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Mg,Si04 nanopowders were prepared from MgO and SiO, mixtures by using a high energy ball milling
method, combined with subsequent calcination at low temperatures. After milling for 30 h, pure phase
Mg,SiO4 nanopowders with an average grain size of 147.4nm were obtained at 850°C, 300°C lower
than that required by a conventional solid state reaction process. Mg,SiO4 ceramics sintered at a low

temperature of 1075 °C showed almost full density and excellent microwave dielectric properties (&,=7.2,
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Q x f=193,800 GHz, ;= —58 ppm/°C).
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1. Introduction

Recently, much attention has been paid to the develop-
ment of microwave telecommunication technologies because
of the increased requirements for microwave applications.
These applications demand microwave substrate materials
with high quality factor (Qxf) to achieve high selectiv-
ity, low dielectric constant (&;) to reduce the delay time of
electronic signal, and nearly zero temperature coefficient of
resonant frequency (7f) for frequency stability. Promising
candidates include as Mg,SiO4 (Q xf=40,000-240,000 GHz,
&r=6-7, 1;=—60 ppm/°C) [1,2], Al;03 (Q x f=680,000 GHz, &r=10,
7r=-55ppm/°C) [3,19], Mg;Sn04 (Qxf=55,100GHz, &r=8.41,
T;=—62ppm/°C) [11], Ba(Zny3Tay;3)03 (Qxf=120THz) [23],
Li;MgTi3Og (Q x f=36,200GHz, &=26, ty=-2ppm/°C) [24] and
other microwave dielectrics materials [25-33]. Among these
materials, forsterite Mg,SiO4 has attracted a great attention with
low dielectric constant and loss tangent.

In MgO-SiO, binary systems, there are Mg,SiO4 and MgSiO3
phases. A number of methods to synthesize Mg,SiO; pow-
ders, such as solid state reaction, sol-gel, and aqueous methods
[1,5,6,10,14,17]. Usually, with a solid state reaction method for
preparation of Mg,SiO4 ceramics, MgSiO3 as a secondary phase
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is almost inevitable, a major cause of serious damage to the
microwave dielectric properties of Mg,SiO4 ceramics. Various
efforts have been employed to synthesize single Mg,SiO4 phase
such as sol-gel and other chemical methods [5,12]. By introduc-
ing nonstoichiometry and adjusting the Mg/Si ratios, Song et al.
obtained pure phase Mg,SiO4 ceramics with an enhanced Q x f
value (114,730 GHz), but the sintering temperature of the ceram-
ics was as high as 1350°C [7]. How to obtain pure Mg,SiO4 phase
and sintering the ceramics at low sintering temperatures is still a
challenging issue.

High energy ball milling (HEBM) s a simple and efficient method
for preparing nanometer powders and HEBM of starting powder is
effective to enhance the sintering kinetics [13]. This is because they
have nanometer particle size and very high homogeneity, lead-
ing to a reduced phase formation temperature [8]. Furthermore,
compared with soft chemical methods [5], HEBM is suitable for
mass production. In this study, we prepared Mg,SiO4 powders via
HEBM method. Single phase Mg,SiO,4 ceramics were obtained at
lower temperatures from the HEBM derived mixtures. The effects of
HEBM on phase transformation, sintering behavior, and microwave
dielectric properties of the Mg,Si0O,4 ceramics were reported.

2. Experimental procedures

Commercially available MgO (99.99% purity) and SiO; (99.99% purity) powders
were used as the starting materials with the nominal composition of Mg,SiO4. The
mixtures were milled for 5-30h with a Fritsch Vario-Planetary HEBM system in
air. Tungsten carbide vial with diameter of 80 mm and tungsten carbide balls with
diameter of 10 mm were used as milling medium. The rotational speed of vials and
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Fig. 1. XRD patterns of the MgO-SiO, mixtures milled for different times.

ball-to-powder-to-deionized water mass ratio were 300 rpm and 20:1:1.5, respec-
tively. After drying, the milled powders were calcined at 500-900°C for 3h at
3°C/min in air. The calcined powders were milled again for 10 h. After drying, the
powders mixed with 5wt.% PVA as binder and granulated. The granulated powders
were pressed into pellets with cylindrical shape under the pressure of 170 MPa and
sintered at 1000-1100°C for 3 h in air.

Reaction behaviors of the milled powders were investigated by using thermal
gravimetric and differential thermal analysis (TG/DTA) (SDT Q600 V8.0 Build 95,
American) with heating rate of 10 °C/min in air from room temperature to 1100°C.
Phase constituents of the samples were characterized by using X-ray diffraction
(XRD) (Rigaku D/max 2250, Japan) (40 kV, 50 mA) with Cu K, radiation. Microstruc-
tures and grain size of the powders and ceramics were examined by using scanning
electron microscopy (SEM) (Quanta 200, Germany) and a laser particle size ana-
lyzer (BI-90Plus, America), respectively. Densities of the ceramics were measured by
using the Archimedes methods. Dielectric behaviors at microwave frequency were
measured by the TEq5 shielded cavity method with a network analyzer (8720ES,
Agilent, USA) and a temperature chamber (Delta Design 9023, USA). The 77 value
was calculated by the following formula [20]:

fGO *fZU

=220 10° o
7= fs0(60 — 20) 10°(ppm/°C) N

where fso and f,o were the TEy;5 resonant frequencies at 60 and 20 °C, respectively.

3. Results and discussion

Fig. 1 shows XRD patterns of the powders milled for differ-
ent times. After milling for 5h, MgO disappeared and Mg(OH),
was detected (chemical reaction between MgO and hot water
(150-200°C)) [18]. With increasing milling time, forsterite
Mg,SiO4 phase content with relatively weak diffraction intensity
increases. As the milling time was increased to 30 h, two strongest
peaks of Mg,SiO4 phase were obviously detected. Hence, Mg,SiO4
forsterite could be formed by mechanochemical reaction, even
though the pure phase could not be synthesized by HEBM alone.

Fig. 2 shows TG/DTA curves of the powders milled for 30 h. The
DTA curve exhibits one endothermic peak starting at 270 °C, which
is accompanied by a weight loss of approximately 0.8% due to the
decomposition of Mg(OH), [15]. The exothermic peak starting at
570°Cis related to the formation of forsterite phase, so calcination
temperatures were determined to be higher than 570°C [16].

Fig. 3 shows XRD patterns of the 30h HEBM powders and
those being calcined at various temperatures for 3 h. As shown in
Fig. 3(i) for the uncalcined powders, the main diffraction peaks are
attributed to SiO, and Mg(OH), with Mg,SiO4 as a minor phase.
Calcined at 600 °C (Fig. 3(ii)), the peak intensity of Mg,SiO, is obvi-
ously enhanced, in agreement with the DTA analysis shown in
Fig. 2. Further increasing calcined temperatures, forsterite Mg,SiO4
phase content increases with a disappearance of SiO, and Mg(OH),
phases. As the calcining temperature is increased up to 850°C
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Fig. 2. TG/DTA curves of the MgO-SiO, mixtures milled for 30 h.
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Fig. 3. XRD patterns of the MgO-SiO, mixtures milled for 30h and calcined at
different temperatures for 3 h.
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Fig. 4. XRD patterns of the MgO-SiO, mixtures milled for different times and cal-
cined at 850°C for 3 h.
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Fig. 5. Representative SEM micrographs (a-d), particle size distribution of the MgO and SiO, mixtures calcined at 850 °C for 3 h (e-h), average particle size as a function of
milling times (i).
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(Fig. 3(iv)), a pure phase forsterite is obtained. However, calcina-
tion above 900 °C resulted in the appearance of MgSiO3 and MgO
phases (Fig. 3(vand vi)), related to the decomposition of Mg, SiO4 at
elevated temperatures [21]. Hence XRD analysis indicated that the
Mg, SiO4 purity forsterite phase is obtained by mechanochemical
reaction using HEBM for 30 h and calcined at 850 °C which is 300°C
lower than that required by a conventional solid state reaction
technique [2,7]. Therefore, calcination temperature of forsterite
Mg,SiO4 was determined as 850°C.

Fig. 4 shows XRD patterns of the powders milling at different
times, and calcined at 850°C dwelling for 3 h. For the calcined
powders milled for 5h (Fig. 4(ii)), Mg,SiO4 appears as dominant
phase with SiO; and MgO as minor phases [18]. As the milling time
was increased to 30 h (Fig. 4(iv)), a single phase Mg,SiO4 with a
well-developed XRD pattern is obtained. Therefore, HEBM is an
effective approach to reduce the phase formation temperature of
Mg, SiO4 phase [8], meanwhile increasing milling time is beneficial
for obtaining the pure Mg,SiO,4 phase.

Fig. 5 shows representative SEM micrographs (Fig. 5(a-d)) and
particle size distribution of the MgO and SiO, mixtures calcined at
850°C for 3 h (Fig. 5(e-h)) and average particle size as a function
of different milling times (Fig. 5(i)). As shown in Fig. 5(i), particle
size decreases with increasing milling time. Compared with the
conventional ball milling method, HEBM leads to a reduced average
particle size and a narrowed size distribution [9,22]. Similar result
was ever reported for various ferroelectric compounds and alloys
[8]. For the powders calcined at 850 °C as the HEBM time increasing
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Fig. 6. XRD patterns of the Mg,SiO4 ceramics sintered at 1025-1100°C.

from 5 h to 30 h, the average particle size is reduced gradually from
1124.4 (Fig. 5(e)) to 147.4nm (Fig. 5(h)), in agreement with the
SEM micrographs shown in Fig. 5(a-d). Particle size of powders
milled for 30h calcined at 850°C is 120-150 nm (Fig. 5(d) and
(h)). Therefore, the MgO-SiO, mixtures milled 30 h and calcined
at 850 °C was employed to fabricate Mg;SiO4 ceramics.

Fig. 7. SEM surface microstructures of the forsterite ceramics sintered at (a) 1025 °C, (b) 1050°C, (¢) 1075°C, and (d) 1100°C for 3 h in air.
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Fig. 8. (a) Relative density, dielectric constant (&), (b) quality factor (Q x f) and 7; of the Mg,SiO4 ceramics as a function of sintering temperatures.

Fig. 6 shows XRD patterns of the Mg,SiO,4 ceramics sintered at
1025°C to 1100°C. As shown in Fig. 6, all the ceramics sintered
at 1025-1100°C are to be a single Mg,SiO4 phase. Fig. 7 shows
SEM surface microstructures of the Mg,SiO,4 ceramics as-sintered
at 1025-1100°C. All samples have dense microstructures, but for
sample sintered at 1100 °C an abnormal growth of grain size was
appeared (Fig. 7(d)), which will make a decrease of Q x f values.
Fig. 8(a) shows relative density and dielectric constant (&;) of
the Mg,SiO4 ceramics from the 30h milled powders sintered at
different temperatures. Therelative densities increase to their max-
imum values as the sintering temperatures increase from 1000°C
to 1075°C, and then decrease slightly with further increasing tem-
peratures to 1100 °C, due to the abnormal grain growth shown in
Fig. 7(d). The optimum sintering temperature (1075°C) is much
(300°C) lower than other’s works reported in recent years [1,7].
Relative density of the sample sintered at 1075°C reaches to
96.56%, same level comparing with previous reports of the mate-
rials prepared by the other methods [4]. With increasing sintering
temperatures from 1000 to 1075 °C, &, values increased from 5.8
to 7.2 due to the increased relative density. Quality factor (Q x f)
values exhibit a similar trend with relative density of the sam-
ples as a function of sintering temperatures (Fig. 8(b)). The Q x f
values increase with the growth grain size, but as the sintering
temperature increasing up to 1100 °C the abnormal grain growth
makes the Q x f values decrease. With increasing temperatures
from 1000 to 1075 °C, the 7y values very from —63 to —58 ppm/°C
and the Q x f values increase from 74,800 to 193,800 GHz. The
optimum Q x f value (193,800 GHz) is comparable with those
achieved by a conventional solid state reaction method sintered at
1350-1550°C [2,7].

4. Conclusions

The phase formation temperature of Mg,SiO4 nanopowders
from MgO and SiO, was reduced about 300°C by using HEBM.
The lowered forsterite Mg,SiO4 phase formation temperature was
attributed to the refinement of the oxides and mechanical alloying
process. Mg,Si04 powders with an average grain size of 147.4nm
were obtained by HEBM for 30h and calcined at 850°C for 3 h,
300°C lower than required by a conventional solid state reac-
tion method. The forsterite Mg, SiO4 ceramics from HEBM powders
sintered at 1075°C showed dense microstructures and excel-
lent microwave dielectric properties (¢-=7.2, Q x f=193,800 GHz,
Tp=-58 ppm/°C). It is believed that the HEBM technique can be
extended to other microwave dielectric materials.
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