Stir Processing successfully developed AZ91D-SiO2 surface coatings for potential use in biomedical
prostheses [21-24]. Yousefpour et al. (2022b) developed a nanocomposite of Mg-alloy, nHA, and mAg
to study its tensile behaviour for biomedical applications [25]. Vidal et al. (2022) [26] investigated how
adding HA and FA nanofillers to the Mg-alloy matrix affected biodegradation and cytotoxicity. Mg-
HA nanocomposite was discovered to be the superior biocomposite material for bone implants due to
its biocompatible behaviour and strength similar to bone in previous studies [27-30]. Mg-alloys such
as AZ91, AZ31, and others were discovered to be suitable materials for implantation due to their closer
strength as that of bone resulting in reduced stress induced within the bone and implants interactions.
These desired properties make Mg-alloy composites a viable option for implants [31]. AZ31 is
strengthened by biologically compatible, bioresorbable, and biomaterial-grade reinforcements such as
carbon nanotube, Graphene, HA, and Titanium oxide. The biological compatibility of a material refers
to its capacity to fulfill the needed functionality while enabling host reactions to take place in the human
organism. On the basis of present demand, biocompatible implants are quickly rising to treat bone
injuries, degradation from mishaps, sports injuries, and so on. The material used in the implants is often
referred to as a smart prosthesis [32-35]. CNT has outstanding features such as a high yield strength of
150GPa approx. and an elastic modulus of around 1TPa, as well as being compact, high performing,
and having a high aspect ratio, which make it useful as a reinforcing agent [36]. CNT's biocompatibility
makes it ideal for usage in implants for biomedical purposes. In the current investigation, a multi-walled
CNT is utilised as a strengthening substance [37]. The bone has a complicated geometry made up of
nano-hydroxyapatite (nHA), collagen, and non-collagenous components [38]. The biological system
accounts for about 25% of calcification bones, in addition to 2-5% tissue cells, 5% water-based, and
70% inorganic nHA. Tissue engineers are drawn to generating bone tissue and employing entirely
produced and naturally obtained nano hydroxyapatite because it is so comparable to how bone is
generally created [39, 40].

This research article delves in producing an Mg-based hybrid nanocomposites reinforced by both
carbon nanotubes (CNT) and nano-hydroxyapatite (nHA) through friction stir casting. The main aim of
this work is to meticulously examine the microstructure as well as the mechanical characteristics of the
novel composite matrix across different compositions.

MATERIALS AND METHODS
Composite Preparation

In the present work, AZ31 magnesium alloy was selected as the base material, possessing the
composition (wt %) of Al-5.86, Zn-0.73, Mn-0.25, Cu-0.0009, Fe-0.006, and remaining Mg. Five
specimens were meticulously fabricated, each varying in weight percentages of reinforcement
materials: 1wt%, 2wt%, and 4wt% of carbon nanotubes (CNTs), while the weight of
nanohydroxyapatite (nHA) remained constant at 0.5 wt%. Both CNTs and nHA, in powder form, were
selected based on their unique mechanical and bioactive properties, intended to impart synergistic
enhancements to the AZ31 matrix. Friction stir casting was the chosen fabrication method for the
specimens as shown in Figure 1, ensuring efficient mixing and distribution of the reinforcement
materials. The process parameter of friction stir casting are shown in Table 1. The fabrication process
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commenced with the magnesium sheet placed in a stir casting furnace under an argon atmosphere to
prevent oxidation, followed by heating to 800°C until reaching a molten state. Subsequently, the furnace
temperature was lowered to 500°C, maintaining a semi-liquid state, and preheated CNTs and nHA
powders were added to the molten AZ31. The temperature of furnace was risen to 850°C, and the
liquidized composite was stirred for 10 minutes at 450 rpm to achieve homogeneous blending with the
base material. The composite blend was then poured into a cylindrical die and allowed to cool, with the
entire fabrication process spanning 7 hours per specimen, including 4 hours in the friction stir casting
furnace and an additional 3 hours for cooling. This meticulous procedure was iterated for all five
composite specimens, ensuring consistency and reproducibility in the fabrication process for subsequent
analysis and characterization.

Physical and Mechanical Properties

The porosity is the measure of the pores present within the material. Four square shaped samples of
each composite were taken to measure the porosity. The Archimedes principal was used to measure the
actual density of the specimens. The specimens were weighed in both air and distilled water with the
help of weighing machine with accuracy of 0.01mg. The theoretical density was calculated by ratio of
mass to volume of the composite specimens. However, the porosity will be calculated as follows:

Porosity (%) = [1- (pa/ py)] % 100
pa=[Wal (Wa - Ww)] * pw

Where,

W,y specimen’s weight in distilled water
W, : specimen’s weight in still air

pa - actual density of samples

pw . water density
pt: calculated density of specimens

Table 1. Casting process parameter.

Parameter Value
Stirring temperature (Max.) 850°C
Preheating temperature for reinforcement | 450-500°C
Stirring velocity 240-300 rpm
Stirring time in furnace 10 mins
Preheat temperature for die 260°C
Casting time 4 hours
Cooling time in die 3 hours
Moter
Reinforcement
CNT nHA Melt
P
Crucible S—
A Furnace
—> —>
Rotor
—————
composite
AZ31 alloy

Figure 1. Method of composite preparation.
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Three tensile samples of five millimeters in diameter and twenty-five millimeters gauge length were
produced from every material using wire-cut EDM parallel to the extrusion direction. The tensile tests
were done by using a FIE UNITEK 94100 UTM with speed of 5mm/min as per ASTM standards.
Compression tests were conducted on samples (20 mm x 20 mm x 20 mm) using the same UTM with
compressive fixtures at speed of 2 mm per minute. The mean values of these specimens was calculated
to measure the results of both the tensile and compression strength. The micro-Vickers hardness tester
is a common instrument to measure the hardness of the composites. The composite material specimens
were prepared by cutting rectangular blocks with an EDM, polishing them, and then cleaning to achieve
a smooth and level surface for testing. Micro hardness was evaluated using Micro-Vickers hardness
testing equipment fitted with a pyramid-shaped diamond indenter with a square base under a 300 N load
and a dwell duration of 10 seconds. The mean values of four indents for every specimen was used in
the findings.

CHARACTERIZATION

The composite materials were analyzed by using the EDS to find out their elemental composition. X-
rays were shot on the sample, which causes each atom in the sample to emit its characteristic X-rays.
The X-rays, after they are detected and analyzed, can then specify the elemental content of the sample.
This particular analysis will likely be carried out by defining whether and where CNT, nHA and AZ31
alloy (consisting mainly of Mg, Al and Zn) are present. Through the proportions of the heights of the
peaks represents the characteristic X-rays emitted by each element, the quantities of the components
can be quantified to have an idea about the material's composition.

Scanning electron microscopy is used to examine materials' anatomical properties. During this
method, electrons are released from the entire surface of the specimen. The morphological
characteristics, link development, cracks, and aggregation were all investigated using an SEM. Samples
measuring 25 x 15 x 6 mm have been extracted from the composite specimen for analysis of
microstructural characteristics. They were then manually polished with abrasive paper rated up to 2500
grades and washed with ethanol. Furthermore, the specimens were polished using gemstone paste using
a buffing device. The specimens were ultrasonically washed in ethanol to eliminate any polishing
residues. The refined specimens were then wiped using a solution having 10 mL of CH3COOH, 20 mL
of H20, and 100 mL of C2H50H for one minute. Then microstructural studies were performed using
a SEM operating at 10 kV.

RESULT AND DISCUSSION
EDS and SEM Analysis of the CNT & nHA Reinforced AZ31 Mg Alloys

Figure 2 shows the EDS findings from the specimen's surfaces. When an EDS examination of the
strengthened samples is performed, it is discovered that the primary ingredients employed in the
manufacturing of CNT/nHA composites are present in the matrix. As shown in Figure 2, the specimen'’s
surface contains components such as C, Zn, Ca, P, O, Mg, and Al. There are low-level oxygen spikes.
The EDS analysis reveals that composites provide excellent protection against oxygen from the
surrounding's absorption throughout the production process. This is due to the mixing was done via a
tiny hole built on the top of the furnace, while the melting process was carried out in an enclosed
chamber. To prevent Mg oxidation, the gas shielding of argon gas was done to provide an inert
atmosphere, as indicated in the picture. Carbon (C), phosphorus (P), and calcium (Ca) particles present
in composite materials are apparent in the spectrum. It has been observed that when reinforcement
increases, so do the content peaks of C, P, and Ca, resulting in a well dispersion of reinforced elements
in the magnesium alloy. As a consequence, the acquired EDS analysis findings suggest that friction stir
casting is an effective approach for creating reinforced composites with the appropriate component
proportions.

SEM is used to analyse the morphological characteristics of materials. During this procedure,
electrons are emitted over the whole surface of the sample. All photos depict particle distributions of
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all metallic and non-metallic components, with particles dispersed uniformly in the magnesium matrix.
However, certain agglomerations have been identified in the morphology of the AZ31 nanocomposite.
According to Huang et al. (2016a) and Sivanesh Prabhu et al. (2020), multi-pass FSP may enhance the
dispersion of reinforcing particles in a metal matrix. The consistent distribution of nanoparticles is the
result of repetitive mechanical churning at extreme temperatures.

Figure 3 depicts the overwhelming majority of carbon nanotubes noticed at magnesium grain
boundaries. They also appeared dispersed in an individual fiber form, as seen in Figure 3 from a SEM
inspection of the scraped substrate using 0.04 percent HCI solutions for 40 seconds. As a consequence,
when enough quantities of CNTSs are injected, the strengthened surface of the Mg domains becomes
highly susceptible to deformity, resulting to enhanced tensile properties. The nHA particles had an
acicular shape, measuring 15-20 nm wide and 60-80 nm long. The nHA nanoparticles and CNTs
reduced the size of the granules in the matrix, making it more homogeneous. The results obtained are
comparable to those of prior investigations [41-43]. The nHA particles are located at the middle of
many dimples. This suggests that interaction of particles and matrix have the ability to form microvoids.
The nanocomposites' tiny bumps may be attributed to their reduced grain size (a larger proportion of
grain borders) and the inclusion of nHA particles. Fractures may happen at corners of grains, crossings,
and interactions, with very tiny voids forming and then sliding and/or rotating to generate intergranular
microcracks [44]. The microvoids and microcracks proliferate and merge to generate larger voids and
fractures. Because the matrix is not very ductile, tiny voids and cracks in the Mg-based composite
connect quickly.

Mechanical Behavior of AZ31/CNT/nHA Composite

The characteristics of newly developed composite was obtained by various methods as explained in
section 2. The mechanical and physical characteristics of AZ31 alloy and AZ31/CNT/nHA composites
are enlisted in Table 2.

(c) (d)
Figure 2. EDS results are depicting the elemental mapping of AZ31/CNT/nHa alloy.
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Figure 3. Scanning electron microscopy micrograph representing particle agglomerations, air gap,
wear debris, and patches on the surface.

Table 2. Mechanical and physical characteristics of AZ31 alloy and AZ31/CNT/nHA composites.

S.N. |Base material | Reinforcement 1 | Reinforcement 2 | Porosity | Hardness | Tensile | Compression
(AZ31) (CNT) (Weight 9%0) | (nHA) (Weight (%) (HV) Strength |Strength (MPa)
(Weight %) %) (MPa)
1 100 0 0 0.43 63 195 90
2 99 0.5 0.5 2.18 84 220 188
3 98.5 1 0.5 2.34 87 234 215
4 975 2 0.5 2.48 89 245 228
5 95.5 4 0.5 5.30 77 228 210

Figure 4 shows the tensile yield strength of composites containing varying quantities of CNTs and
0.5% nHA. The inclusion of CNTs/nHA greatly increased the tensile yield strength of the AZ31 alloy,
attained a highest value of 245 MPa with 2.0 wt.% CNTs. The tensile strength of the pure AZ31 alloy
was measured at 195 MPa. The tensile strength diminshed when the proportion of wt of CNTs
approached 4.0 wt.%, which might be due to the development of CNTs clusters in the alloy. As
previously documented, these CNT clusters may inhibit efficient interaction among the matrix and
CNTs, resulting in microscopic fractures [45], which may elevate permeability in the matrix, resulting
in nanocomposite failure with decreased strength [46].

Figure 5 deptics the compressive strength of composites with different quantities of CNTs and 0.5%
nHA. The inclusion of CNTs/nHA notably improved the compressive strength of the AZ31 alloy,
reaching a peak of 228 MPa with 2.0 wt.% CNTs. The compressive strength of the pure AZ31 matrix
was measured as 90 MPa. The compressive strength diminshed when the wt proportion of CNTs
surpassed 2.0 wt.%. Previous works have shown that CNTs had a greater influence on compressive
characteristics as compared to tensile characteristics, which might be related to considerable strain areas
around CNTs caused by entangled shifts in fine-grained CNTs/AZ31 composites undergoing the
process of plastic deformation.
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Figure 4. Mean tensile strength of AZ31 alloy and AZ31/CNT/nHA composite.
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Figure 5. Mean compressive strength of AZ31 alloy and AZ31/CNT/nHA composite.

Figure 6 depicts how CNTs/nHA reinforcements affect nanocomposite hardness. The figure depicts
the viker hardness of both the AZ31 matrix and its nanocomposites with varying proportions of
reinforcements. As demonstrated in Figure 6, the alloy's microhardness (HV) rose as the proportion of
CNTs enhanced, attaining a maximum of HV = 89 for 2.0 wt.% CNT and 0.5% nHA. The hardness of
the pure AZ31 matrix was measured as 63. However, microhardness diminished above 2.0 wt.% CNTSs.
A rise in the hardness may be ascribed to (i) reduction in grain size [47], (ii) CNTs' extreme hardness
and tenacity [42], and (iii) the stronger restriction to regional matrix distortion in the time of indentation
due to the existence of uniformly distributed CNTs in the alloy [48].

However, the reduction in microhardness can be accounted for by two factors: i) accumulation of
CNTs in the composite materials, as shown in Figure 3, and ii) the composites' lower density (higher
number of micropores), resulting in reduced microhardness.
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Figure 7. Mean porosity of AZ31 alloy and AZ31/CNT/nHA composite.

The mean porosity of AZ31 alloy and AZ31/CNT/nHA composite is shown in Figure 7. The porosity
of AZ31 rises progressively as the weight proportion of CNTs increases, reaching a limit of roughly
2.48 wt%. However, above 2.48 wt% of CNTSs, there was a significant decrease in porosity, around
5.3%, resulting in the development of CNT clusters in MMCs. At 4 wt% of CNTSs, an aggregation of
CNTs forms, resulting in a huge dark region along the grain boundaries, and CNTs agglomerate owing
to high porosity. The research revealed that the creation of clusters reduces the link between matrices
and CNTs, resulting in fractures with reduced strength.

CONCLUSION

The effect of variation of CNT wt% and reinforcement of nHA (0.5 wt%) on the mechanical,
physical, and microstructural characteristics of AZ31 composites was examined, and the following
findings are obtained in the present study:
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The EDS analysis reveals the presence of components such as C, Zn, Ca, P, O, Mg, and Al in
desired proportions on the sample surface and the low-level oxygen spikes resulting in excellent
protection against oxygen from the surrounding. However, friction stir casting is an effective
approach for developing reinforced composites with the appropriate component proportions.
The addition of CNTs/nHA noticeably increased the tensile strength of the AZ31 matrix, reaching
its peak at 245 MPa with a 2wt% addition of CNTs. In comparison, the pure AZ31 matrix
exhibited a tensile strength of 195 MPa. However, increasing the CNT weight percentage beyond
2wt% resulted in a decline in tensile strength. Specifically, at 4wt% CNTSs, the tensile strength
measured 228 MPa, marking a 7.46% decrease compared to the strength achieved at 2wt% CNTSs.
The incorporation of CNTs/nHA notably improved the compressive strength of the AZ31 matrix,
attained highest value of 228 MPa with the addition of 2.0 wt. % CNTSs. This value represented
a substantial 153.3% increase compared to the compression strength of the pure AZ31 matrix.
The hardness of the pure AZ31 matrix was observed value of 63 (HV). The hardness of the AZ31
matrix improved with the enhancing amount of CNTs and attained highest value of 89 (HV) at
2.0 wt. % of CNTSs, which was 41.26% higher than pure AZ31 matrix.

The porosity of the composites exhibited an upward trend corresponding to the rise in CNT
content, with measured values of 0.43%, 2.18%, 2.34%, 2.48%, and 5.3% at Owt%, 0.5wt%,
1wt%, 2wt%, and 4wt%, respectively.
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