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Abstract

In the present research work, friction stir processing (FSP) has been adopted for the fabri-
cation of nano-hydroxyapatite (nHAP) reinforced AZ91-D Mg-alloy matrix surface com-
posite (NMMSC). The NMMSC was developed to replace the conventional bio-implants
materials for short-term usage. The NMMSC has been prepared by adding nHAp rein-
forcement in 12.5 % volumetric proportion in the AZ91-D alloy using the grooving technique
followed by FSP. The FSP parameters were selected, such as the tool rotation of 1000 rpm,
50 mm/min transverse speed, and 5 multi-passes. The base alloy, normal FSPed, and
fabricated NMIMSC were characterized to study their micro-hardness values and biological
performances. Improvement in microhardness value in the developed composites was
observed due to the smaller grain size as a result of the dynamic recrystallization
phenomenon. The antibacterial properties of FSPed and NMMSC specimens tested against
Staphylococcus aureus, Candida albicans, and Aspergillus fumigatus were found to be
superior as compared to the PM. The cytotoxicity of the FSPed & NMMSC specimens
expressed as cell viability using MTT assay shows negligible toxicity as compared to PM and
the cell viability was insignificantly decreased as the incubation period was extended. The
microhardness and biological performance of NMMSC have been improved due to the grain
refinement by FSP and the presence of nHAp reinforcement in the material.
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Introduction

Magnesium and its alloys are one of the growing research areas for short-term bio-implant
materials, particularly for loadbearing orthopedic applications. In the case of implant
replacement, biodegradable magnesium avoids follow-up surgery after the tissue is healed
[1]. Due to its good mechanical properties and load-bearing capacity, magnesium is selected for
biomaterial application. With magnesium and its alloys, the stress shielding effect can be minimized
due to its elastic modulus, density, and yield strength being nearer to the human bone material as
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compared to other bio-implant materials [2-4]. On the other hand, pure Mg has a higher rate of
corrosion in the physiological environment, which leads to the release of hydrogen [5,6]. The
implant may fail in loadbearing conditions due to a lack of good mechanical properties [7].
Many surface treatments have been performed to stop the degradation by changing the
composition and microstructure, such as using the protective layers and alloying [5,6,8-11].
Selecting the appropriate reinforcement and its volume % in the manufacturing of metal
matrix composite (MMC) using Mg as a matrix for biomedical areas is beneficial because the
biological and mechanical characteristics can be improved. In the case of fine grained Mg
alloys for bio-implants applications, an improvement in the mechanical, corrosion, and
biological properties has been reported [12-15]. Among the alloys of Mg in the AZ series, AZ91-D
is a very common alloy due to its good castability, corrosion resistance, and better mechanical
properties [16]. AZ91D indicates that the proportions of aluminium and zinc are about 9 and
1 (% weight), respectively and the remaining amount is balanced by Mg. The presence of
aluminum in the alloy improves its cast-ability and also increases its hardness and tensile
strength up to a temperature of 120 °C [17].

Nano-hydroxyapatite (nHAp) is a calcium phosphate mineral similar to the mineral of natural
bone. It is known to be a bio-ceramic material due to its excellent bioactivity, biocompatibility, and
ability to bind with the bones [16]. In the biological fluids, the top layer of the Mg-nHAp
composites has exhibited a similar crystallographic and chemical structure as the bone with an
appropriate second phase due to the distribution of Ca-P compounds [18]. In bio-implants, the
synthesised nHAp has proven to be quite effective at preventing infection [19]. Moreover, it has
been reported that corrosion behavior and mechanical properties are enhanced because of the
dispersion of nHAp in the composite [18].

Friction stir processing (FSP) is a well-known technique of surface engineering which is used for
the surface modification and processing of surface composites. The grain refinement was found to
be enhanced because of the dispersion of HAp particles in Mg alloy by using FSP [15]. In the FSP
technique, the process of grain refinement has been reported [20,21]. Here, a cylindrical hard
rotating tool with a pin is plunged into the material surface being processed and is traversed along
the desired length, which causes the dynamic recrystallization in the material because of severe
plastic deformation produced inside the stirring zone [21]. This causes grain refinement in the
processed material. The distribution of the secondary phase and particles during the grain
refinement is also observed is due to the stirring action of the tool, which improves the surface
properties of the material. Firstly, Mishra [20] successfully manufacture the composite of Al with
reinforcement of SiC using FSP. Considerable work has been reported on performing the MMSC
using Al and Mg as the matrix or reinforcement of oxides and carbides using the characterization of
microstructure, hardness, and wear properties [22-27]. The studies on the fabrication of bio-ceramic
reinforced Magnesium alloy surface composites for bio-implants using the FSP are limited.
Therefore, in this research article, a small attempt has been made to develop the nHAp reinforced
AZ91D Mg alloy matrix surface composite (NMMC) for bio-implants using the FSP technique. The
comparative study of microstructure, mechanical, antibacterial behavior, and cytotoxicity of parent
AZ91D material, friction stir processed (FSPed), and NMMSC specimens have been conducted in the
present research work.
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Experimental

Composite fabrication

In this research article, 150x100x6 mm sheets of AZ91D Mg alloy were taken as the parent matrix
material (PM) and finished to remove any geometrical deformities and surface oxides. Thereafter,
a groove of 2 mm in depth and 1.5 mm in width was machined on the surface of sheets with the
help of a shaper machine to keep the 12.5 % nHAp reinforcement volumetric concentration. nHAp
reinforcement powder was filled properly in this groove with the help of injection thoroughly and
then it was packed by ramming the surface with a wooden mallet. Sealing of reinforcement-filled
grooves was done by a pin-less FSP tool, as shown in Figure 1. Finally, the FSP was carried out on
the sealed grooves using a threaded profile pin-type tool made of HS-13 material having a shoulder
of 17 mm diameter, pin diameter of 5.7 mm, pin length 3.1 mm length, and a tilt angle was kept
constant to 1°. The friction stir process parameters were used as the tool rotation of 1000 rpm, 50
mm/min transverse speed, and 5 number of multi-passes, respectively.

m . |
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Figure 1. FSP followed by (a) cutting grooves, (b) added nHAp reinforcement, (c) sealing of filled grooves,
(d) friction stir processing

Microstructural and microhardness study

The compositional and microstructural examination was performed by using an energy-dispersive
X-ray spectroscope coupled with a scanning electron microscope (SEM), JSM-6390 LV, Jeol Japan.
Moreover, a metallurgical microscope (Suxma Moto, Conation Technologies Pune, India) of 1000x
magnification was used to analyze the grains of the specimens. The metallographic samples were cut
perpendicular to the tool traverse direction and polished by using emery papers of different grades,
followed by the electro-polishing method with a solution of 99 % ethanol and 1 % perchloric acid.
X-ray diffraction (XRD) analysis was conducted on the specimens using an X-ray diffractometer (Bruker
D8 advance) at a scanning speed of 1°/min and a scan range of 20-90°, respectively.
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Microhardness testing was conducted on the specimens using a microhardness tester
(XHVT-10002Z, Jinan testing equipment, China). The micro-indents were taken over the cross-section
of specimens by the application 100 g load with a 10 sec dwell time. The indents were taken out on
the FSPed regions (at the cross-sections and top surface). Micro-hardness was calculated on the
cross-section of the specimens. In the case of the FSPed and composite specimens, it was evaluated
along with the depth and width of the stir zone, respectively.

The antibacterial activity

The biological performance of the PM, FSPed, and NMMSC was assessed through the
antibacterial activity of these specimens with human pathogenic microorganism strains such as
Staphylococcus aureus, Escherichia coli, and Candida albicans using Laminar Air Flow Apparatus.
Triplicate plates were developed for each specimen of size 4 x5x6 mm, prepared from the
intermediate portion of the PM and stir zones of the FSPed and NMMSC samples. The
microorganisms taken in this investigation were preferred due to their clinical significance.
Escherichia coli and Staphylococcus aureus were cultivated at 37 °C in nutrient agar (NA), using
peptone 5 g/L, beef extract 3 g/L, agar 20 g/L, and NaCl 5 g/L, respectively. Candida albicans was
cultivated on potato-dextrose-agar (PDA) with the medium compositions (M3): 4 g/L potato
infusion, 15 g/L agar, and 20 g/L dextroses; also, a temperature of 4 °C was kept for the culture of
the stock. The Clinical Laboratory of National Committee Standards conducted the inhibition zone
evaluation test [28]. A sterile medium of 20 mL was placed into a Petri dish and 1 mL of the microbial
strain was disseminated on agar plates, and sterile samples were placed on the plate surface. To
allow microbiological development, all tests were cultivated for bacterial activity at 37 °C for 24 h
and at 28 °C for 48 h yeast. The ability of the sample to halt bacterial multiplication around it was
considered to evaluate its antibacterial activity.

Cytotoxicity

MTT [3(4,5-181 dimethyl-thiazole 2yl)2, 5 diphenyl tetrazolium bromide] was exposed to the
skeletal muscle cells of rats (procured from the National Centre for Cell Sciences Pune, India) for
72 hours to calculate the cytotoxicity of the samples [29]. All samples were put in the plate of 96-
well culture, with 100 pl of cell solution holding 10° cells planted in each well. The samples with cell-
seeded cultures were analyzed for 24, 48, and 72 h at 37 °C in a humidified environment with 5 %
CO;. Each well received 150 pl of culture media. A 20 ul MTT solution was added to each well,
followed by a 4 h incubation at 37 °C. The samples were incubated with dimethyl sulfoxide, and with
reference at 650 nm was used to measure the absorbance value and calculated at 570 nm
microplate observer with non-seeded wells set. Each experiment was repeated three times and the
average value of experiments was used.

The equation (1) was used to assess cell viability as a percentage of the control (standard
polystyrene tissue culture plates).

Cell viability = (Mean optical density / Control optical density) 100 (2)

Results and discussion

Microstructural observations

Figure 2 represents the SEM image of the as-cast AZ91D magnesium alloy (PM) selected as the
matrix material in the current study. The microstructure of PM shows the a-Mg grains arranged in
different orientations and the presence of B-Mgi7Al12 phase precipitated over the grain boundaries.
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EDX analysis has been performed to confirm the composition of the material's composition as
claimed by the manufacturer, as shown in Figure 3 [30]. Figure 4 shows the SEM image of the nano-
HAp reinforcement powder particles. These agglomerated particles exhibited a smooth spherical
morphology in a size range of 15-45 um. Moreover, tiny nano-HAp particles of about 20 nm size can
be seen adhering to the surface of these agglomerated powder particles. Figure 5 shows the EDX
analysis of nano-HAp powder feedstock material and it confirmed the presence of Ca and P as the
major elements.

Figure 2. SEM image of AZ91-D material

Element

i
Al

S

Cu
| Mn
_Zn
Total

Intensity, a.u.

0 2 - 6 12 14 16 18 20

8 10
Energy, keV
Figure 3. As cast AZ91-D material EDX analysis
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Figure 4. SEM image of agglomerated nano-hydroxyapatite powder particles
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Element
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Figure 5. EDX image of nano-HAp powder

Figure 6 represents the optical microscopic (OM) cross-sectional images of the PM, FSPed, and
NMMSCs specimens. The average grain size of PM was found to be 10.18 um which was reduced to
2.14 ym in FSP, 1.82 um in NMMSC specimens. The refined grain size confirmed that during the FSP,
no melting of the AZ91D magnesium alloy occurred (i.e., the temperature reached was lower than the
melting point of magnesium, which was 650 °C) [23,26] and due to this Nano-HAp is stable in AZ91D
matrix, Similar types of observations have been reported by Rameshbabu et al. [31]. X-ray diffraction
(XRD) analyses and SEM combined with EDS have been carried out over PM, FSP, and NMMSC speci-
mens, as represented in Figures 7 and 8, respectively. Due to the sufficient temperature increase, the
friction and intense plastic deformation cause dynamic recrystallization, and also the initially present
coarse B-phase in PM is broken into the fine size and dissolved into the matrix. The amount of B-phase
in FSPed and NMMSC specimens has reduced, as seen from the XRD peaks. The images show that FSP
has resulted in grain refinement because of the plastic flow of material inside the stir zone. Moreover,
the presence of agglomerated nHAp has been fairly diffused and spread across the stir zone.
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Figure 7. XRD patterns observed in (a) PM, (b) FSPed, and (c) NMIMC specimens
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Microhardness

The influence of hardness on grain growth of various specimens is visualized in Figure 9 by the
microhardness distribution. The microhardness values varied significantly as well because most of
NMMSCs and FSPed zones have a wide range of grain sizes. However, when compared to PM, the
hardness over the surface of NMMSC and FSP was rather increased. The average microhardness
values of the FSPed and NMMSC specimens along the depth of SZ were obtained as 83.8 HV, and
89.1 HV, and along the width of SZ were found to be 84.6 HV, and 92.3 HV, respectively. There is an
acceptable difference in the microhardness of PM, FSPede, and NMMSC (along with the depth and
width of the stir zone as shown in Figures 9. Samples of NMMSC and FSPed showed average
hardness values at the lower portion of the cross-section and higher near the top surface when
compared to PM in the stir zone because of the stimulating effect of thermal softening [32].
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Figure 9. Microhardness of PM, FSPed, and NMMSC specimens across distance in depth (d) and width (w) of
the stir zone

The antibacterial activity

Carotenoids generated by yeasts are crucial in resisting oxidative stress [11]. Oxidative stress
occurs when the body's natural antioxidants and oxidizing species are out of balance and nHAp, as
a carotenoid pigment, has strong antioxidant and antibacterial properties and can boost
immunological function for a faster response to microbial threats. It can boost the expression of
multiple genes linked to pathogen identification, and it could be a new approach in antibacterial
behavior [8]. Nano-HAp was used as an antibacterial agent in this study. The comparison of bacterial
activity of Staphylococcus aureus (Gram +Ve), Escherichia coli (Gram —Ve), and Yeast-Candida
Albicans on the PM, FSPed, and NMMSC specimens is shown in Figure 10. It can be inferred that the
pathogenic microbial strains' growth was found to be better in the NMMSC as compared to FSPed
and PM specimens due to the presence of nano-HAp reinforcement in the material.

In this research, triplicate plates were produced for each specimen from the mid-region of the
PM and stir zone of the FSPed and NMMSC and prepared specimens were examined for infectious
microbial strains in humans such as Staphylococcus aureus (Gram +Ve), Escherichia coli (Gram —Ve)
and Yeast-Candida Albicans are shown in Figure 11.
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Figure 10. Antibacterial activity of the specimens of PM, FSPed, and NMMSC
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Figure 11. Images showing the antibacterial activity of PM, FSPed, and NMMSC specimens (a)
Staphylococcus aureus (Gram +Ve), (b) Escherichia coli (Gram —Ve), and (c) Yeast-Candida Albicans

Cytotoxicity

The percentage viability related to the PM, FSPed, and NMMSC specimens against the L6 cells for
72 h is presented in Figure 12. Toxicity was found to be minimal in all the samples. As the incubation
duration increases from 24 to 48 to 72 h, the cells show an equal response to all specimens. As the
incubation time rise, the viability of PM and FSPed decreased slightly. In the case of NMMSC, there is
no negative impact on the cell and It can be understood from the results that this is because of the
small grain size and incorporated nHAp after processing. Embedded nHAp particle improves osseoin-
tegration [33] and reduces degradation rate, promoting cell adhesion [34]. The cells on the surface of
PM were clustered and interconnected. On the other hand, the linked cells on the surfaces of the
FSPed and NMMSC were observed to expand and attach to the surface. As seen in Figure 13, a large
number of cells occupied the surface of the NMMSC and began to grow. Lower the degradation rate
in NMMSC as compared to the other samples and enhance the osseointegration due to integrated
nHAp particles.
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Figure 12. Cytotoxicity of the samples of PM, FSPed, and NMMSC expressed as % cell viability using MTT assay
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Figure 13. Image showing the cytotoxicity activity of (a) PM, (b) FSPed, and (c) NMMSC specimens.
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Conclusion

In this research article, a comparative study was performed between PM, FSPed, and NMMSC

specimens considering their microstructure, micro-hardness, antibacterial activity, and cytotoxicity as
the main parameters. The observations demonstrated that the FSP has the potential method to
introduce the nHAp reinforcement in different proportions in the AZ91D magnesium alloy to develop
high-performance NMMSCs for bio-implants. The following conclusion can be made from the study:

The maximum grain reduction was achieved in the case of NMMSC, followed by FSPed and PM
specimens. Moreover, the pinning impact of reinforcements on the grain boundaries may be
responsible for post grain growth inhibition in NMMSCs.

The maximum microhardness was recorded in the case of NMMSC as compared to FSPed and PM.
This was in agreement with the Hall-Petch equation of increased hardness as grain refinement.
The ability of the PM, FSPed, and NMMSC specimens to halt bacterial growth around them was
used to evaluate antimicrobial activity. The antibacterial properties allow microbial growth and
also chemistry of the surface because the appearance of nano-hydroxyapatite affects the
antibacterial activity.

Cytotoxicity (as percentage viability) of FSPed and NMMSC specimens is more than the PM
specimens. As the incubation time rise, each specimen demonstrated minimal toxicity and cells
responded similarly to all of the samples.
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