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Abstract

Silicate materials have the potential for applications in the biomedical field. This research aims to investigate the effect of
incorporating magnesium silicate into the hydroxyapatite (HA) matrix. Four batches of HA; which was synthesized from fish
bones; and Mg silicate with various concentrations (5, 10, and 15 %) were prepared by solid-state method. The as-prepared
Mg silicate/HA compositions were uniaxially dry-pressed and sintered at different temperatures. The effect of the Mg silicate
doping on the physico-mechanical properties of Mg silicate/HA composites was investigated. Results showed that the phase
composition of the sintered Mg silicate powder is formed of two phases; forsterite and clinoenstatite. Results for the Mg
silicate/HA composite showed the complete disappearance of the HA phase, due to the reaction between Mg silicate and HA.
This reaction led to the dissociation of forsterite into clinoenstatite with less Mg content and whitlockite rich in magnesia.
Incorporation of Mg?* with hydroxyapatite reduced the bulk density and increased the apparent porosity of the Mg silicate/HA
samples. Increasing the Mg silicate content to 10 wt. % enhanced the mechanical properties, while addition of more than 10

wt. % Mg silicate reduced the bending strength and fracture toughness and boosted the Vickers hardness
Keywords: Mg Silicate, Hydroxyapatite, Clinoenstatite, Whitlockite

1. Introduction

Bone grafting is a well-known process requiring
materials with an osteoconductive composition and a
bioactive behavior similar to that of the bones.
Materials such as bioglass and glass—ceramics have
been used for bone grafting. Hydroxyapatite (HA),
with its biocompatibility, biodegradability, and
bioactivity, is one of the most popular calcium
phosphate materials used in biomedical applications
[1,2]. Porous scaffolds, especially porous HA, are
considered as an interesting material for bone
grafting. One of the most needed properties of the
porous scaffolds is the interconnected pores, as they
promote the tissue growth within them [3,4].

The main drawback of the HA scaffolds is their low
mechanical properties compared to human bones,
which restricts their use in many medical applications
[5-9]. Composites are considered good solutions for
improving HA mechanical properties, as they do not
change the HA bioproperties while enhancing its

mechanical behavior [10]. The inert ceramics (such
as alumina), the biodegradable ceramics (such as
calcium and/or magnesium-based ceramics), glasses,
and bioglasses are incorporated with HA to form
composites [11-14]. The incorporation of calcium or
magnesium silicate into calcium phosphates is
considerable of great importance as they are able to
enhance cell discrimination and proliferation [15,16].
The Si and Ca ions releasing is the principal reason
as they are known as osteoblast developers. Many
researchers indicated that bone  restoration
enhancement was observed on incorporation Ca - Mg
silicate to the bone as a result to the affirmative effect
of the Mg ions [15, 17, 18]. It was found that if a
specific quantity of Mg?* ions is substituted for Ca?
in the lattice of the HA, it will not affect the basic
structural ~ characteristics of HA  [19-22].
Accordingly, many authors have used forsterite to
promote the mechanical and biological properties of
the HA. Forsterite Mg and silicon content are crucial
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for bone regeneration [23-27]. In a study by Mehrjoo
et al. [28], they found that Mg? ions slightly
increased the agglomeration of the Mg-HA powder.
At the same time, substituting Mg?* ions for HA
enhanced both the proliferation rate and gene
expression, indicating the favorable role of the Mg?*
ions in biomedical applications. A mixture of
forsterite (5, 10, and 20 wt.%) and hydroxyapatite
was prepared by ball milling and sintering at a
temperature between 1100 ‘C and 1350 °C. The
results revealed that the forsterite slightly reacted
with HA to produce beta-tricalcium phosphate [3-Cas
(PO4)2]. The transformation phase mentioned above
affected the densification parameters and increased
the porosity of the sintered bodies. The hardness and
fracture toughness of the produced bodies were
enhanced because forsterite hindered the HA grain
growth [10]. Forsterite was used to prepare
forsterite/HA and bioglass/HA composites to coat the
316L stainless steel substrates via either sol-gel or
dip coating techniques [29, 30]. The results indicated
that both techniques produced a coating layer free
from cracks or defects, and the forsterite content
positively affected the hardness, fracture toughness,
and elastic modulus of the coat.

It was also found that by doping with 5 %
magnesium ion; the hydroxyapatite's physico-
mechanical properties were improved via the wet
precipitation method while doping with higher than 5
% magnesium ion led to a reduction in the relative
density [31]. Geng et al., [32] evaluated the effect of
incorporating different concentrations of two
biological cations; Mg?* and Sr?* into the structure of
hydroxyapatite by hydrothermal method and studied
their partial substitution for Ca?* in the apatite
structure. The co-addition of Mg and Sr to HA
enhanced cell growth. The cell proliferation and
bioactivity increased on 10Mg20Sr but decreased on
25Mg5Sr, as compared to HA. It was reported that
adding Mg and Sr was useful for long-term cell
differentiation, especially for 10Mg20Sr.

The effect of doping of MgSiOs; on the 3D Gel-
printing hydroxyapatite ceramic composite scaffold
has been studied by He et al., [33]. It was found that
the porosity and compressive strength of the
composite was enhanced. Doping of 3 % MgSiOs
resulted in the highest compressive strength of the
composite scaffold of about 93.15 MPa, which
authorize it for implantation in high-load parts. Such
value is 5.5 times more than that for pure HA
scaffold (16.77 MPa). Furthermore, doping with 3 %
MgSiOs possessed better degradability in vitro than
the other weight % for MgSiOs. Moradi et al., [34]
fabricated a magnesium/nano-hydroxyapatite porous
composite with the variable weight of nano-
hydroxyapatite (0, 2, 4 and 8 %) by the powder
metallurgy method. Better mechanical properties
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were gained for composites with 2 and 4 wt. % of
hydroxyapatites due to the better distribution of
hydroxyapatite in the composite matrix. The strength
of these composites was about twice and the plateau
stress was about three to four times more than that of
the pure magnesium. In addition, the elastic modulus
of these composites (0.25 GPa) was in the cancellous
bone range. Increasing the hydroxyapatite content to
6 and 8 wt. % led to the formation of regions with
agglomerated hydroxyapatite particles that acted as a
stress concentration agent and reduced the
mechanical properties of the composite, as also
reported by Feng & Han [35]. In a study of a
diopside/forsterite composites fabrication, it was
found that increasing the forsterite ratio in the
composites led to superior mechanical strength,
excellent antibacterial activity, slow degradation and
good cell viability. Increasing the diopside content in
the composite led to a remarkable improvement in
apatite deposition ability [36].

Studying the effect of doping by different MgO
concentrations on the mechanical strength and
structural and morphological characteristics of the
hydroxyapatite derived from eggshell revealed that
Mg ions influenced the secondary phase formation of
whitlockite and improved the hardness value. The
optimum hardness value (HV) of (88.7) was gained
with 1 mol. % MgO dopant [37].

This study aims to improve hydroxyapatite's
mechanical behavior by incorporating Mg?* into the
hydroxyapatite matrix to fabricate Mg silicate/HA
composites with appropriate mechanical
characteristics and investigate the influence of
different Mg ion concentrations doping on the
densification, structural and mechanical properties of
the obtained composite.

2. Experimental Procedures

2.1. Powder Preparation

Pure nano-HA was produced from fish bones as in
previous work of Naga et al. [38]. For MgSiO4
powder synthesis, predetermined amounts of
tetraethyl orthosilicate (TEOS) was hydrolyzed in
distelled water and stirred for 2 hours at 80 °C with
the addition of 3 ml nitric acid for peptization. The
mixing was continued till a transparent sol was
formed and let to cool. Predetermined amount of pure
magnesium carbonate was carefully weighed and
dissolved gradually in dilute nitric acid to completion
and the formation of MgNO3 and then added to the
hydrolyzed TEOS. The mixture was continuously
stirred at 80 °C till complete gel formation. The
prepared gel was dried for 24 h at 110 °C and then
calcined at 650 °C to eliminate all nitrate and organic
species. It was crushed and ground in a ball mill for 2
h at a speed of 200 rpm. The synthesized powder was
sintered at 800 °C, 900 °C, 1000 °C, and 1100 °C with
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5 °C/min firing and cooling rates and 1 h at the peak
temperature to follow up the phase constitution.

2.2. Preparation of Mg?*Substituted Hydroxyapatite
Composites

The HA and Mg silicate powders were dry-
mixed in a 3D rotary mixer for 4 hours. Four batches
were prepared via ball milling of the mixture at 350
rpm for 4 hours according to the proposed percentage
(Table 1). For the formulation of the test samples, the
prepared powders were uniaxially pressed at 230
MPa in the form of disks with 13 mm diameter x 5
mm thickness for physical and microstructural
examinations and rectangular bars 5x5x60 mm? at
300 MPa for the thermal and mechanical properties
evaluation. The prepared samples were then sintered
in air atmosphere at temperatures between 1200 °C
and 1350 °C with a soaking time of 2 h and a firing
and cooling rate of 5 °C. To delineate the grain
boundary, the tested samples were thermally etched
at 50 °C below their sintering temperature with a
firing rate of 10 °C/min and a soaking time of 30 min.

Table 1. Batch composition of the studied sintered
bodies.

Batch Hydroxyapatite | Mg Silicate
symbol (mass %) (mass %)
A 100
B 95 5
C 90 10
D 85 15

2.3. Sample Characterization

+ of ten indentations for each sample.
Fracture toughness (Kic) was evaluated using the
single edge notched beam technique [39].

3. Results and Discussion
3.1. Phase Composition of the Starting Materials
The XRD patterns of the synthesized Mg
silicate powder sintered at 800 °C, 900 °C, 1000 °C,
and 1100 °C are illustrated in Fig.la. Two phases
were observed; forsterite (JCPDS: 85-1364) and
clinoenstatite (JCPDS: 84-0652). However, the
intensity of clinoenstatite peaks had increased by the
increasing sintering temperature. An overlap of some
peaks for both forsterite and clinoenstatite phases
was detected due to the similarity in their crystal
lattice spacing. The application of different sintering
temperatures was executed to ensure that no other
phases than the forsterite and the clinoenstatite were
formed by increasing the sintering temperature of the
studied composites. The XRD pattern for the pure
HA calcinated at 900 °C is shown in Fig. 1b. The
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figure indicates that HA is composed purely of the
Hydroxyapatite phase.
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Fig. 1(a). XRD patterns for the synthesized magnesium
silicate powder fired at different temperatures (F: forsterite,
C: clinoenstatite).
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Fig. 1(b). XRD pattern of pure hydroxyapatite.

3.2. Physical Properties

The density of hydroxyapatite doped with
magnesium ion can be improved at higher sintering
temperature. In addition, magnesium was reported as
a destabilizing factor in the phase compositions of the
co-substituted HA. Incorporation of higher Mg
concentration into HA reduces the crystallinity,
thermal stability and lattice parameters of HA [32].

The bulk density and apparent porosity of
the samples fired at different sintering temperatures
as a function of Mg silicate addition are shown in
Fig.2 (a, b).
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Fig.2. Physical properties for different batch compositions
(A: pure HA, B: 95 % HA, C: 90 % HA and D: 85 % HA)
fired at different temperatures (a: bulk density; b: apparent
porosity).

The bulk density of the sintered samples was
observed to increase slowly with the sintering
temperature. The complete densification of the pure
HA (A) and samples containing 5, 10 % Mg- silicate
(B and C respectively) was detected at 1325 °C, while
samples containing 15 % Mg- silicate (D) showed
densification at 1250 °C. Additionally, it is observed
that the hydroxyapatite samples containing Mg
silicate exhibited decreased densities than the pure
hydroxyapatite, as shown in Fig. 2 (a). Also, with the
increase in the Mg?* concentration, the densification
parameters were decreased, which is in agreement
with [31].

The apparent porosity displayed a mirror image of the
bulk density behavior, Fig. 2 (b). Generally, it
decreased with the increase in the sintering
temperature until sintering was reached, then it
started to increase. The figure indicated that pure HA
samples exhibited the lowest apparent porosity
compared to bodies containing Mg?* ions. It was also
noticed that the increase in the Mg?* ions content
increases the bodies' porosity. Although the
theoretical density for both the forsterite (3.25
gm/cm3) and clinoenstatite (3.20 gm/cm?®) is higher
than that for HA 3.16 cm?®), Fig.2 (a) illustrates that
the magnitude of the bulk density for the Mg
silicate/HA composite is less than that for pure HA. It
is due to the dissociation of HA to whitlockite, with a
density of 3.13 g/cm3, less than that for any of the
starting materials, which negatively affected the
densification [11].

3.3 Phase Composition

The XRD patterns, Fig.3, showed the complete
disappearance of the HA phase in the batch
compositions; B (95 % HA) and C (90 % HA) which
sintered at 1325 °C and the composition C (85 % HA)
which sintered at 1250 °C. The only present phases
were the whitlockite (JCPDS: 13-0404) and
clinoenstatite (JCPDS: 84-0652) phases. It was
reported that when Mg?* replaced HA, the high ionic
field strength for the Mg?* ions resulting from their
small ionic radius weakens the OH™-Ca?* bonds and
forms powerful Mg phosphate bonds [40].
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Accordingly, the reaction between Mg silicate and
HA led to the dissociation of the forsterite into
clinoenstatite with less Mg content and whitlockite
rich in magnesia. The above-mentioned dissociation
process is due to pore formation, which increases the
porosity of the sintered bodies with an increase in the
Mg silicate content [10].
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Fig. 3. XRD patterns of the sintered samples (B: 95 % HA,

C: 90 % HA and D: 85 %). (M : Whitlockite, Il
:Clinoenstatite).

3.4. Microstructural Results

The whitlockite appeared in large particles
with sharp boundaries. Some particles had a
honeycomb structure, and some were irregular.

Clinoenstatite in the form of typical particles or
cotton-like agglomerates was scattered over the
whitlockite particles or as small rounded particles in
the triple junction of the whitlockite particles as
appeared in figs.4, 5 and 6.

Fig.4. SEM micrograph of sintered bodies containing 5 wt.
% Mg silicate, whitlockite and clinoenstatite phases
appeared, confirmed with EDS analysis.

Fig. 5. SEM micrographs of sintered samples containing 10
wt. % Mg silicate showing rod-like clinoenstatite.
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Figure 5 exhibited the microstructure of the sintered
bodies containing 10 wt. % Mg silicate. The figure
shows well crystalline clinoenstatite particles with
rod-like grains. They lie parallel to each other on
patches. Whereas, the clinoenstatite particles
appeared as cotton like shaped that lie on the
whitlockite grains, Fig. 6.

Fig. 6. SEM micrographs of sintered samples containing 15
wt. % Mg silicate showing cotton-like shaped
clinoenstatite.

3.5. Mechanical Properties

The fabricated composite exhibited an improvement
in the mechanical properties by the incorporation of
Mg ions into the HA [41]. Incorporation of Mg ions
into HA leads to grain and pore shape modification
where, higher content of the Mg ion gives rounder
pores, which in turn influences the improvement of
the mechanical properties of HA-Mg, as reported by
[42].

3.5.1. Bending Strength

Figure 7 indicates that increasing the Mg
silicate content up to 10 wt. % enhanced the bending
strength of the sintered samples. The bending
strength was marginally reduced when the Mg
silicate content was increased to 15 wt. %. The
addition of Mg silicate in small portions (up to 10 wt.
%) could improve the solid interfacial bonds between
HA and Mg silicate, which leads to higher reaction
sites and better bending strength [43]. Many authors
attributed the increase in the bending strength with
the increase in the Mg silicate content to the effect of
the Mg silicate particles on the movement retardation
of the HA dislocations [44], which we considered a
second reason for bending strength enhancement. On
the other hand, Fig. 7 shows that increasing the Mg
silicate to 15 wt. % decreases the bending strength by
1.7 %. This may be due to the negative effect of the
increased porosity developed with an increase in the
Mg silicate content.
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Fig. 7. Bending strength for the sintered Mg silicate/HA
composites.

3.5.2. Fracture Toughness

The fracture toughness behaved similarly to
the bending strength, Fig.8. It increased with the
increase in the Mg silicate content up to 10 wt. %,
and then decreased afterward. The enhancement in
the fracture strength may be attributed to the
spherical pore shape, Fig. 4 (a). It was mentioned that
spherical pores enhanced the fracture toughness of
the HA composites [42]. The enhancement in the
fracture toughness can also be attributed to the
formation of strong bonds between the agglomerates
during sintering [42]. The increase in the density by
the increase in the Mg silicate content is another
reason for the enhancement in the fracture toughness
of the sintered bodies. The presence of a secondary
phase straitens the crack propagation via the stress
absorption mechanism and increases the fracture
toughness [10]. On the other hand, the spherical
pores were approximately disappeared, Fig 5, and the
sintering parameters (density and pore size
distribution) decreased with the increase in the Mg
silicate content to 15 wt. %, which caused a decrease
in the fracture toughness.

15

14

12
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100 95 90 85
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Fig. 8. Fracture toughness for the sintered forsterite/ HA
bodies.
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3.5.3. Vickers Hardness

Figure 9 shows the effect of Mg silicate wit.
% on the Vickers hardness of hydroxyapatite
composites. It is noticed that the increase in Mg
silicate wt. % enhanced the hardness from 293.4 for
pure hydroxyapatite samples to about 515.4 for
composites with higher Mg silicate content. The
increase in hardness by increasing the Mg silicate
content could be related to several factors. The most
important in this study is the transfer of the load on
the reinforcement particles possessing higher
hardness, reducing the stress carried on by the matrix
[44].
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Fig. 9. Vickers hardness of the sintered Mg silicate/HA
bodies.

Conclusion

The incorporation of  Mg? into
hydroxyapatite samples reduced the densities and
increased the porosity of the prepared Mg silicate/HA
samples. The more the Mg? ion content in the
composite, the larger the samples porosity obtained.
The mechanical properties were improved by
increasing the Mg silicate content to 10 wt. %. Both
bending strength and fracture toughness values
increased to an optimum when Mg silicate content
reaches to 10 wt. %. A further increase in the Mg
silicate to 15 wt. % reduced the bending strength
value. A higher Mg silicate content exhibited the
highest Vickers hardness value because the
transferring of the load to the reinforcement particles
possessing higher hardness reduced the stress carried
on by the matrix.
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