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a b s t r a c t

In this study, the macroporous forsterite scaffolds with highly interconnected spherical pores, with sizes
ranged from 50 to 200 �m have been successfully fabricated via gelcasting method. The crystallite size of
the forsterite scaffolds was measured in the range 26–35 nm. Total porosity of different bodies sintered
at different sintering temperatures was calculated in the range 81–86%, while open porosity ranges from
69 to 78%. The maximum values of compressive strength and elastic modulus of the prepared scaffolds
were found to be about 2.43 MPa and 182 MPa, respectively, which are close to the lower limit of the
eywords:
eramics
anostructured materials
echanical alloying
echanical properties

canning electron microscopy

compressive strength and elastic modulus of cancellous bone and the compressive strength is equal to
the standard for a porous bioceramic bone implant (2.4 MPa). Transmission electron microscopy analyses
showed that the particle sizes are smaller than 100 nm. In vitro test in the simulated body fluid proved
the good bioactivity of the prepared scaffold. It seems that, the mentioned properties could make the
forsterite scaffold appropriate for tissue engineering applications, but cell culture and in vivo tests are

ce.
-ray diffraction needed for more confiden

. Introduction

Bioceramics as a class of biomaterials are very important for
iomedical applications [1]. Porous bioceramic devices or implants
ave been paid much attention. In fact, porous bioceramics have
een used for bone defect filling, implant fixation via bone ingrowth
i.e. biological fixation), bone regeneration via tissue engineering
2–4], drug delivery [5–8], cell loading [9,10], and ocular implant
11]. However, it is challenging to control and optimize the porous
tructures (e.g. porosity, pore size, and pore interconnectivity) and
he mechanical properties of porous bioceramics.

In recent years, some Si and Mg containing ceramics have
rawn interests in the development of bone implant materials
12–18]. Silicon was known as an essential element in skele-
al development. It was uniquely localized in the active areas
f young bone and was involved in the early stage of bone cal-
ification [19,20]. Magnesium is also certainly one of the most
mportant elements in human body, associated with mineraliza-
ion of calcined tissues [21], and indirectly influences mineral

etabolism [22]. Forsterite (Mg2SiO4) is an important material of
livine family of crystals in the magnesia–silica system. Recently

esearches have shown that it is a biocompatible material, pos-
ess excellent in vitro apatite-formation ability, in vivo bioactivity
nd degradability [23–29], improved mechanical properties com-
ared to hydroxyapatite [28], and can be useful as a biomaterial
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for hard tissue repair. Forsterite ceramics have shown a signifi-
cant improvement in the fracture toughness (KIC = 2.4 MPa m1/2)
in comparison to hydroxyapatite ceramics (0.6–1.0 MPa m1/2)
[23,30,31]. Preparing the nanocrystalline forsterite dense ceram-
ics via sintering the forsterite nanopowder suggests that these
can be significantly improved concerning their fracture tough-
ness (KIC = 3.61 MPa m1/2) and hardness (940 Hv) in comparison
to the hydroxyapatite ceramics (KIC = 0.75–1.2 MPa m1/2 and hard-
ness = 700 Hv) [32]. Despite the advantages of forsterite in
comparison to other bioceramic, such as its good mechanical prop-
erties, there are not any published reports on fabrication of porous
forsterite.

Nanoparticle ceramics in comparison to microparticle ceram-
ics have a number of attractive properties which includes high
mechanical properties, high diffusion rates, and reduced sintering
times or temperatures [33–36]. Studies on nanostructure bioce-
ramic such as alumina, titania, and hydroxyapatite have illustrated
enhanced adhesion of osteoblast cells, and decreased adhesion of
fibroblast and endothelial cells [37].

Present study was aimed to produce and characterize porous
body of nanostructure forsterite for tissue engineering applications
in order to impart of its high mechanical properties. For this pur-
pose, forsterite nanopowder was synthesized using the mechanical
activation method and porous body of forsterite was fabricated

via the gelcasting method. Gelcasting method is a well-established
method in which the foaming was conducted by addition of a foam-
ing agent and vigorous agitation of aqueous ceramic suspension.
Then in situ polymerization of an organic monomer [38] or gela-
tion of a gelling agent [39,40] cause to form a sufficiently strong
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Fig. 1. XRD patterns of the prepared (a) forsterite nanopowder, and fors

el to withstand the body weight, even at the typically low solids
oading used in these suspensions.

. Experimental procedure

.1. Starting materials

Magnesium carbonate (MgCO3, Aldrich, 98% purity) and talc (Mg3Si4O10(OH)2,
erck, 98% purity) powders were used as raw materials to prepare forsterite pow-

er. In order to fabricate the porous body of the forsterite, agarose powder (Merck)
s a gelling agent, Tergitol Np-9 (Aldrich) as a foaming agent, and tripoly phosphate

odium (TPP) as a dispersant were used in gelcasting process.

.2. Preparation of nanostructure forsterite

In order to produce a single phase forsterite, MgCO3 and talc powders with
olar ratio of 5:1 were mixed in a planetary ball mill under ambient conditions.

Fig. 2. SEM micrographs of the prepared forsterite scaffold
scaffolds sintered at (b) 900, (c) 1000, (d) 1100, and (d) 1200 ◦C for 4 h.

The milling media consisted of a zirconia vial with zirconia balls. In milling process,
the rotational speed of main disc was 350 rpm, the ball-to-powder weight ratio was
10:1 and the time of mechanical activation was 10 h. The prepared powder was then
heated at 1000 ◦C for 1 h in air.

2.3. Fabrication of porous body of the forsterite

Forsterite powder was dispersed in deionized water by using of 1 wt% tripoly
phosphate sodium as a dispersant and a slurry of 60 wt% solid loading was prepared.
The amount of 7 wt% agarose powder as a gelling agent was dissolved in deionized
water by heating the water up to 130 ◦C. The agarose solution by keeping the tem-

perature of the initial slurry at 80 ◦C was added to the forsterite slurry. Then 1.5 vol.%
Tergitol as a surfactant was added to prepared suspension, with 50 wt% forsterite
and 1.2 wt% active gelling agent. The suspension was then foamed through vigorous
agitation by a triple-blade mixer. The foamed slurry was poured into the polyethy-
lene mold and was cooled to 0 ◦C to gel the suspension. The samples were then
de-molded, dried at room temperature, and sintered at different temperatures.

sintered at 1200 ◦C for 4 h at different magnifications.
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.4. Materials characterization

The phase structure of the prepared forsterite powder and porous body of the
orsterite were investigated by X-ray diffractometer (XRD, Philips Xpert) with Cu
� radiation (� = 0.154056 nm). The XRD patterns were recorded in the 2� range of
0–80◦ (step size: 0.05◦ and time per step: 1 s).

The Scherrer’s method was used to estimate the crystallite size of the forsterite
owder and the prepared scaffolds [41].

= (0.89�)
(B cos �)

(1)

here d is the crystallite size (nm), � is the wavelength of the radiation used (nm),
is the diffraction peak width at half maximum intensity (rad), and � is the Bragg
iffraction angle (◦).

The morphology and size of the pores in the prepared scaffolds were studied by
canning electron microscopy (SEM) in a Philips XL30.

Transmission electron microscopy (TEM, Philips CM-200) technique was uti-
ized to characterize the morphology and particle sizes of the synthesized forsterite
caffolds.

The porosity and density of the samples were determined using the Archimedes
ethod with distilled water as an immersion medium and using the theoretical

ensity of 3.221 g cm−3 for forsterite [42]. The results are the average of three mea-
urements for each sintering temperatures.

The mechanical behavior of the prepared scaffolds was investigated by compres-
ive tests performed on cylindrical bars (10 mm in diameter and 20 mm in length)
sing a universal testing machine (zwick, material prufung, 1446-60). A crosshead
peed of 0.5 mm/min was used for this purpose and the maximum force registered
uring the test was used for measuring the compressive strength of the scaffolds.
he results are the average of five measurements for each sintering temperatures.

In vitro bioactivity of the prepared forsterite scaffolds was investigated by soak-
ng them in the simulated body fluid (SBF) at a solid/liquid ratio of 10 mg/ml without
efreshing the soaking medium. The SBF solution was prepared with the composition
escribed by Kokubo and Takadama [43]. The samples were immersed in appropri-
te amount of SBF in plastic bottles and hold in a water bath at 36.5 ± 0.5 ◦C for 28
ays. The samples were then filtered, rinsed with distilled water and dried in air.
he formation of the apatite layer on the samples was confirmed using SEM micro-
raphs. The changes in pH value of soaking solutions were also measured using an
lectrolyte-type pH meter every day.

. Results and discussion

The XRD patterns of the starting powder and porous forsterite
ieces sintered at different temperatures are shown in Fig. 1. Good

greement was found between the XRD pattern obtained from
orsterite powder (Fig. 1a) and the standards for forsterite, com-
iled by the Joint Committee on Powder Diffraction and Standards
JCPDS). Porous pieces after sintering were ground into powder.
ompared with the card 34-0189, there were no phase transfor-

Fig. 4. TEM micrographs of the forsterite scaffold sinte
Fig. 3. Compressive stress–strain curve of the forsterite scaffold sintered at 1200 ◦C
for 4 h.

mations detected when the sintering temperature was increased
to 1200 ◦C. The broad peak width of the diffraction patterns could
be attributed to the small crystal size. The crystallite size of the pre-
pared forsterite powder was measured about 23 nm by broadening
of XRD peaks using Scherrer’s formula. However, when the sinter-
ing temperature was increased to 1200 ◦C, the crystallite size was
increased to 35 nm.

Scanning electron micrographs of the sintered porous bodies
of forsterite are shown in Fig. 2. Fig. 2 is related to the scaffold
sintered at 1200 ◦C for 4 h at different magnifications. These Fig-
ures show that the scaffolds have an open, interconnected, and
uniform porous microstructure with pore sizes ranged from 50 to
200 �m. Observations by SEM showed a decrease in pore size with
an increase in the sintering temperature.

Total porosity of different bodies sintered at different sintering
temperatures ranges from 81 to 86%, while open porosity ranges
from 69 to 78%. When sintering temperature is raised from 900 to
1200 ◦C, total porosity of the samples decreases by 5% and open
porosity by as much as 9%.

Table 1 show the crystallite size, total porosity, apparent den-
sity, elastic modulus, and compressive strength of the scaffolds

sintered at different temperatures. The compression tests showed
that all the samples failed in a manner similar to that for brit-
tle ceramic foams, exhibiting linear elastic region followed by a
collapse plateau presumably dominated by brittle fracture of the

red at 1200 ◦C for 4 h at different magnifications.
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Table 1
The crystallite size, total porosity, apparent density, elastic modulus, and compressive strength of the forsterite scaffolds at different sintering temperatures.

Temperature Crystallite size
(nm) (S.D.a)

Apparent
density)gr cm−3) (S.D.)

Total porosity
(%) (S.D.)

Compressive strength
(MPa) (S.D.)

Elastic modulus
(MPa) (S.D.)

Forsterite powder 23 (±1) 3.14 (±0.1) – – –
900 ◦C 26 (±2) 0.45 (±0.04) 86 (±1) 2.06 (±0.09) 145 (±9)
1000 ◦C 28 (±1) 0.48 (±0.08) 85 (±1) 2.19 (±0.06) 165 (±12)
1100 ◦C 31 (±1) 0.55 (±0.05) 83 (±2) 2.31 (±0.07) 171 (±21)
1200 ◦C 35 (±2) 0.61 (±0.06) 81 (±1) 2.43 (±0.11) 182 (±19)

a Standard deviation.

r soak

s
f
p
w

Fig. 5. Changes of pH of the SBF solution afte
truts. Fig. 3 is a typical example of compressive stress–strain curve
or the forsterite scaffolds with porosity level of 81%. Both the com-
ressive strength and elastic modulus of the scaffolds increased
ith increasing sintering temperature, due to a decrease in pore

Fig. 6. SEM micrographs of the forsterite scaffold sintered at 1200 ◦C for 4
ing the forsterite scaffold for various periods.
size and increases the density of the scaffolds. The elastic modu-
lus ranged from 145 to 182 MPa, which is roughly equal to the low
range of the values for spongy bone (∼0.05–0.5 GPa) [44,45]. The
compressive strength of the forsterite scaffolds was found in the

h after 28 days of immersion in the SBF at different magnifications.
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ange 2.06–2.43 MPa, which is close to the lower limit of the com-
ressive strength of cancellous bone (2–12 MPa) [46] and is equal to
he standard for a porous bioceramic bone implant (2.4 MPa) [47]. In
omparison to the result of other researcher for prepared scaffolds
f different bioceramics such as HA, TCP, and BG [39,40,48–50], the
caffolds compressive strength have increased by using the nano
orsterite as a bioceramic.

Observation under TEM (Fig. 4, for the sample sintered at 1200 ◦C
or 4 h) illustrated the apparent agglomerates of about 100 nm in
ize, upon close inspection reveal sub-structure of nano crystals of
bout 23–35 nm in size.

In vitro bioresorbability behavior of the prepared forsterite
caffold was quantitatively evaluated in the SBF medium under
hysiological condition of pH 7.4 at 36.5 ± 0.5 ◦C at pre-determined
ime intervals up to 28 days. Fig. 5 shows a graph of the changes
f pH versus time, which illustrates the dissolution or resorbability
ehavior of synthesized samples. The pH value is dependent on the
olubility or resorbability of the bioceramic. When the porous body
f forsterite is immersed in the SBF, magnesium ions first exchange
ith H+ in the solution lead to the formation of silanol (Si–OH−) in

he surface layer, a pH increase, and eventually the production of a
egatively charged surface with the functional group (Si–OH−). The
alcium ions in the SBF solution are firstly attracted to the interface
etween the scaffold and solution. Calcium accumulating on the
ilica-rich layer lead to decreasing of phosphorus concentration in
he SBF and presence of enough calcium and phosphorus on the
orsterite scaffold cause formation of apatite layer on the surface
50].

The bone-like apatite formation on the surface of the prepared
caffold due to the dissolution and precipitation process of calcium
hosphate after 28 days of immersion in the SBF are shown in Fig. 6.
hese SEM photomicrographs illustrated the formation of bone-
ike apatite (shiny regions) on the surface of the scaffold and pores
lling by formation of apatite [24].

In recent years, particular attention has been paid to the prepa-
ation of bioceramics with porous morphology [2]. Since, the
orous bioceramic have poor mechanical properties that limit their
pplication in tissue engineering, it is very important to increase
he mechanical properties of porous bioceramics. In this study, the
sing of forsterite as a bioceramic in addition to its nanostruc-
ure, increased the compressive strength of prepared scaffold in
omparison to other porous bioceramic, and could make the pre-
ared scaffold some applicable for load-bearing tissue engineering.

n addition, bone tissue grows well into the pores, could increase
trength of the prepared scaffold.

The manufactured forsterite scaffold, because of its sufficient
ompressive strength, pore size, and interconnectivity between
ores, might be suitable for tissue engineering applications.

Further studies will be focused on cell culture and in vivo tests
n the prepared scaffolds.

. Conclusions

In this study, the macroporous forsterite scaffolds with highly
nterconnected spherical pores, with sizes ranged from 50 to
00 �m have been successfully fabricated via gelcasting method.
he crystallite size of the forsterite scaffolds was measured in the
ange 26–35 nm. Total porosity of different bodies sintered at dif-
erent sintering temperatures was calculated in the range 81–86%,
hile open porosity ranges from 69 to 78%. The maximum values
f compressive strength and elastic modulus of the prepared scaf-
olds were found to be about 2.43 MPa and 182 MPa, respectively,
hich are close to the lower limit of the compressive strength and

lastic modulus of cancellous bone and the compressive strength
s equal to the standard for a porous bioceramic bone implant

[
[

[
[

ompounds 509 (2011) L63–L68 L67

(2.4 MPa). TEM analyses showed the particle sizes are smaller than
100 nm. In vitro test in the simulated body fluid proved the good
bioactivity of the prepared scaffold. It seems that, the mentioned
properties could make the forsterite scaffold appropriate for tis-
sue engineering applications, but cell culture and in vivo tests are
needed for more confidence. Furthermore, its sufficient compres-
sive strength could make it a good candidate for load-bearing tissue
engineering.
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