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Abstract: This article reports the mechanical and biocorrosion behaviour of hollow silica nanosphere
(SiO2 ) reinforced (0.5–2 vol.%) magnesium (Mg) syntactic foams. Room temperature tensile properties’
characterization suggests that the increased addition of hollow silica nanospheres resulted in a
progressive increase in tensile yield strength (TYS) and ultimate tensile strength (UTS) with Mg-2
vol.% SiO2 exhibiting a maximum TYS of 167 MPa and a UTS of 217 MPa. The degradation behaviour
of the developed Mg-SiO2 syntactic foams in four different simulated body fluids (SBFs): artificial
blood plasma solution (ABPS), phosphate-buffered saline solution (PBS), artificial saliva solution (ASS)
and Hanks’ balanced saline solution (HBSS) was investigated by using potentiodynamic polarization
studies. Results indicate that corrosion resistance of the Mg-SiO2 syntactic foam decreases with
increasing chloride ion concentration of the SBF. Mg-1.0 vol.% SiO2 displayed the best corrosion
response and its corrosion susceptibility pertaining to corrosion rate and polarisation curves in
different SBF solutions can be ranked in the following order: ABPS > PBS > HBSS > ASS. The surface
microstructure demonstrated the presence of a better passivated layer on the syntactic foams compared
to pure Mg. The observed increase in corrosion resistance is correlated with intrinsic changes in
microstructure due to the presence of hollow silica nanospheres. Further, the effect of corrosive
environment on the degradation behaviour of Mg has been elucidated.
Keywords: magnesium; silica nanosphere; syntactic foam; mechanical behaviour; simulated body
fluid; biocorrosion

1. Introduction
Benefitting from the advantages of being bioresorbable and having an elastic modulus, density
and mechanical properties that closely match load bearing bones, magnesium (Mg)-based materials
are emerging to play a crucial role in both basic research and clinical applications for orthopaedic and
craniofacial fracture fixation [1,2]. Moreover, Mg2+ ions, the main degradation product of Mg-based
materials, are essential for many biological activities as they participate in over 300 enzymatic reactions,
formation of apatite and bone cell adsorption [3]. In addition, Mg-based materials have demonstrated
low thrombogenicity, good osteoinduction and antibacterial properties compared to traditionally
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used permanent metallic implants made of titanium (Ti) alloys or stainless steel [4,5]. Further,
these permanent metallic implants often result in stress-shielding at bone–implant interface due to
mismatch in elastic modulus, osteolysis due to toxic metal ion release during wear and corrosion,
tissue tear and other clinical complications during removal surgeries [6–8]. Collectively, Mg-based
bioresorbable implants can be superior alternatives for temporary fracture fixation applications
eliminating the need for revision surgeries following the healing of damaged tissues, thereby reducing
the burden on patients and healthcare system.
However, low corrosion resistance of Mg in physiological environments has greatly limited its
widespread clinical applicability [1]. Rapid release of degradation products cause a sharp rise in local
pH accumulating alkaline ions and H2 gas bubbles leading to premature decline of mechanical strength
and adversely influencing the cellular functions and cytocompatibility [3,9]. Therefore, it is imperative
to tailor the strength and degradation properties of Mg for successful clinical translation and various
approaches like alloying [10], heat treatments [11], surface modifications [12], bioactive coatings [13]
and nanocomposite development [6] have been adopted to overcome these challenges. Though alloying
has been one of the effective approaches to enhance mechanical behaviour and corrosion resistance
to Mg, commonly used alloying elements like aluminium and rare-earth elements have been known
to cause adverse effects on the human body in long term including haemolysis, neurotoxicity and
hepatoxicity [3,10,14]. Further, alternative strategies of surface modification and bioactive coating
have not endowed long lasting corrosion resistance in case of biodegradable metal like Mg [15]. Poor
coating quality due to residual defects (cracks and porosity) can result in rapid propagation of pits
leading to speeding up the Mg-based materials corrosion during sustained aggressive electrolytes
exposure containing Cl− , SO4 2– and HCO3 – ions [16,17].
A further promising strategy is to reinforce biocompatible nano-length scale reinforcements
(<3 vol.%) into Mg matrix for controlling the degradation without compromising the mechanical
response [18]. Synergistic strengthening mechanisms like Orowan, Hall–Petch, Forest and Taylor
strengthening help in simultaneously improving the mechanical and corrosion performance of the
nanocomposites [18,19]. For example, Parande et al. reported that reinforcing hydroxyapatite (HAP)
nanoparticles (NPs) into an Mg alloy resulted in nanocomposite exhibiting superior mechanical
properties than commercially available Mg-alloys such as WE43, AZ31, ZK21 and AZ91 [6]. In addition,
the presence of nano-HAP as a reinforcement helped in minimizing pitting corrosion while improving
the biocompatibility and cell attachment of the nanocomposite. In addition to HAP, various other
metal oxide NPs like Sm2 O3 , CeO2 , ZnO, ZrO2 and TiO2 have also been reinforced with Mg to achieve
superior mechanical and corrosion performance owing to their high chemical stability, high degree of
biocompatibility and non-toxicity [18,20,21].
Metal matrix composites developed by reinforcing hollow particles are termed as “syntactic
foams” wherein the hollow reinforcement particles impart porosity into metal matrix using a closed
cell structure. Literature survey reveals no previous attempt made so far to study the detailed effect
of nano-scale hollow particles on the mechanical and in-vitro degradation behaviour of magnesium
syntactic foams. If the nano-scale gas pores are introduced into the Mg matrix, the pore size is smaller
than the critical dimension of cracks which already exist in the matrix, then the material density could
be reduced while maintaining the essential mechanical properties. Hollow SiO2 NPs are extensively
researched in biomedical applications such as biosensors [22], enzyme supporters [23], controlled
drug release and delivery and cellular uptake [24,25]. In addition, hollow SiO2 NPs have high specific
surface area, low density, good biocompatibility and low toxicity [26,27]. In a recent study, Yu et al. [28]
observed that hollow SiO2 NPs exhibited no signs of toxicity and could be safely metabolized and
tolerated in mice without longstanding cytotoxicity signifying the potential of SiO2 NPs in developing
magnesium-based nanocomposites for temporary fracture fixation applications. Further, in our recent
study [29], hollow silica nanospheres reinforced magnesium nanocomposites were observed to have
positive stimulatory effect on osteoblasts in vitro with significant improvements in cell adhesion and
proliferation compared to pure Mg.
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Hence, in this study, hollow silica (SiO2 ) nanospheres (10–20 nm) were chosen as a reinforcement
to develop Mg-SiO2 syntactic foams. The developed syntactic foams were evaluated for mechanical
and in-vitro degradation behaviour for potential use as temporary implant materials. To the best of
the authors’ knowledge, this is the first comparative investigation on bio-corrosion behaviour of a
Mg-syntactic foam in four different simulated body fluids (SBF) to elucidate the effect of corrosive
environment on the degradation behaviour of Mg.
2. Materials and Methods
Mg-SiO2 syntactic foams having pure Mg (purity 99.9%, Acros Organics, Waltham, MA, USA) and
0.5, 1.0, 1.5 and 2.0 volume percent silica (SiO2 ) nanospheres (~10–20 nm size range and purity > 99.2%,
Sigma Aldrich, Singapore) were prepared using the Disintegrated Melt Deposition (DMD) approach [18].
Cylindrical ingots (Φ 40 mm) obtained from DMD were machined into billets (Φ 36 mm × 45 mm) and
subsequently hot extruded with 20.25:1 ratio at 350 ◦ C [29]. Cylindrical rods of Φ 8 mm were obtained
and trimmed to required dimensions to perform the mechanical and corrosion experiments.
The grain size analysis of the samples was performed using a Leica optical microscope model
DM2500 M (Leica Microsystems (SEA) Pte Ltd., Singapore). An average of 50 grains were used to
compute the average grain size of each sample. To reveal the grains, the samples were etched using
the etchant: 20 mL acetic acid, 60 mL ethylene glycol, 1 mL nitric acid (Sigma Aldrich, Singapore) and
20 mL distilled water. The morphology of the samples’ surface was investigated using JEOL JSM-6010
scanning electron microscope (Jeol USA Inc., Peabody, MA, USA) equipped with EDS. Microhardness
measurements were performed on the polished cylindrical specimens (Φ 8 mm × 5 mm) using a
Vickers microhardness tester (Shimadzu-HMV, Kyoto, Japan) with 245.5 mN and 15 s, test load and
dwell time, respectively. Tests in tensile mode were conducted on dog bone shaped specimen (25 mm
gauge length, Φ 5 mm) as outlined in ASTM E8M-01 on MTS 810 at a constant crosshead displacement
of 0.254 mm/min corresponding to 0.010 min−1 strain rate. Instron 2630-100 series extensometer
(Singapore) is used to measure the fracture strain. Five replicates were tested in each composition and
the average values were reported.
Electrochemical measurements in various physiological environments were conducted in a typical
three electrode cell (AUTOLAB 204 Potentiostat Galvanostat, Herisau, Switzerland) using a sample
as a working electrode, an immersed calomel reference terminal (SCE = 241 mV) and a platinum
gage counter anode. Prior to electrochemical measurements, the samples were mechanically polished
up to 1200 grit [29], degreased ultrasonically with acetone (Sigma Aldrich, Singapore), rinsed using
distilled water and finally pulsed air dried. The working electrode (WE) exposure to the solution
was 1 cm2 , and the open circuit potential was monitored continuously for 30 min. The polarization
curves were measured with 0.167 mV/s scan rate and the potential was varied between −100 mV to
100 mV. The following solutions were used as electrolytes: (i) artificial blood plasma (ABP) (pH 7.4),
(ii) PBS (pH 7.4), (iii) artificial saliva solution (ASS) (pH 6.2) and (iv) Hanks’ balanced saline solution
(HBSS) (pH 7.4). All electrolytes were prepared from analytical reagent-grade chemicals using
distilled water [30]. Table 1 shows the compositions of the various simulated body fluids used in the
present investigation.
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Table 1. Chemical compositions of different simulated body fluids.
Contents (g/L)

ABPS

PBS

ASS

HBSS

NaCl
NaHCO3
NaH2 PO4
KCl
KSCN
KH2 PO4
Lactic Acid
Na2 HPO4 ·3H2 O
MgCl2 ·6H2O
CaCl2
Na2 SO4
CaCl2 ·2H2 O
MgSO4 ·7H2 O
Na2 HPO4 ·7H2 O
Glucose

8.036
0.352
0.225
0.238
0.311
0.293
0.0072
-

8.0
1.15
0.2
0.2
-

1.5
1.5
0.5
0.5
0.9
-

8.0
0.35
0.4
0.06
0.19
0.2
0.09
1.0

3. Results and Discussion
Uniform distribution of the hollow silica nanospheres was observed in the Mg matrix (Figure 1)
with good interfacial integrity and minimal agglomeration even for the highest SiO2 addition. This can
be due to the optimized processing conditions of casting and extrusion [29]. Earlier efforts on
Mg-nanocomposites have shown that the presence of uniformly dispersed nano sized reinforcements
would actively pin the grain boundaries and assist in nucleation of grains [31]. As evident in the
micrographs of Mg-SiO2 in Figure 1, the distribution of reinforcing particles is fairly homogeneous
in Mg. The evidence of SiO2 at the grain boundaries together with its distribution pattern provides
effective pinning mechanism for reducing the grain size significantly from 27 to 10.5 µm (Table 2) [31].
Table 2. Results of grain size measurements and tensile properties of pure Mg and Mg-SiO2
syntactic foams.
Material

Grain Size (µm)

Microhardness (Hv)

0.2 TYS (MPa)

UTS (MPa)

Fracture Strain (%)

Pure Mg

27 ± 1

59 ± 1

103 ± 5

148 ± 6

7.9 ± 0.5

Mg-0.5SiO2

23 ± 3 (↓14.8%)

73 ± 2 (↑23.7%)

133 ± 3 (↑29.1%)

181 ± 1 (↑22.3%)

6.7 ± 0.2 (↓15.2%)

Mg-1.0SiO2

15 ± 3 (↓44.4%)

83 ± 2 (↑40.7%)

145 ± 2 (↑40.8%)

198 ± 7 (↑33.8%)

5.7 ± 0.2 (↓27.8%)

Mg-1.5SiO2

13 ± 4 (↓51.9%)

89 ± 1 (↑50.8%)

152 ± 1 (↑47.5%)

203 ± 3 (↑37.2%)

5.2 ± 0.2 (↓34.2%)

Mg-2SiO2

10 ± 2 (↓61%)

92 ± 1 (↑55.9%)

167 ± 4 (↑62.1%)

217 ± 7 (↑46.7%)

4.7± 0.3 (↓40.5%)

Cortical bone

-

-

104–114

35–283

1.07–2.10

Cancellous bone

-

-

-

1.5–38

-

(↓x%) and (↑x%) indicates the percentage decrease and increase in the property with respect to pure Mg by
x%, respectively.

The microhardness results of the pure Mg and Mg–SiO2 syntactic foams are shown in Table 2.
The progressive additions of hollow silica nanospheres resulted in a steady increase in the hardness
values of pure Mg. With the addition of 2 vol.% SiO2 , a maximum hardness value of ~92 Hv was
observed which is ~56% greater than that of pure Mg. This increasing trend in the hardness values can
be attributed to the constraint to localized deformation due to the presence of high hardness SiO2 NPs
(750 Hv) [32], near-uniform distribution of silica nanospheres within the Mg matrix and the reduced
grain size of the syntactic foams [33].
Room temperature tensile behaviour of Mg and Mg-SiO2 syntactic foams are presented in Table 2
and stress–strain response is graphed in Figure 2. The incorporation of hollow silica nanospheres
into Mg led to progressive improvement in both 0.2% tensile yield strength (TYS) and ultimate tensile
strength (UTS) whereas the tensile failure strain exhibited declining trend (Table 2). Mg-2 vol.% SiO2
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registered the maximum TYS and UTS values of 167 and 217 MPa, respectively that are ~62 and 46%
higher
than that of pure Mg.
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Figure 1. Representative micrographs of (a) SiO2 distribution and (b) EDS sum spectrum in
representative Mg-1.0 SiO2.
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The microhardness results of the pure Mg and Mg–SiO₂ syntactic foams are shown in Table 2.
The progressive additions of hollow silica nanospheres resulted in a steady increase in the hardness
values of pure Mg. With the addition of 2 vol.% SiO2, a maximum hardness value of ~92 Hv was
observed which is ~56% greater than that of pure Mg. This increasing trend in the hardness values
can be attributed to the constraint to localized deformation due to the presence of high hardness SiO2
NPs (750 Hv) [32], near-uniform distribution of silica nanospheres within the Mg matrix and the
reduced grain size of the syntactic foams [33].
Room temperature tensile behaviour of Mg and Mg-SiO2 syntactic foams are presented in Table
2 and stress–strain response is graphed in Figure 2. The incorporation of hollow silica nanospheres
into Mg led to progressive improvement in both 0.2% tensile yield strength (TYS) and ultimate tensile
strength (UTS) whereas the tensile failure strain exhibited declining trend (Table 2). Mg-2 vol.% SiO2
registered the maximum TYS and UTS values of 167 and 217 MPa, respectively that are ~62 and 46%
higher than that of pure Mg.
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foams.

Strength improvement might be due to the finer grains in Mg-SiO2 leading to grain boundary
strengthening based on the Hall-Petch relationship. Additionally, effective load transfers due to
homogenous SiO2 distribution in Mg matrix and higher dislocation density because of CTE and
modulus differences between Mg and hollow silica nanospheres might be the reasons for such an
observation. The failure strain decreases gradually with increasing hollow silica nanosphere content in
Mg-SiO2 syntactic foams. Similar failure strain reductions in for nanocomposites has been reported in
literature with the addition of ceramic reinforcements [18]. A minimum ductility of 4.7% was noted
in Mg-2SiO2 syntactic foam. However, for implants in biomedical applications, a minimum fracture

Figure 2. Stress–strain graphs of Mg and Mg-SiO2 syntactic foams.
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strain of 5% is desired [34]. Therefore, only Mg-0.5SiO2 and Mg-1.0SiO2 syntactic foams were further
analysed for in-vitro degradation behaviour in different simulated body fluids.
Figure 3 shows the Tafel curves of Mg and Mg-SiO2 syntactic foams after immersing them
in different SBF solutions and the corresponding electrochemical parameters extracted from them
are listed in Table 3. The corrosion potential for pure Mg was the lowest generally. Hollow silica
nanosphere addition resulted in corrosion potentials shift towards the noble direction along with
reduction in the anodic kinetics in artificial blood plasma solution (ABPS), HBSS and ASS medium.
This indicates increased corrosion resistance for the syntactic foams. It is interesting to observe that
anodic regions of Mg-0.5SiO2 and Mg-1.0SiO2 demonstrating passive regions in all the SBF media,
implying that the dissolution process was effectively hindered in syntactic foams when compared to
pure Mg. The significant grain refinements observed in the syntactic foams due the presence of hollow
silica nanospheres enables their surface to passivate more readily by breaking down the secondary
phase
particles
Metals 2020,
10, x along the grain boundary and subsequently improving their corrosion performance7 [35].
of 14

Figure 3. Polarization curves for pure Mg and Mg-SiO syntactic foams in (a) artificial blood plasma
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Table 3. Corrosion current density (icorr ) and potential (Ecorr ) of Mg-SiO2 in simulated body fluids (SBFs).

Metals 2020, 10, x

Type of Solution

Material

icorr (µA/cm2 )

Ecorr (V vs. SCE)

ABPS

Pure Mg
Mg-0.5SiO2
Mg-1.0SiO2

27.77
24.45
35.05

−1.53
−1.52
−1.48

PBS

Pure Mg
Mg-0.5SiO2
Mg-1.0SiO2

55.46
52.76
29.67

−1.54
−1.55
−1.55

ASS

Pure Mg
Mg-0.5SiO2
Mg-1.0SiO2

15.83
13.15
11.85

−1.72
−1.66
−1.65

HBSS

Pure Mg
Mg-0.5SiO2
Mg-1.0SiO2

30.82
23.61
13.71

−1.52
−1.48
−1.50
8 of 14
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than that of PBS and HBSS for Mg-1.0SiO2 syntactic foam. It can be observed from Table 1 and Figure
4 that, increased presence of Cl− and SO42− ions in ABPS compared to PBS and HBSS accelerate the
dissolution process in Mg-1.0SiO2 syntactic foam. Interestingly high corrosion rate is observed in PBS
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dissolution of Mg but to the lesser extent compared to Cl− ions [39]. Amongst ABPS, PBS and HBSS
having the same pH of 7.4, it was observed that ABPS mediated corrosion was more pronounced than
that of PBS and HBSS for Mg-1.0SiO2 syntactic foam. It can be observed from Table 1 and Figure 4
that, increased presence of Cl− and SO4 2− ions in ABPS compared to PBS and HBSS accelerate the
dissolution process in Mg-1.0SiO2 syntactic foam. Interestingly high corrosion rate is observed in PBS
(Figure 4) for pure Mg and Mg-0.5SiO2 syntactic foam compared to all other electrolytic solutions,
though PBS is having low chemical composition (Table 1). It has been reported that an increase in
dihydrogen phosphate (NaH2 PO4 , KH2 PO4 ) increases H2 evolution rate in Mg-based materials [39].
From Table 1, it can be observed that concentration of dihydrogen phosphate is highest in PBS in
comparison to other electrolytic solutions. This could be possible reason for high corrosion rate in PBS.
In addition, it should be noted that the Mg-SiO2 syntactic foams exhibit lowest corrosion rates in HBSS
compared to PBS and ABPS which can be attributed to the formation of more pronounced Ca-P apatite
layer on the sample surface due to the presence of glucose [40].
Surface microstructure of corroded samples after polarization experiment was analysed using
SEM (Figures 5–7). Figure 5 shows the morphology of surface and corresponding EDS of pure Mg
and Mg-1.0SiO2 in ABPS medium. Many cross-linked cracks are clearly visible on the surface as a
result of dehydration during SEM sample preparation [41,42]. A protective layer with few pits can be
seen on the surface of pure Mg (Figure 5). However, the presence of hollow silica nanospheres has
decreased the extent of pitting in the syntactic foams. The EDS mapping results of the sample reveal
higher amounts of Mg, O and P and lower Ca contents. This in turn imply the formation of magnesium
and calcium-based phosphate compounds which assist in the apatite layer formation. Results also
show a more uniform and denser passive layer formation for the Mg-1.0SiO2 syntactic foam (Figure 5b)
compared to Mg. The layer formation process is expedited by the presence of hollow silica nanospheres
as it provides a favourable environment for the sample in the immersive medium. Such a layer delays
onset of corrosion as it acts as a barrier between the matrix and the immersive medium, resulting in
improved corrosion resistance for the syntactic foams [43]. Further, the precipitation of uniformly
distributed hollow silica nanospheres can provide impermeability of the Mg matrix, preventing rapid
release of H2 gas in the physiological environment [44].
The degradation of Mg-based materials in Cl− ion containing ABPS, PBS and HBSS solutions is
influenced by the ionic interactions between Mg2+ , Cl− , OH− in the SBF as presented in the following
equations [45]:
Mg → Mg2+ + 2e−
Anodic reaction
(2)
2H2 O + 2e− → H2 ↑ + 2OH−

Cathodic reaction

Mg2+ + 2OH− → Mg (OH)2
Mg (OH)2 + Cl− → MgCl2 + 2OH−

(3)
(4)

Chloride attack

(5)

Initially, when the Mg and Mg-SiO2 syntactic foams are immersed into the SBF solutions,
anodic dissolution of Mg leads to Mg2+ ions release which interact with the alkaline OH− ions forming
a protective hydroxide (Mg(OH)2 ) layer. At the same time, Cl− ions present in the SBF solutions
breakdown this protective layer by transforming Mg(OH)2 to more soluble MgCl2 by peeling the layer
along the grain boundaries. This process is delayed in the Mg-SiO2 syntactic foams due to the presence
of refined grains owing to the nanoparticle addition, thus enhancing corrosion resistance. Further,
the dissolution of Mg2+ promotes the formation of apatite layer by providing OH− ions, leading to
HPO4 2− and PO4 3− formation.
H2 PO4 − + OH− → HPO4 2− + H2 O

(6)

H2 PO4 − + 2OH− → PO4 3− + 2H2 O

(7)

Metals 2020, 10, 1583

9 of 13

Thirdly, Ca2+ , HPO4 2− and PO4 3− groups present in the SBF solutions react with Mg2+ resulting
in magnesium and calcium-based phosphate precipitation improving the degradation resistance.
3(Ca, Mg)2+ + 2(PO4 )3− → (Ca, Mg)3 (PO4 )2

(8)
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X-ray diffraction (XRD)
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(2)
provide a more holistic view towards clinical translation for biodegradable implant applications.

2H22O + 2e−− → H22↑ + 2OH−−

Cathodic reaction

2+ + 2OH−− → Mg (OH)22
Mg2+

Mg (OH)22 + Cl−− → MgCl22 + 2OH−−

(3)
(4)

Chloride attack

(5)
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4. Conclusions
Inspired by the attractive potential of Mg-based nanocomposites in orthopaedic and craniofacial
applications, in this study, the influence of hollow silica nanosphere addition on the mechanical and
biocorrosion properties of pure Mg were studied.
1.
2.
3.

4.
5.

The incorporation of hollow silica nanospheres into Mg led to the progressive enhancement in
both 0.2% TYS and UTS whereas the tensile failure strain exhibited declining trend.
Corrosion resistance of the Mg-SiO2 syntactic foams increased with decreasing presence of chloride,
sulphate and dihydrogen phosphate concentrations and increasing carbonate concentration.
Mg-1.0 vol.% SiO2 syntactic foam displayed the best corrosion response and its corrosion
susceptibility pertaining to corrosion rate and polarisation curves in different SBF solutions can
be ranked in the following order: ABPS > PBS > HBSS > ASS.
Mg-SiO2 syntactic foams demonstrated better surface passivation effect which accounts for better
corrosion resistance in all the SBF solutions.
Surface microstructure analysis showed that the syntactic foams samples maintained structural
integrity after corrosion and no significant pitting was observed.
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