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properties of forsterite thus risking the reliability of the
implant.
The secondary phases that commonly appear during
the synthesis of forsterite are periclase (MgO) and
enstatite (MgSiO3). During the formation via solid-state,
and heat treatment, it requires sufficient heating energy to
be supplied on to the samples for the transformation to
take place [8]-[11]. Also, with the formation of secondary
phases, the decrease of strength of the sintered ceramic
was observed by other researchers [12]-[14]. However,
no research was done on the need to hold at the maximum
temperature for certain duration. Therefore, in this work,
a study was done on the heat treatment stage in
synthesizing phase pure forsterite powder by varying the
holding time and proving that holding time is not a
negligible factor in getting phase pure forsterite.

Abstract—In this work, phase pure forsterite (Mg2SiO4)
powder was synthesized via solid-state method and heat
treatment stage. X-ray diffraction analysis was conducted to
investigate on the phase purity of forsterite powder. The
synthesized powder were heat treated at 1200 oC for 1 min,
1 hour and 2 hours with ramping rate of 10 oC/min.
Decomposition was observed for powder heat treated for 1
min. Periclase and enstatite peak were detected as a form of
secondary phases. 1 and 2 hours of holding during heat
treatment produced phase pure forsterite with a difference
of improved intensity which indicated that there was
enhancement towards the crystalline structure of forsterite
powder. SEM micrograph was carried out to show the
morphology of the obtained forsterite powder. The powders
are agglomerated with various sizes was observed.
Index Terms—Heat treatment, forsterite, bioceramic

I.

II.

INTRODUCTION

In the context of medical advancement, diseases and
injuries on organs and tissues can be treated via implant.
The need to discover a suitable and ideal material for
such implantation has brought up the importance of
bioceramic. Bioactive ceramic has been a very popular
material to be used for bone implantation as it will
actively bond with the bone (hard or soft tissue) with high
strength. This is due to the formation of a dense surface
layer under nanometer scale hydroxyl-carbonate apatite
crystal agglomerates which was observe during in vivo
study [1]. The introduction of hydroxyapatite (HA) has
initiated many researches in improvising this material.
Although HA possess good biocompatibility [2], [3], the
drawback of HA is its low mechanical properties [4], [5].
From here on, forsterite was introduced into the research
as it possesses good mechanical properties compared to
HA. Fracture toughness of forsterite is 2.4 MPa.m1/2
while HA is 0.6-1.0 MPa.m1/2 [6], [7]. The challenge in
forming forsterite is the tendency for secondary phases to
appear during the synthesizing of this powder. Formation
of secondary phases will deteriorate the mechanical

A. Synthesis Stage
Forsterite was produced via solid-state method. Two
precursors were prepared (MgO; Merck, 97% and
Mg3Si4O10(OH)2; Sigma-Aldrich, 99%) and mixed with a
weight ratio of 1: 1.8825, respectively. The solvent used
for the mixing is ethanol. Each precursor was subjected to
ultrasonic for 2 minutes to reduce agglomeration of
powders followed by another 30 minutes of ultrasonic
after mixing both of the precursors together. Upon
ultrasonication, milling was carried for 10 hours using a
table top milling machine with 350 rpm. Zirconia balls
with a diameter of 5 mm were used as a milling media
with ball to powder ratio of 10:1. Upon drying at 60
o
C/24 hr, the mixture was crushed and sieved using a
metal mesh (212 um). As-obtained powder was then heat
treated at 1200 oC for 1 min, 1 hour and 2 hours with
ramping rate of 10 oC/min.
B. Characterization Stage
X-ray diffraction (XRD) analysis was done on the
powder samples operating at 35 kV and 15 mA, with CuKα as radiation source. A step scan of 0.02° and scan
speed of 0.5°/min was employed.
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magnesium oxide and silicon oxide (from talc). Upon
milling, heat treatment governed the next transformation
as shown in Eq. (2) whereby forsterite will be formed.
Sufficient energy was required to allow the
transformation of enstatite and magnesium oxide into
forsterite hence prolonging the holding time during heat
treatment is crucial. According to Tavangarian (2010),
heat treatment process usually requires longer holding
time to ensure that sufficient thermal energy was
absorbed by the samples to complete the diffusion
process between the precursors [9].

The micrograph of the synthesized forsterite powder
was analyzed using scanning electron microscope (SEM,
Philip).
III.

RESULTS AND DISCUSSIONS

The phase composition of the sample heat treated at
1200 oC with holding time of 1 min was presented in Fig.
1. It is not possible to form phase pure forsterite with a
very short duration of holding time. The presence of
MgO and MgSiO3 in the XRD traces was the indication
that it is essential to expose sufficient thermal energy to
the sample. In this case, the cause for the secondary
phases to appear is not due to the decomposition of
forsterite powder. Instead, it is because the powder did
not have sufficient time to transform from proto-forsterite
(the initial powder obtained upon sieving) into phase pure
forsterite.
The formation of Mg2SiO4 begins by solid state
reaction between precursors (through milling process)
which can be seen at Eq. (1). The first stage of
transformation includes the formation of enstatite from

MgO + SiO2  MgSiO3

(1)

MgSiO3 + MgO  Mg2SiO4

(2)

On the other hand, Fig. 2 depicts the XRD traces of
sample under 1 hr of holding during heat treatment with
the absence of secondary phases. This result proved
further on the importance of holding time during heat
treatment in synthesizing phase pure forsterite.

MgO
MgSiO3

Figure. 1. XRD trace of 10 hours ball milled and heat treated at 1200 oC for 1 minute with 10 oC/min ramp rate.

Further investigation was carried out on the effect of
prolonged heat treatment by extending the minimum
required time of 1 hour holding time to 2 hours. Based on
Fig. 3, prolonged holding time did not affect the purity of
forsterite powder as no decomposition was observed.
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Higher peak intensities can be seen which resulted in
improvement of crystallite structure of forsterite powder.
However, the increased in peak intensities was of minutes
difference only and so no further work will be carried out
on the extension of holding time.
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Figure. 2. XRD trace of 10 hours ball milled and heat treated at 1200 oC for 1 hour with 10 oC/min ramp rate.

Figure. 3. XRD trace of 10 hours ball milled and heat treated at 1200 oC for 2 hour with 10 oC/min ramp rate.

From the SEM images, rough surface of the
synthesized powder was observed. The obtained surface
can be attributed by the agglomeration of powder. Size of
the powder agglomeration ranges from small to large.
The agglomerations of powder were made up from a
mixture of loosely packed fine particles. The variety of
sizes obtained from the SEM images shown in Fig. 4 was
due to insufficient duration for all the powder particles to

©2015 Int. J. Life Sci. Biotech. Pharm. Res.

grow simultaneously to achieve equilibrium particle
growth whereby all particles will have equal or similar
sizes. Upon optimizing the heat treatment time, phasepure forsterite was obtained and with these results, further
investigation can be done on this powder by packing it up
into green bulk for further study on the mechanical and
bioactivity test.
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Figure. 4. SEM micrograph of pure forsterite powder obtained via 10 hours of milling and heat treatment at 1200 oC for 2 hours with 10oC/min: (a)
2500X, (b) 5000X, (c) 20000X magnification.
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CONCLUSIONS

The effect and the need for holding time were studied.
The need to provide sufficient duration during heat
treatment was proved to be necessary and important in
obtaining a phase pure forsterite. XRD trace showed that
1 minute of holding was insufficient for the powder to
transform entirely into phase pure forsterite. Secondary
phases were detected throughout the result. Increasing the
holding time to 1 hour had significantly improved the
formation of forsterite and only forsterite peak was found.
This result showed that sufficient holding was needed to
ensure a complete reaction to occur. Upon obtaining
phase pure forsterite at 1 hour holding time, the study was
continued with prolonged holding duration up to 2 hours.
No significant difference was found aside from a small
variation in the peak intensity which implied the
enhancement of crystalline structure. SEM images
showed that the powder form consisted from various
sizes of agglomerates which can be attributed by the
prolonged heat treatment of forsterite. From here on,
synthesizing of phase pure forsterite will be easier upon
acknowledging the need of longer holding time during
heat treatment.
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