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Traditional metallic materials, including titanium and stainless steel, offer excellent biocompatibility and function
widely as orthopaedic implants for fracture fixation. However, their non-biodegradable nature creates a major limita-
tion in long-term biomedical use. Magnesium emerges as a promising alternative for implant applications due to its
inherent biodegradability. In the present investigation, nano-hydroxyapatite (nHAP) at 10 wt% together with gra-
phene nanoplatelets (GNP) at 0.1, 0.2, and 0.3 wt% underwent incorporation into magnesium by means of pressureless
sintering, then the mechanical and microstructural behaviour of the resulting material was investigated. The phase
quality and microstructural features were examined using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The mechanical performance of the Mg hybrid composites was assessed utilising a Vickers micro-hardness
tester, a universal tensile testing machine, and a pin-on-disc tribometer. SEM observations revealed uniform dispersion
of nHAP across the grains, while GNP predominantly occupied the grain boundaries. A notable increase in tensile
strength and hardness emerged with the GNP addition, yielding a hardness value of 66.74 HV1, primarily due to grain
refinement. Owing to the self-lubricating nature of GNP, the composite with 0.2 wt% GNP exhibited a reduced wear
rate of 0.000793 mm*Nm in comparison with monolithic Mg. Furthermore, enhanced hardness contributed to lower

wear, aligning with Archard’s law.
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INTRODUCTION

Magnesium and its alloys have a special place
among lightweight structural metals and have
a perfectly good opportunity to become an im-
portant part of the future biomedical and automo-
tive industry with the massive weight savings and
an equal increase in functional efficiency being of
paramount significance [1, 2]. The growing de-
mand for bio-implants, including artificial organs,
hard tissue replacements, and bone fixation de-
vices in recent years has resulted in the creation of
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many innovative biomaterials [3]. Popular types
of materials for implants such as stainless steel,
cobalt-chromium alloys, and titanium alloys are
very strong, although not biodegradable [4]. Their
elastic modulus, strength and density are very dif-
ferent to natural bone and as such, local stress lev-
els concentrate on the implant itself, usually
known as the stress-shielding effect [5]. This ef-
fect is usually accompanied by intense pain, a loss
of osteogenesis stability, and, finally, a limitation
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of bone regeneration [6]. Traditional bio-implants
as bone fixatives are usually removed by second-
ary surgery after tissue growth, which adds an-
other medical expense as well as significant psy-
chological discharge to the patient [7, 8]. Taking
into account the restrictions related to the use of
traditional hard-metal implants, magnesium alloys
and composites appeared as potential materials to
be used as inserts and bone-fixation devices be-
cause of their high levels of biodegradability, high
biocompatibility, and elastic modulus that is simi-
lar to that of bone [9]. However, rapid degradation
after implantation, along with limited mechanical
and corrosion performance, restricts the suitability
of Mg for load-bearing biomedical applications
[10]. To address these problems, one way of im-
proving the biocompatibility and mechanical char-
acteristics of Mg would be to alloy it with appro-
priate reinforcement materials.

Conversely, nano hydroxyapatite (nHAP) is
a bio-ceramic material that is highly compatible
with bone and dental enamel. Besides, nHAP has
superior mechano-biological, antibacterial and
corrosion control properties. Xiong et al. [11] de-
veloped nHAP-reinforced magnesium composites
by means of microwave-assisted sintering, and
10 wt% nHAP-reinforced Mg composites exhib-
ited significant improvement in the physical prop-
erties and mechanical behaviour compared to pure
Mg. Guo et al. [12] reported on their success in the
use of spark plasma sintering to form Mg-nHAP
alloys. The impact of 10 wt% nHAP provided bet-
ter mechanical strength and resistance to corrosion
compared to other alloy systems. These authors
concluded that the highest biocompatibility and
mechanical performance were at 10 wt% nHAP.
Singh et al. [13] successfully fabricated a porous
Mg-Zn-Mn-HA alloy by mechanical alloying Mg,
Mn, Zn, and HA powders, followed by consolida-
tion using the microwave-assisted spark plasma
sintering technique. The resulting alloy registered
a maximum micro-hardness of 97 Hv, which was
significantly higher compared to other values gen-
erally recorded for traditional Mg alloys. By com-
bining nHAP with Mn and Zn, the grain structure
was refined, and the bio-corrosion properties were
enhanced.

Over the last few years, graphene nanoplate-
lets (GNP) have attracted extensive attention in
terms of improving the mechanical response of

metal matrices because of the numerous strength-
ening mechanisms; moreover, these nanoparticles
are characterized by high biocompatibility [14,
15]. An addition of GNP to Mg matrix composites
significantly enhances the mechanical properties,
particularly Young’s modulus, the tensile
strength, yield strength, and fracture strain as
a consequence of the effective load transfer and
high specific surface area of GNP [16]. The incor-
poration of GNP in metal matrices promotes grain
refinement and improves the interfacial character-
istics with effective dispersion within the matrix.
In addition, uniformly distributed GNP can hinder
grain growth and contribute to enhanced compo-
site properties [17, 18]. Rashad et al. [19] investi-
gated the electrochemical corrosion behaviour of
GNP reinforced AZ31 and AZ61 magnesium al-
loys in a 3.5 wt% NaCl solution by means of po-
larization studies. The results showed that the in-
corporation of GNP increased the corrosion cur-
rent density and shifted the corrosion potential to-
ward more negative values compared to the unre-
inforced alloys, mainly owing to the galvanic in-
teractions between the conductive GNP and Mg
matrix. The study further reported that non-uni-
form GNP distribution and localized galvanic cou-
pling promoted pitting corrosion in the compo-
sites.

According to Brezina et al. [20], magnesium
exhibits significant potential for biomedical appli-
cations on account of its favourable mechanical
compatibility and non-toxic nature; nonetheless,
its high chemical reactivity limits wider practical
implementation. Their study demonstrated that
powder metallurgy processing effectively en-
hanced the mechanical and electrochemical per-
formance of pure Mg by means of cold compac-
tion and hot pressing. The processed samples ex-
hibited substantial improvement in strength (up to
250 MPa) and microhardness (65 HV, 0.025 kg
load) compared with conventionally prepared Mg.
Furthermore, the application of compressive stress
in the range of 300-500 MPa was reported to pos-
itively influence both the mechanical integrity and
corrosion-related behaviour of the material. Yan
et al. [21] showed that magnesium alloys have
a good potential to be biodegradable biomedical
materials because they exhibit the following char-
acteristics: good mechanical properties and high
levels of biocompatibility. Shahin et al. [22] also
reported that magnesium and magnesium alloys
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have potentials to serve as biodegradable implants
because of their strength and ability to degrade
naturally in the body.

All the aforementioned works point to the pos-
sibility of using GNP as a potent reinforcement to
prepare MMnCs with improved mechanical and
corrosion resistant properties. The current re-
search entails the production of bio-composites
with Mg, 10 wt% nHAP and GNP additions of 0.1,
0.2 and 0.3 wt% by means of a pressureless sinter-
ing method. The obtained hybrid composites were
examined using XRD and SEM, while the hard-
ness and wear were tested to determine how the
properties of the composites in terms of structure
and mechanical properties function.

MATERIALS AND METHODS

Materials

The matrix material was commercially availa-
ble pure magnesium powder (Neeraj Industries,
India) with a particle size of 45 um. The reinforce-
ments were nano hydroxyapatite powder (All In-
dia Metal Corporation, India) with a particle size
of 5-10 nm and graphene nanoplatelets (United
Nanotech Pvt. Ltd, India) with a thickness of
3-S5 nm. Table 1 presents a comparison of the me-
chanical properties of different implant materials
and cortical bone to highlight the differences in
their performance.

TABLE 1. Mechanical properties of implant materials and cortical bone [23]

Material/tissue Density Elastic modulus Ultimate tensile Yield stress
(g/cm’®) (MPa) strength (MPa) (MPa)

Cortical bone 1.8-2 5-23 35-283 104.9-114.3
Ti-6Al-4V 4.43 114 830-1025 760-880
SS316L 8 190 450-650 200-300
Magnesium 1.78 45 160-250 90-160

Experimental part

Initially, Mg powder and 10 wt% nHAP were
blended according to the compositions listed in
Table 2, while the GNP reinforcement content was
varied from 0 to 0.3 wt% at intervals of 0.1 wt%,
with a corresponding reduction in the Mg content
to maintain the overall composition at 100 wt%.
The constituent powders were separately dis-
persed in ethanol and homogenized utilising
a magnetic stirrer to obtain a uniform suspension.
Subsequently, the mixture was heated on a hot
plate for 1 h to evaporate the ethanol and obtain
a dried ultrafine powder mixture, which was then
subjected to high-energy planetary ball milling.
Ball milling was done at a ratio of 10:1 and
200 rpm with ethanol as the milling medium.
The mixture was milled for 2 hours and afterwards
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the slurry was dried on a hot plate to obtain an
evenly mixed ultra-fine powder. Zinc stearate was
put along the die walls to form a lubricant and also
to ensure that the release of the punches was easy
during compaction. The ultra-fine mixture was put
between two rigid punches and then compacted by
means of a uniaxial hydraulic press at a pressure
of less than 400 MPa. Then green rectangular cou-
pons of 65 x 15 x 5 mm were put into a tubular
vacuum furnace and pressureless sintered at 550°C
with a holding period of 120 min at a vacuum level
of 0.001 mbar. The coupons subsequently under-
went furnace cooling to room temperature. Figure
1 depicts the experimental flow followed to de-
velop the composite samples. The same sequence
of fabrication aided the manufacture of all the hy-
brid composites as presented in Table 2.
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Mg+nHAP+GNP PLANETARY MILL
powder

Planetary ball mill Uniaxial hydraulic press

SuLug

Sintered hybrid composites Vacuum sintering furnace

Fig. 1. Experimental flow for sample fabrication

TABLE 1. Nomenclature of developed composite samples

Sample Nomenclature
MO 90 wt% Mg + 10 wt% nHAP
Ml 89.9 wt% Mg + 10 wt% nHAP + 0.1 wt% GNP
M2 89.8 wt% Mg + 10 wt% nHAP + 0.2 wt% GNP
M3 89.7 wt% Mg + 10 wt% nHAP + 0.3 wt% GNP

Density

The sintered density of each of the samples ~ Was obtained by the standard Archimedes relation.
was measured using the Archimedes principle Each composite formulation had a theoretical den-
with distilled water as the medium of immersion.  sity based on the rule of mixtures, which gave
The density of each sample was measured three a good reference point against which to compare
times to obtain the average sintered density, which  the experimentally determined data.

Weight in air
ey

Sintered density =
4 Weight in air — weight in water

WfofMg | Wfof HAP | Wfof GNP)_l (2)
p of Mg p of HAP pof GNP

Composite theoretical density (pm) = (

. . Sintered densit;
Relative density = , Y_ X 100 % (3)
Theoretical density
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The theoretical density for Mg, nHAP and
GNP had values of 1.8, 3.1 and 2.1 g/cm?, respec-
tively, drawn directly from supplier datasheet.

XRD and metallography

The surface preparation of specimens was per-
formed utilising a double-disc polishing machine
with 180, 600, 1000, 1500, 2000 and 4000 grade
emery papers and water-mixed alumina was ap-
plied to a partial mirror finish. A full mirror sur-
face was produced by subsequent treatment with
diamond paste. The specimens were subsequently
etched with a suspension of picric acid (3 ml), eth-
anol (50 ml), acetic acid (5 ml) and distilled water
(20 ml). Microstructural analysis of the etched
specimens was done by means of an optical micro-
scope (BX53M, Olympus, Japan) and a scanning
electron microscope (VEGA 3, SBH TESCAN
Brno SRO). Phase analysis of the composites was
successively carried out on an X-ray diffractometer

Change in volume ( AV)

(RIGAKU, SMART LAB SE, Japan) at 45 kV and
30 mA with Cu-K a radiation (A = 0.15406 nm).
XRD parameters of a 20 range of 20°-80° and
a scanning speed of 5%min were applied.

Composite testing

Vickers hardness testing was performed using
a Vickers microhardness tester (FMV-1, FSA Pvt.
Ltd) with a load of 500 gf and the test was con-
ducted at three different points on the specimen to
obtain a mean value. The same procedure was re-
peated on all the prepared specimens. Prismatic
specimens for wear testing were fabricated in ac-
cordance with ASTM 99 and were tested at ambi-
ent temperature employing a pin-on-disc device
(DUCOM, USA). The wear test conditions were:
10 N load, counter body of EN 31 steel (62 HRC)
and a sliding speed of 1 m/s to ensure similar eval-
uation. The wear rate of the specimens was calcu-
lated using the following equations [24].

Wear rate (W;) = o <distance mm?/Nm 4)
) ight |
Change in volume (AV) = Wle)lfn—;t;&g m’ (5)
RESULTS AND DISCUSSION

Phase analysis

The X-ray diffraction (XRD) patterns of
the M0, M1 and M2 specimens were recorded in
the 20°-80° range of analysis at a scanning rate of
5°%min as shown in Figure 2. The diffraction pro-
files show clear sharp reflections of magnesium
and hydroxyapatite (HAP), which indicate the
presence of both phases in the composite speci-
mens [12, 25]. Expectedly, no GNP peak was ob-
served in the XRD spectra of any of the hybrid
composites, which is explained by the fact that the
GNP concentration in the Mg matrix was low [26].
This same explanation was found in the results of
Kalyanamanohar et al. [27], where the XRD re-
sults of graphene reflections were not detected in
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the analysis. There are also minor MgO reflections
at 63° along with the prevailing Mg and HAP
peaks [28]. These peaks are as a result of the oxi-
dation of magnesium on the surface during pro-
cessing and/or being exposed to atmospheric oxy-
gen. Since it is very reactive, magnesium forms
a thin layer of MgO, especially when exposed to
higher temperatures that occur during the sintering
process or when the composite is being produced.
Similar findings can be observed in previous stud-
ies of Mg-HAP and Mg-based materials, in which
trace MgO phases often formed during processing
by reactions between magnesium and environ-
mental oxygen as reported by Annur et al. [29].
Nevertheless, magnesium oxide is non-toxic and
does not adversely affect the biocompatibility of
the composite [30].
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Fig. 2. X-Ray diffraction of composites

Densification

Table 3 shows the bulk densities, theoretical
densities obtained by the rule of mixture and the
relative density values of the composites. The
pores of the MO composite are relatively small in
comparison with the other samples. The relative
density grows slightly with an increase in GNP
content in the Mg-nHAP composites, primarily
because of the homogeneity in the positioning of
nanoparticles between the grains of magnesium.
The M2 composite has a greater relative density in

comparison to M3, which has a more homogenous
distribution of reinforcements. However, pores or
porosity often become an inherent effect of com-
posite metallurgy along powder metallurgy path-
ways. Interestingly, functional benefits to bio-
materials are often provided by a controlled level
of surface porosity, especially to bone-support im-
plants. These pores serve as good microsites of
cell adhesion and subsequent growth, thus sup-
porting tissue regeneration, enhancing the repair
of broken bone, and the process of osseointegra-
tion [31].

TABLE 2. Density, hardness and wear rate of composite samples

Sample Theoretical density Bulk density ~ Relative Hardness Grain size ~ Wear rate

name (gm/cm?) (gm/cm?®)  density (%) (Hv) (nm) (mm?*/Nm)
MO 1.8789 1.828 97.3 49.62+0.26  15.54+0.31  0.00106
M1 1.8793 1.825 97.1 55.25+0.30  12.53+0.22  0.000985
M2 1.8811 1.845 98.1 66.74+0.36  8.98+0.17  0.000793
M3 1.8830 1.860 98.7 58.69+0.29  10.48+0.16 0.000875
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Composite hardness

The Vickers microhardness test of M0, M1,
M2 and M3 was performed using 50 g on all the
specimens at various positions to obtain an aver-
age hardness value. The respective findings are
presented in Figure 3. The hardness of the M2
composite (66.74 HV1) shows a moderate in-
crease with the addition of GNP content in it rela-
tive to MO, whereas a significant decline is ob-
served in the M3 composite (58.69 HV1), which
may be attributed to the agglomeration of GNPs at
higher reinforcement contents, leading to in-
creased porosity and reduced interfacial bonding
[32]. The rise in the hardness is mostly due to the

additions of hard ceramic HAP particles and GNP
to the soft magnesium matrix [27, 33]. This en-
hancement is created by even distribution of
nHAP and GNP across the grain boundaries,
which facilitates efficient indentation resistance.
The additional grain refinement in the M2 compo-
site further inhibits the movement of dislocations
during loading, hence increasing the resistance of
deformation. Furthermore, the growth in hardness
of M2 is comparable to the projections made by
the Hall Petch relation [27]. These observations
highly correspond with the conclusions made in
previous studies by other researchers [34, 35].

- 16
65
- - 14
Z
= B
ﬁ 60 =
@
c i N
i 2.8
£
_E 55 5
= - 10
50
I I 1 1 8
Mo 1 ) M3
Composite

Fig. 3. Variation in microhardness and grain size of composites

Average grain size

Grain refinement in the composites was as-
sessed using the linear intercept technique with
ImageJ software. The optical micrograph of the
MO composite shows a coarse and anisotropic
grain morphology with a mean grain size of
15.54 um (Figure 4a). This anisotropy often arises
during the uniaxial hydraulic pressing stage of the
powder metallurgy process, where the application
of pressure (400 MPa) can lead to deformation of
the magnesium powder particles along the press-
ing direction, resulting in elongated and aniso-
tropic grains after sintering [36]. During subse-
quent pressureless sintering at 550°C, the addition
of GNP to the M1, M2 and M3 composites
(0.1-0.3 wt%) accumulates along the grain bound-
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aries and acts as an anchoring mechanism, which
results in significant grain refinement with grain
sizes of 12.53, 8.98 and 10.48 pm respectively
(Figure 4b-d). The small initial sizes of nHAP (10-
20 nm) and GNP (3-5 nm) help in reducing the
grain size after sintering. Although their exact
sizes may change resulting from possible agglom-
eration during processing, their fine size helps
them disperse well in the matrix and restrict grain
growth. This is supported by the noticeable reduc-
tion in grain size observed in the composites
(Figure 4b-d), confirming their role in grain re-
finement. On the other hand, the M3 composite
shows partial agglomeration owing to the higher
percentage of GNP that slightly reduced the grain
refinement effect.
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Wear rate

Figure 5 presents the difference in the wear
rates of the sintered M0, M1, M2, and M3 speci-
mens at a constant load of 10 N. The wear rates of
the fabricated specimens are arranged in decreas-
ing order; MO > M1 > M2 and the respective mi-
crohardness of the specimens are 49.62 HV1 >
55.25 HV1 > 66.74 HV1. Archard's law [37] sug-
gests that the wear rates of materials with higher
hardness are generally lower and the wear at in-

creased applied loads is higher. In metallic sys-
tems, wear resistance is often a factor that is di-
rectly proportional to hardness levels [38, 39]. The
decreased wear rate of the M2 composite is the re-
sult of the self-lubricating nature of GNP, which is
explained by its graphite architecture. Besides
this, grain refinement in the Mg matrix leads to en-
hanced wear resistance as the scattered GNP intro-
duce obstacles to the motion of dislocation under
applied loads [40].

Fig. 4. Optical micrographs of (a) M0 (b) M1 (c) M2, and (d) M3 composites
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Fig. 5. Variation in wear rate of composite specimens
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Microstructural analysis

The MO composite specimen (Figure 6a) ex-
hibited a dense morphology and non-equiaxed
grain structure. The grain boundaries are clear on
the surface with small spherical pores. The identi-
fication of GNP (dark regions) and nHAP (bright
precipitates) in Figure 6(b) and (c) is based on the
well-established principle of atomic number (Z)
contrast and is consistent with morphological de-
scriptions reported in the literature [41, 42]. Nev-
ertheless, further compositional analysis is re-
quired for confirmation. Hydroxyapatite particles
act as barriers during the solidification process,

20pm

Fig. 6. Morphology of (a) M0, (b) M2 and (c) M3 composites

CONCLUSIONS

In the current work, magnesium hybrid compo-
sites reinforced with 10 wt% nano hydroxyapatite
graphene nanoplatelets in the quantity of 0.1-0.3
wt% with regular intervals of 0.1 wt% were fabri-
cated. The major findings are as follows:
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creating a Zener pinning effect that restricts grain
growth. GNP also help reduce the grain size be-
cause they have high thermal conductivity and a
lower coefficient of thermal expansion than mag-
nesium. In addition, they are well dispersed within
the magnesium matrix and are located along the
grain boundaries, which lead to further grain re-
finement. These results are in close agreement
with earlier studies [43-49]. Conversely, the M3
composite (Figure 6¢) exhibited localized GNP
agglomeration in a number of sites at the bounda-
ries, which also led to lower hardness and lower
wear resistance.

e SEM revealed uniform distribution of the
nHAP particles in magnesium with GNP
alignment at the grain boundaries.

e The uniform distribution enhanced the effec-
tive transfer of loads and significant strength-
ening of the grain boundaries, which eventually
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lead to increased hardness values. A maxi-
mum hardness of 66.74 HV1 was exhibited by
the M2 composite, reflecting nearly a 14% en-
hancement over the magnesium composite
without nHAP.

e The reinforcements offered by the nHAP and
GNP synergies provided significant wear re-
sistance enhancement caused by the ceramic
properties of nHAP and self-lubricating be-
haviour of GNP. Nonetheless, the wear rate
decreased with increasing GNP content be-
cause of the formation of a lubricating tribo-
layer at the contact interface, which reduced
friction and minimized material removal dur-
ing sliding.

The results of this study verify the beneficial mi-

crostructure and mechanical performance of

Mg/mHAP/GNP hybrid composites. In turn, in

vivo investigations are necessary on a large scale

to evaluate both the biodegradability as well as bi-
ocompatibility, and the results are intended to be
published in the future.
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