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A sort of biodegradable magnesium-based nanocomposites improved by nano-sized NiTi particles has been
offered in the current research with the evaluations for implant application. The samples were provided through
mechanical alloying followed by sintering; the assessments consisted of microstructure, mechanical properties,
and in-vitro biocompatibility. The impacts of integrating 15, 30, and 45 wt% of NiTi nano-particles on the
characteristics of Mg-3Zn-0.5Ag magnesium alloy matrix have been investigated. The addition of 15 wt% of NiTi
led to a decline in the grain size by 10.5%, an increase in the compressive strength by 56%, and a rise in the
elongation by 7.6% as compared to the matrix; whereas further reinforcement addition reduced the elongation
and compressive strength. The addition of 15 wt% NiTi causes a minor increase in corrosion rate, but incor-
porating 30 and 45 wt% of NiTi content result a major increase in corrosion rate. The improved compressive
mechanical properties may be ascribed to Hall-Petch impact, the load transfer from matrix to NiTi particles,
Orowan strengthening mechanism, and locking of dislocations owing to the occurrence of hard NiTi reinforce-
ment particles. In-vitro biocompatibility tests such as MTT and DAPI assay revealed that the nanocomposites are
appropriate for medical uses. It may be stated that the nanocomposite comprising 15 wt% of NiTi can be used

appropriately as an orthopedic implant biomaterial.

1. Introduction

Metallic biomaterials are primarily produced by cobalt-chrome al-
loys, stainless steel, and titanium. They are poor in biocompatibility,
produce toxic metallic ions in the body of the human, have high weight
and Young’s modulus that trigger stress shielding and also require sec-
ondary surgery for removing the implant. Owing to such restrictions, the
idyllic implant ought to be bio-compatible and bio-degradable with the
same mechanical properties as natural bone [1,2]. Magnesium and its
alloys are light metals with 1.74-2 g/cm3 density that are similar to the
density of the natural bone. Mg-based implants are osteoconductive,
biocompatible, and biodegradable with elasticity modulus like the nat-
ural bone. The magnesium ion is among the vital parts of the body that
are primarily deposited in bones [3,4]. Owing to their capability to
biodegrade in situ with no need for extra surgery to eradicate biode-
gradable implants, there is significant study interest in them [5,6].

Magnesium should be improved for implant applications despite
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high specific strength. To enhance the magnesium characteristics,
alloying and forming magnesium-matrix biocomposites have been car-
ried out [7]. One method to enhance magnesium strength is using
suitable alloying elements, such as aluminum, calcium, zinc, cerium,
silver, and thorium [8]. Mg-Zn alloys draw interest in medical appli-
cations as all the alloying elements occur naturally in the body with
natural metabolism and release capabilities. The mechanical properties
and corrosion resistance can be improved by up to 5 wt% of zinc in
Mg-Zn binary over forming secondary phase, solid solution, and grain
refinement [9]. The Zn impact on microstructure, mechanical proper-
ties, as well as magnesium corrosion behavior was investigated by Ko¢
et al. However, inferior antibacterial capabilities are reported for Mag-
nesium based composites, which result in infected implants, and as a
result, post-operative issues. Silver antimicrobials were of concern as an
alternative strategy to reduce bacterial adhesion and inhibiting the
growth of biofilms. Silver’s comprehensive antimicrobial action is
recognized against both gram-positive and gram-negative bacteria,
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Fig. 1. A schematic illustration of the fabrication process and evaluations of the nanocomposites (Graphical abstract).

Table 1

Designation, nominal compositions, densities and porosity of the matrix and nanocomposites.
Sample Name (Code) Composition (wt.%) Theoretical Density (g/cc) Experimental Density (g/cc) Porosity (%)

Mg Zn Ag NiTi

Matrix o) 96.50 3.00 0.50 0.00 1.782 1.711 3.98
Matrix-15NiTi (C15) 82.03 2.55 0.43 15.00 1.998 1.913 4.25
Matrix-30NiTi (C30) 67.55 2.10 0.35 30.00 2.275 2.167 4.75
Matrix-45NiTi (C45) 53.08 1.65 0.28 45.00 2.642 2,511 4.99

Table 2
Parameters of the mechanical alloying process adopted for
milling the powders.

Parameter Value
Rotation speed 300 rpm
Ball-Powder weight ratio 15:1
Vial and ball material Steel
Mass of powder 30g
Milling time 25h
Capacity of the vial 250 ml
Diameter of the balls 20 mm

protozoa, fungi, and particular viruses as antibiotic-resistant strains [10,
11]. A minute Ag addition may also enhance the mechanical properties
of Mg alloys [12-14]. Zhang et al. showed that the microstructure was
refined, and the second phase volume was raised following the addition
of Ag to the Mg-Nd-Zn—Zr alloys [15]. Ag and Ca incorporation into the
Mg-2.4Zn alloy may also enhance the mechanical properties and
corrosion resistance [16].

Composite strengthening mechanism is one of the feasible paths to
improve the mechanical properties of magnesium alloys [17]. Various
types of reinforcements can be used for strengthening the matrix
including particles, short fibers or whiskers, continuous fibers and plates
[18-24]. The applications of particle reinforced composite materials
reinforcements have been increasing in various areas of technology due
to their good performance and properties [25-31]. Even though ceramic

reinforcements like B4C, SiC, Y203, TiC, AlyO3, and TiBy may increase
the magnesium-based matrix strength, the fabricated composite form-
ability is decreased owing to the formation of brittle phases in areas of
the matrix-reinforcement interface. The formability problem may be
solved via metallic reinforcements, such as Ni, Cu, and Ti [32]. NiTi
alloy as a metallic reinforcement has decent mechanical properties and
biocompatibility, and it is a proper choice for medical use [4,33-35].
Magnesium with 5, 10, and 15 vol% of micron-sized NiTi were rein-
forced by Esen. Based on the results, mechanical properties of magne-
sium may be improved by NiTi over grain refinement and incorporation
in a composite. The composite encompassing 5 vol% (16.4 wt%) NiTi
has the best results, and the mechanical properties reduced for the
composites encompassing 10 and 15 vol% NiTi [36]. Using sintering
fabrication technique, Wakeel et al. strengthened magnesium with 2 wt
% of nano-sized NiTi. The outcomes revealed that the microhardness
and compression strength have been raised by 30% as compared to the
magnesium matrix [37].

To fabricate the magnesium-based composites, a possible method is
to apply powder metallurgy paths (e.g., mechanical alloying, MA). To
generate different non-equilibrium phases or alloys, such as supersatu-
rated solid solutions, amorphous phases, nanostructured materials, and
nanocomposites in powder form mechanical alloying is a solid-state
reaction [38,39]. The mechanical characteristics of Mg-based bio-
composites may be enhanced via mechanical alloying through the grain
size modification as opposed to the as-cast Mg samples with larger
grains, as well as uniformly dispersed reinforcement particles [40,41].

The current research, thus, aims primarily to study the
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Fig. 2. TEM images (a, b) NiTi powder, (c, d) matrix milled powder.

microstructure, as well as mechanical and biological characteristics of
Mg-3Zn-0.5Ag alloy, NiTi reinforced nanocomposite to define the NiTi
impact on the characteristics.

2. Materials and methods
2.1. Sample preparation

Fig. 1 shows the schematic illustration of the fabrication procedure
to provide the nanocomposites. The procedure begins by mixing pure
magnesium powder (99.8% purity, 50 pm mean particle size), Ag
powder (99.9% purity, 6.5 pm average particle size), Zn powder (98.8%
purity, 7.5 pm mean particle size) bought from Sigma-Aldrich, USA as
well as nano-sized NiTi powder (20-150 nm particle size). Table 1
demonstrates the composition and designation of the research nano-
composites. The procedure was accompanied by mechanical alloying,
wherein Mg-3Zn-0.5Ag-xNiTi (x = 0, 15, 30, 45 wt%) composite pow-
ders have been indicated as M, C15, C30, and C45, respectively. For 25 h
at room temperature, they were milled in an argon controlled atmo-
sphere planetary ball mill. The charge was loaded into a steel vial with a
purified argon (<3 ppm oxygen) atmosphere. To mill, stainless steel
balls with the diameter 20 mm were utilize and the balls quantity of the
vial was computed based on the ball to powder weight ratio of 15:1.
Table 2 illustrates the factors of mechanical alloying approved to mill
the nanocomposites [42,43].

By the pressure of 880 MPa for the compression test samples (96 x 9
mm) and 400 MPa for other test samples (¥10 x 10 mm), the milled
powders have been compressed. In the next step, the green compressed
samples were sintered in two steps; 2 h at 200 °C and 2 h at 530 °C with
5 °C/min continuous heating rate in an argon controlled atmosphere,.
The porosity of nanocomposites was computed on the basis of the

equation: Total porosity = (1 — Bulkdensity)

Pcomposite

x 100. The nanocomposites

theoretical density was computed on the basis of Mg, Zn, Ag, and NiTi
percentage using the equation:

Pcomposite = fMg'ng + fonPon + ng-pAg + fniri-ppiri- For bulk density
measurement, the sample mass was alienated by its volume; whereas the
mass was calculated via an accurate scale, and the volume was

calculated via the sample dimensions. The density of the measured bulk
was certified through the equation: Bulk density = wﬁws [44]; the

overall porosity entailing interconnected pore network was calculated,
where W4 and W, indicate the sample weight in dry- and water-soaked
circumstances, respectively; and p is the nanocomposite theoretical
density.

2.2. Structural characterization

A scanning electron microscopy (SEM; Quanta 200) and an optical
microscope were applied to observe the balk and the post-compression
fractured samples microstructurally. To investigate the NiTi and mil-
led matrix powder, transmission electron microscopy (TEM; Phillips
208 m) was used. An X-ray diffractometer (Siemens D5000) was applied
to disclose the phase components through Cu-Ka radiation (45 kV, 40
mA) with the angles of diffraction (26) range between 30 and 80° with a
scanning rate of 4°/min. To end with, The Williamson-Hall method was

applied to define the crystallite size according to the equation: g cotd =

s%l“% + ¢ . In the equation, A specifies X-ray wavelength, p indicates

diffraction peak width at the mid-height, and D is the mean crystallite
size (nm). The formula ¢ and 0, show microstrain and the Bragg
diffraction angle, respectively [45].

To find the wettability of the surface of matrix and nanocomposites,
the surface water contact angles were analyzed using the sessile drop
method with a video contact angle instrument (Dataphysics OCA 15) in
air at room temperature with the drop size of 10 mL. Average value of
the contact angle of each type of material was calculated by the results of
three samples.

2.3. Mechanical properties

The cylindrical sintered nanocomposites with 6 mm diameter and 9
mm height were hard-pressed by the SANTAM (STM-50) universal
testing device at a crosshead speed 0.1 mm/min and a load cell 10 kN at
room temperature to assess the compressive strength. Vickers hardness
tester (LECO M-400) with 300 g force measured microhardness values of
the samples.
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Fig. 3. XRD patterns of the matrix and nanocomposites a) XRD patterns of powder ingredients, C45 blended powder and C45 milled powder, b)Matrix and
nanocomposites before sintering, and. ¢) Matrix and nanocomposites after sintering.

Table 3
Crystallite sizes of the matrix and nanocomposites before and after sintering.

Sample Crystallite size (nm)

Before sintering After sintering
Matrix 34.7 35.9
Matrix-15NiTi 28.9 32.8
Matrix-30NiTi 25.7 27.0
Matrix-45NiTi 24.3 26.1

2.4. In-vitro biocompatibility

The nanocomposite in vitro cytotoxicity encompassing NiTi was
defined via indirect 3-(4,5-dimethylthiazol -2-yl)-2,5-diphenyltetra-
zolium-bromide (MTT, Sigma, Saint Louis, USA) assay on the basis of the
extraction technique. The nanocomposites (5 mg) were added to the
culture medium and incubated at 37 °C for 1 and 2 days. Then, 104
cells/ml were refined on the 96-well plates for 24 h; the cell medium was
refreshed with 1 and 2-day extracts. After additional 24 h, the medium
was removed, and 100 pL of the MTT agents (0.5 mg/mL in PBS) was
inoculated into each well and was preserved for 4 h in the incubator. To

dissolve the formazan crystals, 100 pl of DMSO was implanted into the
well after 4 h. As a final point, the absorbance was read at 545 nm via an
ELISA Reader (Stat Fax-2100, Miami, USA) and standardized via free
nanocomposites culture medium as a control group. To study the MG63
cell proliferation on the nanocomposites encompassing NiTi under
fluorescence microscopy, nuclear staining with DAPI (4, 6-diamidino-2-
phenylindole, blue fluorescence in live cells) was carried out.

2.5. Corrosion behavior

The nanocomposite samples with a surface area 0.8 cm? were pro-
vided and saturated in a three-electrode cell encompassing Kokubo SBF
solution at 37 °C with a pH value of 7.4 according to Ref. [46] to perform
the electrochemical measurements with PARSTAT 2273 potentios-
tat/galvanostat (Princeton Applied Research). The working electrode, in
the cell, was applied with a platinum wire as the counter electrode, as
well as a saturated calomel electrode (SCE) as the reference electrode.
The readings of potentiodynamic polarization were from —250 to 1300
mV vs. open circuit potential (OCP) at a scan rate of 1 mV/s. Based on
ASTM G1-03 [47], for the immersion test, the samples were immersed in
200 ml of Kokubo SBF solution (pH 7.4). Over the immersion test, the
variation in the pH value of the SBF solution was recorded after each 24
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Fig. 4. Optical micrographs of the alloys (a) Matrix (b) Matrix-15NiTi, (c) Matrix-30NiTi, (d) Matrix-45NiTi.

h interval.

2.6. Statistical analysis

To disclose a meaningful difference between data, the results of the
test were reported as mean + standard error (SE), examined through
Sigmaplot software with p-value <0.05 (*), p-value <0.01 (**), and p-
value <0.001 (***).

3. Results and discussion
3.1. Density and porosity

The porosity and density of different samples in the research are
presented in Table 1. The experimental and theoretical densities have
been raised by increasing the NiTi as compared to the matrix that was
expectable owing to a meaningful difference between the density of
matrix (1.78 g/cc) and NiTi (6.45 g/cc). The maximum theoretical
density of C45 sample is 2.64 g/cc that is approximately 48% higher
than that of the matrix. The range of the porosity is around 4-5%. Under
the same compaction pressure, nano-composites with higher NiTi con-
tent have higher porosity. It can be due to the possible debonding be-
tween the reinforcement and the matrix alloy. Moreover, the porosity
can be controlled by compaction pressure adjustment. Additionally, the
nanocomposite with higher pore quantities and sizes has higher bio-
compatibility but lower mechanical properties.

3.2. Microstructure characterization

The TEM micrographs of NiTi powder with the particle size range of
20-150 nm is presented in Fig. 2a-b. The particles, as seen, have
spherical morphology. The TEM images of the milled powder are shown
in Fig. 2c—d. The TEM images are related to the Mg-3Zn-0.5Ag matrix
(M). As the morphology of the milled powders is similar, one of them is
selected for presentation. The particle estimated dimension sizes 33 and
39 nm. The milled powder morphology is spherical, and the mechanical
alloying process has caused cold welding between the milled powder

particles and chain morphology of the milled powder.

The XRD patterns of the ingredients, mixed powder before milling,
mechanically alloyed powders and the nano-composites after sintering
process are illustrated in Fig. 3. The XRD patterns of the mechanically
alloyed nano-composites revealed that the final products had no impu-
rity. Before and after mechanical alloying, the C45 powder XRD patterns
indicate a lower intensity of the major peaks in the milled powder. It
may be because of the reduction of the particle size of the mechanically
alloyed powder as compared with the powder before milling. After
sintering, the peak intensity has fairly increased. This may be associated
with increasing the grain size of the nanocomposites following heat
treatment.

Crystallite size of the nanocomposites and matrix was computed
according to the XRD results, as well as Williamson-Hall plot. The
computed crystallite sizes are demonstrated in Table 3. The crystallite
sizes of the milled matrix and nanocomposites, as can be observed, have
been reduced by rising the content of NiTi. An increase in dislocations
and a decrease in the crystallite size may arise by increasing the content
of NiTi [48] as a result of interactions between hard NiTi nano-particles
and dislocations. The crystallite size computed from 24.3 to 34.7 that
validate the approximate measurement of the particle sizes in the TEM
image. As can be seen, the crystallite size of the sintered matrix and
nanocomposites has increased compared with the composites before the
sintering process. With increasing the content of NiTi nanoparticles, the
grain size decreases. Grain size consists of the agglomerations of the
crystallite size. So, increasing the crystallinity of the material leads to
the increase of the crystallite size and hence the increase of the grain
size. Therefore, increasing the grain size means increasing the crystallite
size [49].

The optical micrographs of the nanocomposites are shown in Fig. 4.
A minimum clustering and sensible uniform distribution of NiTi rein-
forcement particles are observed for the nanocomposites. The compar-
ison of the nanocomposite micrograph (Fig. 4b-d) with matrix optical
one (Fig. 4a) revealed that the grain size declined by the occurrence of
nano-sized NiTi particles.

The SEM micrographs of matrix and the nanocomposites with
various NiTi content are illustrated in Fig. 5. The yellow arrows show the
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Fig. 5. SEM micrographs of (al, a2, a3) Matrix, (b1, b2, b3) Matrix-15NiTi, (c1, c2, c3) Matrix-30NiTi and (d1, d2, d3) Matrix-45NiTi.
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Fig. 6. SEM-EDS elemental mapping of Mg, Zn, Ag, Ni, Ti and O for (al, a2) Matrix, (b1, b2) Matrix-15NiTi, (c1, c2) Matrix-30NiTi and (d1, d2) Matrix-45NiTi.
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Fig. 7. SEM image and EDS line scan of Mg, Zn, Ag, Ni, Ti and O for (al, a2)
Matrix-15NiTi, (b1, b2) Matrix-30NiTi and (c1, c2) Matrix-45NiTi.

morphology of the NiTi particles. The nano NiTi particles’ uniform
distribution in the matrix are observed in a closer and more detailed
sight. The reinforcement particles’ uniform distribution may be ascribed
to the mechanical alloying process nature, an idyllic combination of the
powder ingredients throughout that.

The SEM-EDS elemental mapping of Ag, Mg, Zn, Ti, Ni, and O for the
nanocomposites and matrix are demonstrated in Fig. 6. Dark green and
pink colors show the presence of Ni and Ti elements as a result of NiTi
nanoparticles existence. A rational uniform spread of NiTi particles is
observed on the images of nanocomposite SEM-EDS in all nano-
composites. The dark green and pink colors show the presence of Ni and
Ti elements as a result of the presence of NiTi nanoparticles. As can be

Composites Part B 190 (2020) 107947

seen, the NiTi nanoparticles are uniformly spread with all wt.%
additions.

The SEM image and EDS line scan of Ni, Mg, Zn, Ag, Ti, and O for the
nanocomposites and matrix is illustrated in Fig. 7. As observed, the
brighter particles of NiTi with a higher density are distributed in the
matrix uniformly. Fig. 8 shows the water contact angles of the matrix
and nanocomposites. Based on the measurement results, the contact
angle has slightly decreased with raising the NiTi content, indicating the
superior wettability for the higher content of NiTi reinforcement. The
water contact angle directly reflects the surface wettability of the nano-
composites which increases the corrosion rate of the nano-composite.
The increase of wettability can be due to increasing the porosity with
raining the NiTi content which has been discussed in the revised
manuscript.

3.3. Mechanical properties

The compressive mechanical properties of the nanocomposites as
compared with the matrix, is listed in Table S1. As seen, the ultimate
compressive strength and the Young’s modulus of the nanocomposite
have been improved with an increase in NiTi content. As compared to
the matrix, the nanocomposites formability has been raised for 15 and
30 wt% NiTi content; however, it has been decreased for 45 wt% con-
tent. The strain-stress curves of nanocomposites compression test are
depicted in Fig. 9a, and the UCS and elongation characteristics are
illustrated in Fig. 9b graphically. 15% NiTi reinforced sample lead to an
increase in compressive strength by 56% and elongation by 7.6%, as it is
shown; however, further addition decreases the characteristics.

Improvements in the compressive mechanical properties can be
ascribed: a) load transfer from matrix to the fairly-uniform spread NiTi
particles with superior mechanical properties, b) Hall-Petch impact
owing to the grain size decrease of the nanocomposites besides the NiTi
content increase, c¢) locking dislocations owing to the hard NiTi rein-
forcement particle occurrence, and d) Orowan strengthening mecha-
nism following dislocation looping formation around the NiTi particles.
The potential strengthening mechanisms are illustrated in Fig. 10
schematically. Although the NiTi occurrence increased the compressive
mechanical properties, the UCS and elongation were reduced with
increasing NiTi in nanocomposites containing more than 15 wt% NiTi
owing to the formation of brittle intermetallic phases.

The enhanced mean hardness of the nanocomposites caused by NiTi
incorporation is presented in Fig. 11. The matrix with a hardness value
65.4 HV showed the raised values of 96, 122.3, and 128 HV by raising
the NiTi content to 15, 30, and 45%, respectively. The values specify that
15 wt% NiTi incorporation has enhanced the matrix microhardness by
46.8%. According to the findings, the nanocomposite microhardness is
higher as compared to the matrix remarkably. By a larger grain size, the
Mg-3Zn-0.5Ag matrix was anticipated to hold lower mean hardness
levels; however, by the smaller grain size, the composites encompassing
NiTi, display higher values of hardness with the NiTi concentration in-
crease. As harder phase (~600 Hv), the restrictions in localized defor-
mation, triggering uniform distribution of NiTi particles, also may raise
the nanocomposites hardness as compared to the matrix.

3.4. Fracture analysis

The fracture surface SEM images of the matrix and nanocomposites
are demonstrated in Fig. 12. The dimples shown in Fig. 11-al and 11-b1
reveal that the fractures in the matrix and the nanocomposite containing
lower wt.% of NiTi are ductile whereas in the case of the flat fracture
surface for the nanocomposites containing higher wt.% of NiTi (Fig. 11-
cl and 11-d1), the fracture type has changed to the brittle. The images of
fracture surface presented the typical shear band formations that are
usually observed in the Mg-based nano-composites. The fractures are
impartially brittle with little plastic deformation, as can be observed in
the images. Owing to the main crack at 45° to the compression test axis,
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all nanocomposites were failed [50].

3.5. In-vitro biocompatibility

The short-term viability and cell attachment on the nanocomposites’
surface were assessed by DAPI labeled cells; then, they were observed
under the fluorescence microscope. Fig. 13A shows observations on
viability live/dead staining and cell attachment that specifies certain
attached cells to the substrates after incubation in the growth medium
for 24 h. As can be seen, no momentous adverse effects on cell adhesion
and proliferation have been perceived through 15 and 30% NiTi incor-
poration into the matrix; nevertheless, in the nanocomposite containing
45 wt% NiTi, both cell adhesion and proliferation are decreased. Based
on the corrosion test result, for the higher content of NiTi, the degra-
dation rate is higher. Higher degradation rate causes the production of
more corrosion products which will decrease the cell adhesion of the
sample. Another reason for declining cell adhesion and proliferation can
be the increase of the pH value and Mg*? release due to the increase in
the corrosion rate of the specimen.

The nanocomposites and matrix containing NiTi have been examined
for their cytotoxicity over cell proliferation test. The biomaterials
cytotoxicity may be tested over MTT cell proliferation test that is
assumed to decrease notably the cellular proliferation as compared to
the control in the case of cytotoxic materials. The MTT test results for 24
and 48 h is specified in Table S2, and the results’ graphics are displayed
in Fig. 13B. According to the viability results, the nanocomposites are
biocompatible on the basis of the ISO 10993-5 standard [51].

3.6. Corrosion behavior

Based on the matrix and nanocomposites potentiodynamic polari-
zation curves (Fig. 14a), electrochemical parameters including current
density and corrosion rate are derived and listed in Table S3. As it is
shown, the current densities of the samples increase along with the in-
crease of NiTi content. The corrosion rate has the same trend as the
current density so that, incorporation of 15, 30 and 45 wt% of NiTi re-
sults 9.4, 50 and 287.5% increase in corrosion rate compared with the
matrix.

As it can be seen, the addition of 15 wt% NiTi causes a minor increase
in corrosion rate, but incorporating 30 and 45 wt% of NiTi content result
a major increase in corrosion rate. Increasing the corrosion rate with
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increment in NiTi content can be due to forming anodic locations
because of the presence of NiTi particles. Small amounts of NiTi can be
fairly tolerated, but the galvanic corrosion problem progressively in-
creases for the higher contents. Higher contents of NiTi particles proceed
rapidly the corrosion reactions along the interface between the Mg-
based matrix and NiTi particles. The reactions lead to further penetra-
tion of electrolyte into the nanocomposite until the nanocomposite is
completely destroyed [52]. Increasing the corrosion rate with augmen-
tation in the NiTi content can be due to the formation of galvanic couples
between the NiTi particles as anode and the Mg matrix as a cathode
which further accelerates the corrosion process.

The described mechanism of increasing of corrosion rate of com-
posites was also found in the study of the corrosion behavior of SiCp
reinforced ZC71 metal matrix composite comparing with ZC71 magne-
sium alloy [53]. The average mass loss of the samples for the immersion
times of 3, 7, and 14 days in Kokubo solution is shown in Fig. 14b. As can
be seen, the degradation rate of the samples raised in the first period of 3
days. The reason can be the fact that the larger surface region was
contacted directly by the solution in the first days of exposure, the more
it causes exothermic reactions and accelerates the degradation rate. This
also can be caused by the presence of a relatively high concentration of
chloride in the SBF solution in the first few days [54]. With increasing
the immersion time to 7 days, the degradation rate of the nanocomposite
containing 15 wt% of NiTi increased with a smaller slope compared with
the first 3 day of exposure. However, the nanocomposites containing 30

10

illustration of the enhancement of mechanical properties due to NiTi incorporation, a) Magnesium alloy matrix b) NiTi incorporated

and 45 wt% of NiTi had lower degradation rates for this exposure time.
For the immersion duration of 14 days, the degradation rates of all
nanocomposites were reduced. This can be due to the reduction of the
surface area of the nanocomposite that was exposed directly to the so-
lution after the extended exposure times. In addition, the protective
films from the corrosion products were formed on the surface of the
nanocomposites after a longer period of immersion time. This film can
reduce the degradation rate of the nanocomposites by preventing the
direct exposure of nano-composites to the solution. Also, as can be
observed in Fig. 14b, the addition of NiTi content from 15 to 45 wt%
increased the degradation rate after 14 days. Erinc et al. proposed spe-
cific corrosion requirements of less than 0.5 mm/year for bone fixture
biomaterials [55]. The test results show that the degradation rate of the
nanocomposite containing 15 wt% of NiTi meets the clinical application
requirement. The nanocomposite containing 15 wt% of NiTi presented
lower degradation rate, implying the higher stability of the Mg com-
posite [56-58] with lower concentration of NiTi when exposed to the
SBF solution.

4. Conclusions

The mechanical alloying path followed by sintering may develop
successfully magnesium-based matrix, nano-sized NiTi particles rein-
forced nanocomposites. In the current study, to scrutinize the practica-
bility of Mg-3Zn—0.5Ag-xNiTi (x = 0 to 45 wt%) nanocomposites in
orthopedic uses, the impacts of rising the nano-NiTi additions from 0 to
45 wt% on Mg-3Zn-0.5Ag on the nanocomposite performance mea-
sures, comprising mechanical properties and cytocompatibility were
investigated. The NiTi incorporation led to decrease in the grain sizes of
the Mg-3Zn-0.5Ag nanocomposite by 16.7% for the addition of 15%
NiTi and raise the compressive strength by 56% and elongation by 7.6%.
The nanocomposites microhardness has been raised besides increasing
the NiTi incorporation in a way that NiTi 15 wt% increased the matrix
microhardness by 46.8%. The addition of 15 wt% NiTi causes a minor
increase in corrosion rate, but incorporating 30 and 45 wt% of NiTi
content result a major increase in corrosion rate. In-vitro biocompati-
bility examinations have also shown that NiTi incorporation has not led
to improper toxicity for the nanocomposites. The present study’s general
results indicate the promising applicability of bioresorbable Mg-3Zn-
0.5Ag strengthened by 15 wt% NiTi nanocomposite for the implant uses.
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Fig. 12. SEM images of the fracture surface (al) Matrix at x250 magnification, (a2) Matrix at x500 magnification, (a3) Matrix at x 2000 magnification, (b1) Matrix-
15NiTi at x250 magnification, (b2) Matrix-15NiTi at x500 magnification, (b3) Matrix-15NiTi at x2000 magnification, (c1) Matrix-30NiTi at x250 magnification,
(c2) Matrix-30NiTi at x500 magnification, (c3) Matrix-30NiTi at x2000 magnification, (d1) Matrix-45NiTi at x250 magnification, (d2) Matrix-45NiTi at x500
magnification, and (d3) Matrix-45NiTi at x2000 magnification.
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Fig. 13. (A) DAPI staining of MG63 cell cultured for 2 days, (B) Viability of MG63 osteoblast cells cultured for 24 and 48 h; For: (a) Matrix, (b) Matrix-15NiTi, (c)
Matrix-30NiTi, (d) Matrix-45NiTi.
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