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Magnesium (Mg) and its alloys are considered promising biodegradable implant materials because of
their strength and ability to degrade naturally in the body. However, pure Mg degrades rapidly in the
physiological environment which adversely affects its mechanical integrity before sufficient bone heal-
ing. In this study, a high energy ball mill was used to disperse 0.5 wt% zirconium (Zr) and 0.1 wt% GNPs in
Mg powders. Ball milled powder mixtures were then cold pressed under 760 MPa into green compacts
and sintered in an argon atmosphere at 610 °C for 2 h. Results indicated that the addition of Zr and GNPs
to the Mg matrix significantly enhanced its compressive yield strength by 91% and reduced the corrosion
rate by 48% and 68% in electrochemical polarization test and hydrogen evolution test, respectively,
compared to pure Mg. The contributions of various strengthening mechanisms to the compressive yield
strength of MMNCs were quantitatively predicted in conjunction with validation via experimental re-
sults. This study demonstrates the potential of GNPs as effective reinforcement in fabrication of MMNCs
with improved mechanical and corrosion properties.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The clinical success of biodegradable implants such as bone
plates, screws, pins, etc., relies on their natural degradation in the
physiological environment without compromising their mechani-
cal integrity before sufficient bone healing [1,2]. In bone-tissue
engineering, bone repair and regeneration are promoted by me-
chanical loading. However, existing implant materials such as
stainless steels (SS), cobalt-chromium alloys, and titanium alloys
exhibit higher elastic moduli than that of natural bone. This
mismatch in elastic modulus between the metallic implant and
bone triggers stress-shielding in the host bone tissue which leads to
bone resorption and implant loosening, thus requiring additional
complicated revision surgery [3].

Magnesium (Mg) and its alloys have emerged as promising
candidate materials in recent years for applications in bone-tissue
engineering due to their ability to naturally degrade in the body,
which eliminates the requirement of revision surgeries. Further-
more, the tensile strength (135—285 MPa), elastic modulus
(40—45 GPa), and elongation (2—10%) of pure Mg [3,4] are closer to
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those of cortical bone (96—200 MPa, 5.6—14 GPa, and 2%, respec-
tively [5,6]) than other conventional metallic biomaterials. The
elastic moduli of the conventional metal implants such as cobalt-
chromium alloys (210—240 GPa), stainless steels (190—200 GPa)
and titanium alloys (60—110 GPa) [7] are much higher than that of
cortical bone. This may cause stress shielding to the surrounding
bone, leading to bone resorption and loosening of the implant [8].
However, pure Mg exhibits inadequate mechanical and corrosion
properties, which impedes its application in load-bearing implants
[9]. For this reason, Mg is generally alloyed with other elements
such as aluminum (Al), zinc (Zn), zirconium (Zr), and rare earth
elements (REE) to improve its mechanical properties and corrosion
resistance.

However, conventional Mg alloys are not necessarily biocom-
patible because they usually contain toxic alloying elements such as
Al. Furthermore, Al-containing Mg alloys such as AZ91
(Mg—9Al—1Zn), AZ61 (Mg—6Al—-1Zn), AZ31 (Mg—3Al—-1Zn), and
AJ62 (Mg—6Al—2Sr) exhibit pitting and stress corrosion in the
physiological environment by forming galvanic couples in Mg
matrices [10—15]. In addition, an excess amount (>6.0 wt%) of Zn in
Mg alloys causes embrittlement, which reduces the mechanical
integrity of Mg alloys [ 16—18]. The surface properties of the implant
materials modulate the biological response at the interface of the
implant and tissue, leading to bone growth along with the implant
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material. However, surface damage was observed in a commercial
WE43 (Mg-3.5Y-2.3Nd-0.5Zr) Mg alloy due to an uneven pitting
effect, leading to a high degradation rate [19,20]. These issues open
avenues for further investigation of the potential of various rein-
forcement materials which can improve the mechanical and
corrosion properties of Mg matrices.

Magnesium-based metal matrix nanocomposites (MMNCs) are
generally reinforced with bioceramic particles that enhance their
mechanical and biological properties, thus providing suitable
biodegradable implant materials [21—23]. For example, the addi-
tion of alumina (Al;03) nanoparticles enhanced the yield strength
of an AZ31B alloy via the Orowan looping effect [24] due to the
precipitation of reinforcing particles. Also, MMNCs containing
Al03, zirconia (ZrO;), calcium phosphate Ca3(PO4);, and yttria
(Y203) reinforcing particles showed promising reinforcing potential
in enhancing the mechanical properties of Mg matrices [25]. It was
reported that the addition of beta-tricalcium phosphate (B-TCP)
reduced the corrosion rate of MMNCs by altering their micro-
structure (grain refinement) and trigger the formation of a passive
film comprised of B-TCP particles on the surface exposed to the
physiological environment [26,27]. The grain refinement in
metallic materials enables their surfaces to passivate more readily
by breaking down the second phase intermetallic particles along
the grain boundaries which subsequently enhances their corrosion
resistance [28—30]. Similarly, Mg matrix reinforced with silicon
nitride (SisN4) showed cytocompatibility with MG-63, 1929, and
human mesenchymal stem cells (HMSC) and also stimulated new
bone growth [31,32]. The addition of hydroxyapatite (HA) and flu-
orapatite (FA) particles reduced the porosity of Mg-based com-
posites, leading to enhanced corrosion resistance in artificial
seawater and viability of MG63 cell lines [33,34].

Similarly, it was reported that graphene nanoplatelets (GNPs)
enhanced the mechanical properties of metal matrices via various
strengthening mechanisms and also exhibited biocompatibility in
contact with blood [35]. Grain refinement of Mg metal matrices by
the addition of GNPs is beneficial in enhancing their yield strength
and corrosion resistance. The reduction in grain size of MMNCs by
addition of GNPs may be attributable to superior thermal conduc-
tivity ( 5300 W m~! K1) [36] and low coefficient of thermal
expansion (1 x 10-8K~1) [37] of GNPs compared to Mg (160 W m~!
K~' and 2.61 x 107°K~!, respectively). Dispersion of thermally
stable GNPs in the Mg matrices forms a network along the grain
boundaries due to their lower solubility in Mg, providing pinning
effect along the grain boundaries by prohibiting the grain growth
[38]. In this context, uniformly dispersed GNPs in pure Mg matrices
offer an immense potential to improve its mechanical and corro-
sion properties [28]. Chen et al. [39] reported that the addition of
GNPs enhanced the hardness of Mg matrices. Similarly, Rashad
et al. [40—46] reported significant increase in the yield strength,
hardness, and elastic modulus of Mg—10Ti-0.18GNPs, Mg-0.3GNPs,
Mg—1Al-1Sn-0.18GNPs, Mg—1Al-0.6 GNPs, Mg—1Al-0.09 GNPs,
Mg—1AI-0.18GNPs, Mg—1AI-0.3GNPs, AZ61-3GNPs, AZ31-3GNPs,
and AZ31-1.5GNPs composites by addition of low concentrations
(0.09—3 wt%) of GNPs. However, in these studies, the corrosion
behavior of GNP-reinforced pure Mg matrices was not investigated.

In another study, Rashad et al. [46] investigated the electro-
chemical corrosion behavior of GNP-reinforced AZ series Mg alloys
(which contained about 1-10 wt% Al, with Zn content lower than
Al) such as AZ31-15 wt% GNP, AZ31-3.0 wt% GNP, and
AZ61-3.0 wt% GNP in 3.5% sodium chloride solution. The GNP-
reinforced AZ series Mg alloys exhibited higher corrosion currents
(pA) than those of the AZ31 and AZ61 base alloys. The high corro-
sion currents in these MMNCs were attributed to a galvanic effect;
however, the influence of GNPs on the corrosion behavior of such
Mg alloys is still not well-understood. Poor dispersion of GNPs in

the matrix and bimodal grain boundaries might be the reasons for
galvanic corrosion in these MMNCs because they were fabricated
by casting, in which it is difficult to achieve uniform dispersion of
nanoparticles in metal matrices [47]. It has been established that
bimodal grain distribution in composites promotes galvanic
corrosion [48].

Conversely, the potential of GNPs to act as a corrosion barrier
has been widely reported in other studies [49,50]. GNPs possess a
unique sp?-carbon (C) atomic array forming a two-dimensional
honeycomb lattice structure with high electron density, leading
to impermeability to all gas molecules. This potential of GNPs is
beneficial in preventing rapid corrosion of Mg alloys, since Mg
corrosion in physiological environment produces large amount of
hydrogen (H;) gas [51,52]. The large surface area (2630 m?g™!) and
thin impermeable membrane of GNPs can act as a protective layer
on metal matrices, resulting in a reduction in current density and
reaction rate during anodic and cathodic scans of GNP-reinforced
composites [50,53].

Natural oxidative degradation of GNPs in the physiological
environment may occur via enzymatic oxidation by peroxidase
[54]. In addition, the strong interaction of both the top and bottom
surfaces of GNPs with biomolecules and the wrinkled surface
texture of GNPs can promote the binding of biomolecules on their
surfaces, enhancing their ability to interlock with the adjacent
environment [3,55]. Good binding between the proteins in bio-
logical fluids and tissues and GNPs can promote the formation of
biocorona proteins on their surfaces [56]. The structure of these
biocorona proteins is related to the intrinsic properties of GNPs
which make them capable of inducing alteration in the extracel-
lular matrix (ECM), leading to improved biocompatibility in the
physiological environment [52,57].

The enzymatic degradation of GNPs by immune-competent
cells can accelerate the biocorona interactions inside the body. It
was reported that nanocomposites using GNPs electrically stim-
ulated tissues due to their outstanding conductive properties,
leading to the acceleration of new bone formation and osteogenic
differentiation by adsorbing the ECM proteins [58,59]. Girase et al.
[57] also reported -7 stacking and van der Waals (electrostatic)
interaction between potential sp?>-C atoms and biomolecule rings,
which led to good adhesion of GNPs to the biomolecules. In
addition, remarkable adsorption of bone myogenic protein and
morphogenetic protein onto the surface of GNPs enhanced cell
adhesion and proliferation [60,61]. Furthermore, nanoflakes of
GNPs on implant surfaces can kill bacteria, thus preventing
infection during implant surgery [62]. However, a high concen-
tration (1—10 wt%) of GNPs promoted an increase in the stiffness
of MMNCs which may not be biomechanically compatible with
natural bone [3]. Ultra-high surface area (2630 m?/g) of GNPs
impedes their dispersion in metal matrices due to van der Waal
(vdW) interactions between individual layers in GNPs. Due to this
reason, higher concentrations (>0.1 wt%) of GNPs lead to their
stacking and agglomeration in the metal matrices. Munir et al.
[63] reported the agglomeration of (>0.1 wt%) GNPs in Mg
matrices which resulted in higher structural defects in their
characteristic sp? graphitic structure which occur due to friction
and impact by neighboring GNPs in a cluster. Moreover, agglom-
eration of GNPs in Mg matrices adversely affects the mechanical
properties of Mg matrices [64] and may trigger micro-galvanic
corrosion by becoming cathodic sites in a corrosive environment
[63]. Whereas, the safe limit of GNP concentration in biomedical
applications was reported to be 50 pg/ml [52].

Therefore, further studies of GNP-reinforced Mg alloys are
required in order to better understand the influence of GNP addi-
tion on the mechanical and corrosion behavior of Mg-based
matrices.
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Zr is generally added as an alloying element in Mg alloys for the
purpose of grain refinement [65]; however, its high concentration
(>5%) forms unalloyed Zr phases in Mg matrices, which adversely
affects the corrosion behavior of Mg alloys. The maximum solubility
of Zr in Mg alloys was reported as 2.69 wt% [29,66]. Zr and its oxides
enhance biocompatibility, blood compatibility, corrosion resis-
tance, cell adhesion and proliferation, and the ability of Mg alloys to
reduce adherent bacteria on implant materials [67,68].

In this study, low concentrations of Zr (0.5 wt%) as the alloying
element and GNPs (0.1 wt%) as the reinforcing material were added
to Mg matrices. The effects of Zr and GNP addition on the me-
chanical and corrosion properties of the MMNCs were compara-
tively investigated along with the underlying strengthening
mechanisms.

2. Materials and methods
2.1. Starting materials

Pure Mg powder (100 um particle size, 99.9% purity), Zr powder
(40 um particle size, 99.5% purity), and GNPs (15 um particle size,
5 nm thickness) (Sigma-Aldrich, Australia) were used as the start-
ing materials. Stearic acid (SA, C1gH360>, purity > 99.9%) (Sigma-
Aldrich, Australia) was used as the process control agent (PCA) in
this study.

2.2. Synthesis of GNP-reinforced MMNC

The GNPs and Zr powder were uniformly dispersed in the Mg
powder via high-energy ball-milling (HEBM) using a planetary ball
mill (QM 3SP2, China). Stainless steel (SS) balls were used as the
milling media and the ball-to-powder ratio (BPR) was maintained
at 20:1. SS milling balls of different diameters (7, 10, and 15 mm)
were used in order to achieve higher collision energy due to the
interference between balls of different diameters which promotes
fracturing of the Mg particles over cold welding [38]. Fig. 1 shows a
schematic illustration of the processing steps carried out to fabri-
cate the pure Mg, Mg-0.5Zr alloy, and MMNC (Mg-0.5Zr-0.1GNPs)
samples. Firstly, Mg powders were ball-milled with 0.5 wt% SA,
which was used as the PCA to establish a balance between frac-
turing and cold-welding of the charged powders during the HEBM
process [69]. SS balls according to the BPR were added to the SS
vials and high-purity argon (Ar) gas was purged into the milling
vials to eliminate any residual oxygen. An interval of 30 min was
used between every 30 min of ball-milling to avoid overheating of
the charged powders [70]. The ball-milled powders from this batch
were used to fabricate the pure Mg sample.

Secondly, 0.5 wt% Zr powders were added to the ball-milled Mg
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(ii) Compacting

Ball milled

powders, then further milled for 2 h under the similar milling
conditions. This batch of powder mixtures was used to fabricate the
Mg-0.5Zr sample. Finally, 0.1 wt% GNPs were added into the pre-
viously ball-milled Mg-0.5Zr powder mixture and further milled
for 2 h. Pure Mg powder was milled with SA for an optimum
duration of 9 h to reduce their particle sizes in the range of
20—40 pm and to attach SA on the surfaces of fractured Mg parti-
cles. Whereas, shorter milling durations (<2 h) were used to
disperse Zr and GNP particles in Mg powders to avoid phase
transformations in Mg—Zr powder mixtures and to avoid severe
structural defects in GNPs during their dispersion in Mg—Zr pow-
ders [63]. This powder mixture was used to fabricate the MMNC
sample. Green compacts with dimensions of 16 mm in diameter
and 18 mm in height were prepared by cold-pressing from the as-
milled powders at 760 MPa for 30 min using SS dies. The green
compacts were firstly sintered at 400 °C for 1 h to remove the PCA
and then at 610 °C for 2 h in a furnace purged with high-purity Ar
gas.

2.3. Characterization of powder mixtures and consolidated
compacts

Different phases and structural changes in the as-received
powders, ball-milled powder mixtures, and sintered composites
were determined using an X-ray diffractometer (XRD, BrukerAXS
D4 Endeavor). All the powder mixtures and sintered composites
were scanned over the 260 angular range of 10—90° using Cu— K
radiation (A = 0.154 nm) at a scanning rate of 0.02°/sec.

Scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectrometry (EDX) (FEI Nova NanoSEM) and
transmission electron microscopy (TEM, JOEL 1010) were used to
analyze the particle size and morphology of the as-received pow-
ders and ball-milled powder mixtures, and the dispersion of the
GNPs in the Mg matrices and sintered MMNC. For microstructural
analysis, disc samples with dimensions of 10 mm in diameter and
2 mm in thickness were machined from the sintered composites by
electrical-discharge machining (EDM). The discs were progressively
ground using 800, 1200, 2400, and 4000 grit silicon carbide (SiC)
grinding papers, followed by mechanical polishing using 0.05 pm
colloidal silica-based oxide polishing suspension (OPS) and ethanol
in a 50:50 volumetric ratio. After polishing, the disc samples were
ultrasonically cleaned in an ethanol solvent and etched using a
picral reagent (a solution of 3 ml picric acid, 50 ml ethanol, 5 ml
acetic acid, and 10 ml distilled water). Optical microscopy (OM)
(Leica DM2500 M with 3.1 MP CCD) was used to analyze the grain
structure of the sintered samples. The grain size of the samples was
determined using the line intercept method according to ASTM
E112-12. The relative densities of the sintered samples were

Sintered sample
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W
9 710 120 130 140 150 160 \10 \¥
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v
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Fig. 1. Processing steps for fabrication of MMNCs.
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measured by Archimedes’ principle according to standard ASTM
http://www.astm.org/Standards/B962-15.

2.4. Mechanical property testing

For compression tests, cylindrical samples of 5 mm in diameter
and 10 mm in length were machined using EDM according to ASTM
E9-09. Compression tests on the sintered composite samples were
carried out at room temperature using an uni-axial 50 kN Instron
servo-hydraulic testing machine at a constant displacement rate of
0.5 mm/min. Five samples from each group of composite materials
were tested to report an average value.

The elastic modulus and nanohardness of the sintered samples
were tested using a Hysitron TI-950 Tribolndenter with a Berkovich
diamond tip. A maximum load of 10,000 uN and dwell time of 10 s
were used during the nanoindentation tests. The indentation was
performed in the pattern of a 3 x 3 array in three different positions
on each sample. Indents were separated by 20 um to avoid the
residual stress generated from other indents. The Oliver—Pharr
method [71] was used to determine the elastic modulus of the
sintered samples. Vickers hardness testing was carried out using a
microhardness testing machine (Buehler Omnimet MHT 5104)
under a 0.3 Kgf applied load with a 250 pm inter-indentation dis-
tance to prevent any residual stress according to ASTM E384 [72]. At
least 10 indents were made in each sintered sample and the
average values were reported.

2.5. Corrosion property testing

The corrosion properties of the sintered samples were evaluated
using three different techniques: (i) electrochemical tests; (ii)
hydrogen evolution tests; and (iii) weight-loss tests. Disc samples
of 10 mm in diameter and 3 mm in thickness were machined by
EDM from the sintered samples for the assessment of corrosion
properties. For electrochemical testing, all samples were connected
to a copper wire using conductive silver paste and then encapsu-
lated in cold epoxy resin, while the other flat side of the sample
with an exposed area of 0.785 cm? was ground using SiC grinding
paper up to 800 grit followed by degreasing with ethanol and
acetone, then ultrasonically cleaned in an ethanol solvent and
finally dried in a stream of hot air.

The electrochemical corrosion tests of the mounted samples were
carried out in Hanks’ Balanced Salt Solution (HBSS) (Sigma-Aldrich,
Australia) at 37 °C [73]. A three-electrode cell system with a satu-
rated calomel electrode (SCE) as the reference electrode, a platinum
electrode (1.5 x 1.5 cm?) as the counter electrode, and the cold-
mounted samples as the working electrode were used. The poten-
tiodynamic polarization curves were measured using a multichannel
potentiostat (VSP-300 multi, BioLogic science instrument, France)
and the potential was recorded for every 10 mV ranging from —2 V to
1 V. The corrosion current (pA) and the corresponding corrosion rate
(CR) (mm y~') were calculated by the Tafel extrapolation method
using EC-Lab software based on ASTM G-102.

For the Hy evolution tests, the epoxy-mounted samples were
placed in HBSS at 37 °C with their exposed surfaces facing upwards.
A funnel and burette apparatus was used to cover the samples and
collect the released H; gas in accordance with the procedures re-
ported in Ref. [74]. Finally, the CRy; of the pure Mg, Mg-0.5Zr, and
MMNC was calculated using the equation given by Ref. [75]:

CRy, =2.27 x Vi, (mm y”) (1)

whereVy,is the volume (ml cm~2. day™!) of the H, gas that
evolved during dissolution in HBSS.

In the weight-loss tests, the weight (g) of the epoxy-mounted
samples was measured using a weight-measuring analytical bal-
ance. The surfaces of the samples were exposed in HBSS for 24 h
facing upwards and the solution temperature was maintained at
37 °C using a hot plate. After immersion for 24 h, the samples were
taken out of the test solution. Preliminary weight loss measure-
ments in corroded samples were recorded using the method
described in Ref. [76]. In brief, corroded surfaces were ultrasonically
cleaned in ethanol solvent for 300 s and dried in hot air before the
weight loss measurements. The CRy of the pure Mg, Mg-0.5Zr, and
MMNC was then calculated using the equation given by Ref. [75]:

CRyi =2.1 xWL(mm y*l) (2)

where W is the weight-loss rate (mg. cm~2. day™!) of the sample.
During all the corrosion tests, the ratio of surface area (cm?) to
volume (ml) of HBSS was at 1:300.

3. Results and discussion

3.1. Morphology of as-received powders and ball-milled powder
mixtures

Fig. 2 shows the morphologies and corresponding EDX spectra
of the as-received Mg, Zr, and GNP powders. The Mg and Zr pow-
ders exhibited an irregular flake-like morphology, as shown in
Fig. 2a and b. The as-received graphene powders also showed a
flake-like morphology with an average particle size of 15 pm
(Fig. 2c and d). Fig. 2d shows a TEM image of an individual flaky
GNP with a few wrinkled edges. The inset of Fig. 2d shows a
selected area electron diffraction (SAED) pattern of the individual
GNP. The morphologies of the ball-milled pure Mg, Mg-0.5Zr, and
Mg-0.5Zr-0.1GNPs are shown in Fig. 3. The EDX point analysis of the
SEM images of the Mg-0.5Zr (Fig. 3b) and Mg-0.5Zr-0.1GNPs
(Fig. 3c) powder samples revealed the peaks associated with Zr,
carbon (C) and oxygen (0;), respectively, confirming the dispersion
of Zr and GNPs in the Mg powders.

The Feret diameters (dg) [77] of at least 300 particles were
measured from SEM images to calculate the mean particle size of
the ball-milled powder mixtures and the results are shown in Fig. 4.
The mean particle sizes of the ball-milled Mg-0.5Zr and Mg-0.5Zr-
0.1GNPs powder mixtures were 21 pm and 26 pm, respectively,
lower than that of the ball-milled pure Mg powder (37 pum). This
may be attributable to the dispersion of Zr particles in the Mg
matrix, promoting the fracturing of pure Mg particles by shear and
impact during the HEBM process.

3.2. XRD diffraction and Raman analysis of powder mixtures and
sintered samples

Fig. 5a shows the XRD patterns of the starting materials, ball-
milled powder mixtures, and sintered pure Mg, Mg-0.5Zr, and
MMNC samples. The XRD pattern obtained from the GNP powder
revealed a diffraction peak (002) at 26 = 26.5° showing the crys-
talline structure of the as-received GNPs. The XRD pattern obtained
from the MMNC sample did not reveal any carbon peaks. This might
be due to the lower weight fraction (0.1%) of GNPs in the MMNC
powder mixture. Moreover, the X-ray beam loses its intensity by
two processes: absorption and scattering. The X-ray mass attenu-
ation coefficient is dependent upon those two processes, which
characterizes the flow of penetration of the X-ray beam in the
material [78]. The mass attenuation coefficient is different in
different Ko, energy (keV) radiations of an element. Hence, the
reason of the absence of C in the XRD pattern of MMNC may be
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Fig. 2. Morphologies of as-received pure Mg, Zr, and GNP powders: (a) SEM image of pure Mg; (b) SEM image of Zr; (c) SEM image of an individual GNP; and (d) TEM image of an
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attributable to the significant difference in the X-ray mass attenu-
ation coefficient of Mg and C which are 45 x 10° and
1.3 x 10° cm? g, respectively, at the X-ray Ko radiation of Mg
(1.254 keV) [38,79] and its low concentration (0.1 wt%) in Mg
matrices. There was no evidence of the in situ formation of Mg
carbide or Zr carbide phases in the MMNC, indicating the chemical
stability of GNPs at an elevated sintering temperature of 610 °C.
Raman spectra of raw GNPs, ball-milled Mg-0.5Zr-0.1GNPs
powder, and sintered MMNC are shown in Fig. 5b and the corre-
sponding data are listed in Table 1. Raman spectra obtained from
the as-received GNPs (Fig. 5b) revealed three main peaks at 1343,
1575, and 2700 cm ™!, which are associated with the characteristic D
band, G band and 2D band (or G band), respectively [38,63]. The
characteristic intensity ratio (Ip/Ig) of D band to G band is an in-
dicator of defect accumulation or structural integrity of dispersed
GNP in metal matrices [63]. The Ip/Ig ratio of pristine GNP was
measured as 0.54 which increased to 0.81 in the ball milled Mg—Zr-
GNP powder mixtures indicating accumulation of non sp? defects
in the graphitic structure of GNPs during the dispersion processing.
These non-sp? defects in graphitic structure of carbon nano-
materials are usually present in the form of broken edges and va-
cancies [38]. The Ip/Ig ratio of GNPs in MMNC was measured as 0.21,
indicating graphitization-induced healing of GNPs during the high
temperature sintering which may occur due to rearrangement and
filling of vacancies in their graphitic structure [69]. In addition, Mg
atoms can also fill the pores in the structure of GNPs penetrating
into the carbon layers during the sintering process, resulting in
lower Ip/Ig value compared to the raw GNPs and ball-milled com-
posite powder. Whereas, a ratio between intensities of G band to 2D
band (Ig/Ip) is an indicative of the number of layers in GNPs [63].
An increase in Ig/Iop relates to stacking of carbon layers in GNPs.

The I;p/Ig of GNPs gradually increased during the composite pro-
cessing as shown in Table 1 which is mainly due to enhanced in-
teractions between individual GNPs [80].

3.3. Microstructure of sintered samples

Fig. 6 shows OM micrographs of the sintered samples of pure
Mg, Mg-0.5Zr, and MMNC and corresponding SEM images. It can be
seen in OM images that pure Mg exhibited very clear grain
boundaries with relatively large grain size (Fig. 6a), whereas the
addition of Zr and GNPs significantly reduced the grain size of the
Mg matrix (Fig. 6b and c). The grain sizes of the sintered samples
were 16, 23, and 43 pm for the MMNC, Mg-0.5Zr, and pure Mg,
respectively (see Table 2). It can be seen that the MMNC exhibited
the smallest grain size among all the sintered samples, which is
consistent with the results reported in a previous study [81]. It is
worth noting that the SEM images of the sintered samples showed
pores as indicated by the red arrows. However, the GNP-containing
MMNC revealed a smaller size of pores compared to the pure Mg
and Mg-0.5Zr samples (Fig. 6¢; SEM). The average relative densities
of the pure Mg, Mg-0.5Zr, and MMNC were measured as 92%, 94%,
and 97%, respectively. The lower porosity of the GNP-containing
MMNC may be attributable to the enhanced interfacial bonding
between the GNPs and Mg matrix, which is beneficial in inhibiting
grain growth at a high sintering temperature [82].

Fig. 7 shows SEM images and corresponding EDX elemental maps
of the sintered samples of pure Mg, Mg-0.5Zr, and MMNC, revealing
the distributions of Zr, GNPs, and O, in the Mg matrices. Fig. 7b
shows an inhomogeneous distribution of some unalloyed Zr particles
in the Mg matrices in the Mg-0.5Zr. It was reported that the inho-
mogeneous distribution of Zr particles adversely affects the
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Fig. 3. SEM images of ball-milled pure Mg, Mg—Zr, and Mg—Zr-GNP powder mixtures and corresponding EDX analysis results: (a) pure Mg; (b) Mg-0.5Zr with inset showing
enlarged image of dispersed Zr particle; and (c) Mg-0.5Zr-0.1GNPs with inset showing enlarged image of dispersed GNP in Mg powder matrix (red arrows indicate specific points
from where EDX spectra were obtained). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (a) XRD patterns of as-received powders, ball-milled powder mixtures, and
sintered samples; (b) Raman spectra of raw GNPs, ball-milled composite powder, and
sintered MMNC.

mechanical and corrosion properties of Mg alloys [83]. Similarly,
poor distribution of Zr was observed in the MMNC, whereas the
distribution of carbon representing the GNPs was more uniform
compared to Zr (Fig. 7c), indicating the effectiveness of the HEBM
process in achieving uniform dispersion of GNPs in Mg matrices [69].

It can be seen that the e. of the MMNC was lower than that of pure
Mg. This may be attributable to dispersed GNPs in the Mg matrix
which formed steric obstacles to dislocation in the MMNC during
compressive load, resulting in an increase in resistance to defor-
mation [86—88]. The addition of Zr and GNPs enhanced the nano-
hardness and microhardness of the Mg matrices. The nanohardness
of pure Mg, Mg-0.5Zr, and MMNC was 25 GPa, 31 GPa, and 35 GPa,
respectively. Similarly, the MMNC exhibited 26% and 23% higher
Vicker hardness (HV), respectively, compared to pure Mg (46 HV)
and Mg-0.5Zr (47 HV). Overall, the addition of GNPs to the Mg
matrices improved their mechanical properties via synergetic
strengthening mechanisms, which will be discussed below.
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Fig. 6. OM micrographs and SEM images of sintered samples: (a) pure Mg; (b) Mg-0.5Zr; and (c) MMNC (red arrows indicating the formation of pores in these samples). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Mechanical properties of sintered samples evaluated by compression and nano-mechanical tests.
Sample Grain size (um) Compressive properties Nano-mechanical properties Microhardness
HV
Gucs (MPa) ocys (MPa) ec (%) Enano (GPa) Hnano (GPa)
Pure Mg 43 + 4 142 + 4 85+3 9+2 25+2 04 +0.1 46 + 2
Mg-0.5Zr 23+2 181 +4 145 £ 2 5+2 31+3 0.6 + 0.1 47 +2
MMNC 16 +2 219+3 162 +2 6+2 35+2 0.8 +0.1 58 +2

oycs: ultimate compressive strength; ocys: 0.2% compressive yield strength; e.: compressive strain; Epano: elastic modulus; Hpano: hardness; HV: Vickers hardness.

3.5. Corrosion behavior of sintered samples to —0.3 V as compared to —1.0 V and —0.5 V in the Mg-0.5Zr and
pure Mg samples, respectively. The polarization curve for the
Fig. 9a shows polarization curves obtained from the electro- MMNC shows a decrease in current density (—2.8 mA/cm?) as

chemical tests of the pure Mg, Mg-0.5Zr, and MMNC. During compared to the Mg-0.5Zr (—2.1 mA/cm?) and pure Mg (—1.8 mA/
cathodic polarization, the MMNC showed better passivation up cm?), indicating better corrosion resistance (Fig. 9a). A strong,
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Fig. 7. SEM images and corresponding EDX maps showing distributions of reinforced Zr and GNPs and subsequent oxidation of Mg matrices: (a) pure Mg; (b) Mg-0.5Zr; and (c)

MMNC.
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Fig. 8. Mechanical properties of sintered samples of pure Mg, Mg-0.5Zr, and MMNC: (a) nanoindentation load-displacement curves; and (b) compressive stress-strain curves.

uneven pitting effect was observed in the pure Mg and Mg-0.5Zr
due to the breakdown of the passive film in the early stage,
whereas the MMNC exhibited relatively uniform pitting corrosion.
The current densities (Icorr) and resultant corrosion rates (CR) of the
pure Mg, Mg-0.5Zr, and MMNC are summarized in Fig. 9b. Gener-
ally, a lower I¢orr in potentiodynamic polarization testing indicates a
higher corrosion resistance [89,90]. In this context, the MMNC
exhibited a lower CR (11 mm y~!) as compared to the Mg-0.5Zr
(19 mm y~!) and pure Mg (21 mm y~!). It can be seen that the
Icorr and CR of the MMNC were 48% lower than that of pure Mg,
indicating good corrosion inhibition ability of the GNPs in the Mg
matrices. The corresponding values for the corrosion potential
(Ecorr) and Icorr of the pure Mg, Mg-0.5Zr, and MMNC are

summarized in Table 3.

H, evolution vs immersion time curves for the sintered samples
of pure Mg, Mg-0.5Zr, and MMNC in HBSS are shown in Fig. 9c.
Compared to the pure Mg and Mg-0.5Zr samples, the MMNC
showed the lowest H; evolution. The CR of the sintered samples of
pure Mg, Mg-0.5Zr, and MMNC measured by both weight loss and
H; evolution is shown in Fig. 9d. In the case of the CR for the pure
Mg, Mg-0.5Zr, and MMNC, the weight-loss and H evolution tests
revealed 5.5, 4.5, and 3.0 mm y~! and 19, 12, and 6 mm y,
respectively. It can be seen that the CR from both weight-loss and
H, evolution measurements revealed a significant reduction in CR
in the MMNC as compared to the pure Mg and Mg-0.5Zr. From the
perspective of the corrosion inhibition ability of GNPs, recent
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Table 3
Electrochemical corrosion potential (Ecorr) and current density (Icorr) of pure Mg, Mg-
0.5Zr, and MMNC.

Sample Ecorr(mMV) Leorr(HA)

Pure Mg —1624.5 + 21.0 729.1 + 29.6
Mg-0.5Zr —1602.4 + 26.0 683.1 + 24.6
MMNC —1595.9 + 11.5 4141 £ 27.2

studies suggested that a single atomic layer of GNPs consisting of
sp?-C bonds was impermeable to gas molecules and provided an
atomic-scale barrier in such a way that not even helium gas could
pass through it [51,52,91,92]. Grain refinement of Mg matrices by
the addition of uniformly dispersed GNPs is another factor that
reduces the CR of MMNC [83].

Fig. 10a shows XRD patterns of the corroded samples after im-
mersion in HBSS for 24 h at 37 °C. Compared to the pure Mg, the
XRD pattern of the MMNC revealed a higher intensity of the Mg
peak (101) at 36.62° in a same-lattice plane, indicating the corro-
sion inhibition ability of GNPs in Mg matrices. In addition to Mg
peaks, XRD patterns of the corroded pure Mg, Mg-0.5Zr, and MMNC
samples revealed additional peaks associated with Mg(OH), which
were formed on the substrates as a corrosion product. It was re-
ported that the overall corrosion mechanism of Mg and the

formation of corrosion products were governed by the reactions
given by Ref. [93]:

Mg + 2H,0 —Mg?* 4+ 20H™ + H, —Mg(OH), + H,

The peak intensity of Mg(OH), for the three samples varied in
the order pure Mg > Mg-0.5Zr > MMNC. The lower intensity of
Mg(OH); in the MMNC may be attributable to the higher corrosion
resistance of the GNP-reinforced Mg matrices, as fewer corrosion
products of Mg(OH), deposited on the surface leads to a lower
intensity of Mg(OH), peaks [94].

The concentration of Mg?* ions in HBSS represented the release
of Mg?* ions from the immersed samples during their biodegra-
dation. The Mg?* ion concentration in HBSS was 8.0, 7.8, and 6.2 for
the pure Mg, Mg-0.5Zr, and MMNC, respectively. The MMNC
revealed the lowest Mg ion concentration as compared to the pure
Mg and Mg-0.5Zr samples (Fig. 10b), indicating its highest corrosion
resistance.

Fig. 11 shows the morphologies of the corroded surfaces of the
three sintered samples of pure Mg, Mg-0.5Zr, and MMNC after
immersion in HBSS for 24 h. Pitting corrosion was observed in the
pure Mg sample which led to the formation of corrosion cracks, as
shown in Fig. 11a. A thick film of corrosion products as indicated
by the red arrow formed on the pure Mg sample, whereas the Mg-
0.5Zr showed thin cracks as indicated by the white arrow, smaller
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corrosion pits, and the presence of needle-shaped chlorides as
indicated by the red arrow (Fig. 11b). It was reported that the
presence of such needle-shaped chlorides in an Mg matrix breaks
down the corrosion films on the surface, leading to the formation
of deeper corrosion pits [94]. Compared to the pure Mg and Mg-
0.5Zr samples, only a few corrosion pits formed on the MMNC
(Fig. 11c).

3.6. Strengthening mechanisms of MMNCs

It has been reported that increases in the yield strength and
ultimate strength of MMNCs by addition of reinforcing particles
may be attributable to synergetic strengthening mechanisms
including (i) grain-refinement (GR) strengthening [95]; (ii) differ-
ence in thermal expansion (DTE) strengthening; (ii) difference in
elastic modulus (DEM) strengthening; (iv) geometric mismatch
(GM) of Mg particles and GNPs; (v) load-transfer (LT) strength-
ening; and (vi) precipitation strengthening (PS) mechanisms
[70,96]. The contribution of each strengthening mechanism to the
yield strength of GNP-reinforced MMNCs can be calculated using
the mathematical equations shown in Table 4.

DTE and DEM between the metal matrix and reinforcement
may contribute to the yield strength of Mg matrices [46]. Fig. 12a
shows the phenomenon of earlier expansion of Mg particles
during high-temperature sintering due to their higher thermal
expansion coefficient (26 x 1076/°K) [42] in all directions
compared to GNPs (1.0 x 107%) (parallel to the surface) [70].
Fig. 12b shows the uniform dispersion of GNPs in the thermally
expanded Mg matrix. This difference in thermal expansion be-
tween the Mg matrix and GNPs may also trigger the wrinkling of
GNPs [107] (Fig. 12c¢). This can further resist dislocation motion in
the Mg matrix during plastic deformation [108,109]. The addition
of Zr and GNP particles to MMNCs inhibits the grain growth of the

Mg matrix by providing a pinning effect on its grain boundaries
[24,110].

According to the Orowan theory [111], when a dislocation line
passes through the non-coherent precipitates formed by reinforc-
ing particles separated by interparticle distance (1), the back stress
produced by that precipitates on the dislocation line, leading to
resistance to further dislocation motion during applied load. In this
context, the precipitation of reinforcing particles in Mg matrices
enhances the back stress, which can further resist dislocation mo-
tion during plastic deformation, leading to an increase in the yield
strength of Mg matrices.

The LT from the Mg matrix to the reinforcing particles relies
heavily on their interfacial bonding with the surrounding metal
matrices [112]. The uniform dispersion of GNPs as reinforcing
particles in the Mg matrices carries the potential for an effective
load transfer from the Mg matrix to the GNPs during applied load
(Fig. 12d), leading to an enhancement of load-carrying ability and
resulting in an increase in the strength of the Mg matrices.

The geometrical mismatch between the Mg and Zr powders
(irregular shapes) along with the two-dimensional GNPs leads to
the generation of necessary dislocation motions during deforma-
tion, resulting in strain hardening of the MMNC. Fig. 13a shows the
contribution of various strengthening mechanisms to the ocys of
the fabricated MMNC. DTE, GR, and LT were the most dominant
strengthening mechanisms in the increased ocys of the MMNC in
this study. The ocys of MMNC was also predicted using the Clyne
method (Fig. 13b) [113] by considering the abovementioned
strengthening mechanisms and was compared with the experi-
mental results. The predicted yield strength was 164 MPa and the
experiment revealed 162 MPa for the MMNC. It can be seen that the
predicted and experimental results were in close agreement,
showing the validity of these synergetic strengthening mechanisms
in GNP-reinforced MMNCs.

Table 4
Various strengthening mechanisms and their mathematical equations for GNP-reinforced MMNCs as summarized from previous studies.
Strengthening mechanism Mathematical expressions Variables and constants References
Difference in thermal Aoprg = M: Taylor orientation factor during thermal expansion (v/3 ) [24,96
expansion MdDTEGMgb\/@ a.: Strengthening coefficient (1.25 for DTE and DG, 0.5 for DEM) —-102]
AATAHy, A: Geometric constant (12)
Where Qpre = m AT: Difference between processing and room temperature (K~!)
. . . P 7" AH: DTE between matrix and reinforcing particle (K~') vz Volume fraction of GNPs
Difference in elastic AGppm = ; L [97
modulus BapevGrgby/Qomt Ac: Change in yield strength (MPa) ~99,102]
DEM™~Mg DEM €: Deformation (m)
Where Qpgy = GLff A: Inter-particle spacing of GNPs (m)
wd, Yumg: Shear strain in Mg matrix
Precipitation strengthening 4oorowan = Q: Density of dislocation (m~2) dp: Mean size of GNPs (m) [96,97,102]

0.13Gyghb, (d, E: Elastic modulus (GPa)
— In <%>

Gug: Shear modulus of Mg matrix (1.66 x 10* MPa) b: Burgers vector of Mg (3.21 x 1071 m)

1 v: Poisson’s ratio of Mg (0.35)
1\3 o: Yield strength (MPa)
Where A = dp 2] T om Shear stress during CRSS in basal slip (1.5 MPa)
Vo: Overall resistance (MPa) of lattice to dislocation movement for Mg (11)
Ky: Strengthening coefficient or locking parameter due to GR (0.21 MPa+/m for pure Mg) dg: Mean
1 grain size (m)
Load transfer VfOmg [3,103]
AG]_T ==
Difference in geometry BurY [70,104]
dopg = apcGugh lj;d:’g
TCRSS
Where = =
Ymg Gue
Grain refinement A40GR = TMMNC by GR — [105,106]
OMg by GR
Ky

Where ogg = Vo + —2=

Vg
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in Mg matrix; (c) wrinkling of GNPs due to DTE between GNPs and Mg matrices; and (d) LT strengthening mechanism. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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4. Conclusions enhanced the corrosion resistance in HBSS. Based on the experi-
mental results, the main conclusions of this study are as follows:
In this study, an Mg-0.5Zr-0.1GNPs MMNC was synthesized via

powder metallurgy. A homogenous dispersion of GNPs and Zr 1. Addition of Zr and GNPs in Mg matrices significantly enhanced
powders in the Mg powders was achieved by HEBM. As an alloying their mechanical properties via synergetic strengthening
element, Zr provided a significant grain-refining effect to the mechanisms.

MMNC, whereas the addition of GNPs to the Mg matrix enhanced 2. The compressive yield strength, ultimate compressive strength,
its strength via various synergetic strengthening mechanisms and hardness of Mg—Zr-GNP were higher than those of pure Mg
including GR, DTE, DEM, GM, LT, and precipitation strengthening. and Mg—Zr samples, showing positive contribution of GNPs in

Grain refinement of the Mg matrices by the addition of GNPs also enhancing the mechanical properties of Mg matrices.
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3. Uniform dispersion of GNPs in Mg matrices significantly
reduced the H; evolution during their immersion in HBSS.
Furthermore, electrochemical tests also revealed lower current
densities and high corrosion resistance of MMNC compared to
pure Mg and Mg—Zr samples.

4. During immersion in HBSS, the concentration of Mg?* ions was
8.0, 7.8, and 6.2 mg/L for the pure Mg, Mg-0.5Zr, and MMNC,
respectively.

5. The DTE, GR, and LT strengthening mechanisms were found to
be the dominant mechanisms contributing to the enhanced ocys
and oycs of the MMNCs.

6. The predicted and experimental yield strength were in close
agreement, confirming the validity of the considered synergetic
strengthening mechanisms in GNP-reinforced MMNCs.

7. Considering the positive contribution of GNPs in enhancing the
mechanical and corrosion properties of pure Mg, this study
encourages further studies to investigate their optimum con-
centrations in Mg matrices and the biocompatibility of MMNC.
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