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ite was successfully synthesized via a mechanical activation route assisted with
heat treatment. X-ray diffraction (XRD), scanning electron microscopy (SEM) and simultaneous thermal
analysis (STA) techniques were utilized to characterize the prepared powders. Results showed that pure
nanocrystalline forsterite could be fabricated completely by 10 h of mechanical activation and post-heat
treatment at 1000–1200 °C for 1 h. By 10 h mechanical activation, the initial temperature of forsterite
crystallization was reduced to about 820 °C. The obtained nanocrystalline forsterite powder had crystallite
size about 57 nm according to Williamson-hall approach and particle sizes smaller than 1000 nm. XRD
patterns showed that pure forsterite could not be obtained by mechanical activation process alone and that
enstatite could be fabricated by increasing the time of milling. Liberation of CO2 gas increased the rate of
forsterite formation by increasing contact surface between grains.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Forsterite is a crystalline magnesium silicate ceramic with chem-
ical formula Mg2SiO4. It is a member of olivine family of crystals [1].
Forsterite builds on silica tetrahedron with about 55% of covalent
bonding. Hence, it is expected to have low dielectric constant (εr=6.8)
and it is suggested as a suitable dielectric material for millimeter-wave
communication [2].

The important characteristics required for a dielectric material for
millimeter-wave communication are: (i) low dielectric constant
(εrb10), (ii) low dielectric loss or high quality factor (Q · f), (iii) high
thermal conductivity, (iv) low or matching coefficient of thermal
expansion to that of the materials attached to it, and (v) low
temperature coefficient of resonant frequency(τf )[3]. The Q · f of
commercial forsterite is low, about 10000 GHz [4]. The ceramic has a
glassy phase among grains. Inclusions and impurities from the glass
phase form dipoles with anions and the Q · f degraded by the dipoles
turn over under the alternating electromagnetic wave. The Q · f was
improved by using high purity rawmaterials: MgO and SiO2 reached a
value of 240000 GHz [5]. The appearance of MgSiO3 secondary phase
must be eliminated to suppress the temperature coefficient of
resonant frequency for forsterite ceramic [6].
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Several methods including heating MgO and SiO2 powders (up to
1525 °C) [7], co-precipitation [8], and sol–gel techniques have been
employed to prepare pure forsterite [9–13]. During the synthesis of
forsterite, it is very difficult to avoid the formation of MgSiO3 or/and
MgO, and thermal treatments up to 1200–1600 °C are necessary to
obtain pure forsterite. Enstatite (MgSiO3) dissociates into forsterite
and a SiO2-rich liquid at 1557 °C [14].

Although fabrication of forsterite by mechanical alloying has been
investigated, obtaining pure forsterite has not been reported. It has
been reported that forsterite could be prepared by mechanical
alloying and heat treatment at 1200 °C but a small amount of enstatite
could be recognized with prepared forsterite [15].
Fig. 1. DTA and TGA curves of obtained powders by 10 h MA.

mailto:fathimoh@yahoo.com
mailto:fathi@cc.iut.ac.ir
http://dx.doi.org/10.1016/j.matlet.2008.07.015
http://www.sciencedirect.com/science/journal/0167577X


Fig. 2. X-ray diffraction patterns of starting materials after MA for various periods of time.
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Since the formation of forsterite is recognized to be difficult, the
purpose of the present work was to describe an alternative and an
easy method of synthesis of pure nanocrystalline forsterite through
Fig. 3. XRD patterns of obtained powders after MA for; (a) 10 h and heat treatment for 1 h
simple solid state processes. The effect of mechanical activation on the
trend of nanocrystalline forsterite formation from the mixture of basic
MgCO3 and amorphous SiO2 was also studied.
at various temperatures, (b) 15 h and heat treatment for 1 h at various temperatures.



Fig. 4. SEMmicrograph of (a) SiO2; (b) MgCO3 and, (c) nanocrystalline forsterite powder.
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2. Experimental procedure

The starting materials were amorphous SiO2 (99.9%) and MgCO3

(99.9%). Appropriate amounts of mentioned materials with stoichio-
metric composition of forsterite were mixed together, and were
mechanically activated in a planetary ball mill for 5, 10 and 15 h.
Mechanical activation (MA) reactions were carried out in a zirconia
container with zirconia balls (8 balls with diameter of 10 mm). The
ball-to-powder weight ratio was 25:1 and the rotational speed was
300 rpm. After MA, heat treatments were performed in a furnace at air
atmosphere and isothermal condition at 900–1200 °C.

The phase analysis was carried out by X-ray diffraction (XRD)
technique using a Philips X'PERTMPD diffractometer (Cu Kα radiation:
λ=0.154056 nm at 40 kV and 30 mA) over the 2θ range of 20–80° at a
scan rate of 0.05°/min. The crystallite size of prepared powders was
determined by using XRD patterns and Williamson–Hall approach.
Scanning electronmicroscopy (a Philips XL30) techniquewas utilized to
evaluate the morphology and particle size of prepared powders.
Differential thermal analysis (DTA) was performed on as-milled
powders in order to observe any exothermic peaks, whichmay indicate
crystallization temperatures of forsterite. Weight losses during increas-
ing of temperature were measured using thermogravimetric analysis
(TG) in the temperature, ranging from room temperature to 1200 °C in
air and at a heating rate of 10 °C/min.

3. Results and discussion

3.1. Thermal analysis

DTA curve of the obtained powder by 10 h MA (Fig. 1) exhibit two endothermic
peaks between 80 °C and 300 °C; one small endothermic peak at 430 °C and one
exothermic peak at 820 °C. Weight loss occurred in three main stages. The first stage
occurred below 340 °C probably due to loss of water of hydration. The second stage
occurred below 500 °C due to the decomposition of magnesium carbonate and
crystallization of MgO. The third stage occurred below around 850 °C due to the
crystallization of forsterite formation. There was no further significant weight loss
above this temperature. So, heat treatment was performed above 820 °C in order to
prepare forsterite.

3.2. XRD analysis

Fig. 2 shows the XRD patterns of starting materials as a function of the time of MA.
Up to 10 hMA, the broadening of the peaks and a significant decrease in the intensity of
the peaks can be seen. MgCO3 particles got finer, and partially decomposed during
mechanical alloying; indicating that mechanical activation gradually creates the state in
which the mixtures are amorphous. The changes of diffraction line intensities of basic
MgCO3 are also faster in comparison to pure mechanically-activated basic MgCO3 [16].

Further MA up to 15 h led to partial decomposition of magnesium carbonate and
formation of forsterite. Brindley and Hayami [8] showed that forsterite can be fabricated
with a diffusion control mechanism. MgO initially diffuses into the surface of the SiO2 to
form enstatite, and diffusion continues through this enstatite layer to form forsterite.
This can be promoted by dynamically maintained high reaction interface areas as well
as the short-circuit diffusion path provided by the large number of defects such as
dislocations and grain boundaries induced during ball milling.

Fig. 3 shows the effect of 1 h heat treatment at various temperatures on prepared
powders. Forsterite (Mg2SiO4) and periclase (MgO) could be fabricated by 10 h MA
(Fig. 3.a) and after heat treatment at 900 °C. After heat treatment at 1000 °C, the powder
exhibited a better crystallinity but MgO was still present, indicating that for the global
stoichiometry 2:1 for Mg:Si in forsterite, some amorphous silica or indiscernible
MgSiO3 should remain in the sample. After heating to 1200 °C for 1 h, this MgSiO3 or
amorphous silica reacts with MgO, and Mg2SiO4 appears as a single phase. Detailed
analysis of the changes of the MgO diffraction line intensities is one of the possible
parameters for describing the reaction advance. Fast disappearance of MgO diffraction
lines is the result of the effect of MA on the reaction rate. During milling, magnesium
carbonate is partially decomposed and crystalline sizes are reduced to nano scale.
Decomposition of magnesium carbonate leads to the generation of CO2 gas. Liberation
of CO2 gas which fabricates micro pores decreases grain sizes and increases the contact
surface between grains and forsterite formation diffusion control process.

MA is very efficient to produce very homogeneous chemical powders, and evenMA
of the precursor provides a powder that may be comparable to those obtained by sol–
gel from alkoxides in organic solvents including chelating solvents. X-ray patterns of
15 hmechanical alloyed and heat treated powders are given in Fig. 3b. MgO andMgSiO3

remained after 15 h MA and heat treatment at 1200 °C. Paradoxically, Mg2SiO4 appears
to be better crystallized at low temperature because of crystallization during MA. So, it
is important to control the phase development during forsterite synthesis.
Even after heating to 1540 °C for 5 h, that is at a temperature close to the melting
point of enstatite, MgSiO3 and MgO had not completely reacted together to form
Mg2SiO4 [14]. This situation is frequently encountered in the synthesis of forsterite.
Increasing the time of MA causes enstatite formation. In this condition, enstatite is
stabilized until high temperature. Kazakos et al. [12] noted that heat treatment did not
have any apparent effect on the enstatite phase until a heating temperature near
1600 °C was reached.

The crystallite size of obtained powder by MA and the crystallite size of forsterite,
which was fabricated via 10 h MA and heat treatment, could be determined by
Williamson–Hall equation [17]:

Bcosθ ¼ 0:9λ=Dþ esinθ ð1Þ

where B is the full-width at half maximum intensity, λ is the wavelength of the X-ray
used (λ=0.154056 nm), D is the average crystallite size (nm), θ is the Bragg angle, and ε
is the average strain. The crystallite size of powder which was obtained by 5–15 h MA
was 9–19 nm. It was found that the crystallite size of the forsterite fabricated by 10 hMA
and heat treatment at 900–1200 °C increased from ~21 nm at 900 °C to about 57 nm at
1200 °C.

3.3. SEM evaluation

The SEM micrographs of the starting materials and nanocrystalline forsterite
powder obtained by 10 hMA and heat treatment at 1200 °C are shown in Fig. 4. The SiO2
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particles have an irregular shape with a size distribution of 6–40 µm. MgCO3 particles
are nearly uniform in size (10 µm) with irregular shapes. After heat treatment,
the particles have more homogenous distribution and the particle sizes are less than
1000 nm.

4. Conclusions

Pure nanocrystalline forsterite was successfully fabricated by 10 h
of mechanical activation (MA) and heat treatment at 1200 °C. MA
enhances the forsterite formation in basic MgCO3–amorphous SiO2

mixture at lower temperature. Liberation of CO2 from decomposition
of magnesium carbonate and increasing the contact surface during
MA, increase diffusion of MgO into SiO2 and rate of forsterite
formation. MA could cause the formation of nanocrystalline forsterite
in the nano scale region and particle size smaller than 1000 nm. With
increasing MA time, enstatite could be fabricated and MgO and
MgSiO3 could be stabilized up to a high temperature.
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