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In this research, the novel low permittivity Ca3MgSi2O8 microwave dielectric ceramics have been fabri-
cated via conventional solid state process and their synthesis, sintering and microwave dielectric prop-
erties were investigated. The thermal behavior of the ball milled stoichiometric mixtures was
investigated using simultaneous thermal analysis. Scanning electron microscopy image and particle size
distribution of synthesized powder showed that the particle size fell into a range of ~1–11 mm. X-ray
diffraction analysis of synthesized and sintered ceramics showed that single phase Ca3MgSi2O8 crystal-
lized in a monoclinic structure. Relative density near 99% of theoretical density, er = 13.8, quality factor
(Q� f) ~ 27000 GHz (at 10.8 GHz) and sf =�62 were obtained for ceramics sintered at 1375 �C. Hence, it is
to be hoped that Ca3MgSi2O8 ceramics can be selected as a possible candidate for 5G application and their
performance can be improved by optimization of synthesis and sintering process.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

During the last few years, microwave dielectric ceramics with
suitable er, high Q � f value and near-zero temperature coefficient
of resonant frequency (sf) have been intensively investigated as the
key components for microwave substrates, resonators, oscillators,
etc. Moreover, the great explosion of information and the rapid
development of wireless communications since entering the 21st
century have put forward higher and newer demands for the
development of microwave dielectric ceramics. To meet the
emerging requirements, exploring the upper limit of dielectric
properties and searching for new low-loss candidates (for 5G tech-
nology) have increasingly become the focus of academic attention.
For 5G, both low permittivity (er < 15) and low loss (high quality
factor) are essential due to high data transmission rate can only
be achieved by low time delay signal transmission used in high fre-
quency communications which will facilitate the internet of things
and integrated urban transportation networks of self-drive vehi-
cles [1,2].

It is well known that silicate based ceramics are promise candi-
dates for the high frequency application due to low permittivity
and loss [3]. In recent years, several silicate based microwave
ceramics such as MgAl2Si5O18 [4], Mg2SiO4 [5] and CaMgSiO4 [6]
have been reported for application of low permittivity device.
The monoclinic Ca3MgSi2O8 with space group P21/a is one of the
low cost practical ceramics that belongs to Ca-Mg-Si-O
system. Although the luminescence [7] and bio-properties [8] of
Ca3MgSi2O8 compounds have been investigated, but there have
been no reports on the microwave dielectric properties of
Ca3MgSi2O8 ceramics so far.

The aim of this research is to address the microwave dielectric
properties Ca3MgSi2O8 ceramics for 5G applications. In this
research we report successful synthesis and sintering of Merwinite
ceramics and their microwave dielectric properties.
2. Experimental procedure

The Ca3MgSi2O8 ceramics were fabricated via conventional solid
state method using CaCO3 (99.5%), MgO (99.9) and SiO2 (99.5%) as
the raw materials. Stoichiometric of starting materials were ball
milled in ethanol for 4 h and then calcined at 1250 �C in air for
4 h to synthesized pure phase with monoclinic structure. Then cal-
cined powders were re-milled with 5 wt% PVA solution, pressed
into cylindrical pellets under a uniaxial pressure 200 MPa. The pel-
lets were sintered at 1300–1400 �C in air for 3 h.
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The thermal behavior of the reaction ball milled initial mixture
was studied using combined simultaneous thermal analysis (TG-
DTA, NETZSCH STA) up to 1350 �C in air, with a heating rate of
600 �C h�1. Crystal structure and phase identification of synthe-
sized and sintered ceramics were analyzed using X-ray diffraction
(XRD: RIGAKU D/max 2550/PC, Rigaku Co., Tokyo, Japan). The par-
ticle size distribution of synthesized powder after milling proce-
dure for 4 h was measured by Mercury Intrusion porosimeter
(Autopore IV9500, Micromeritics, USA). The Raman spectra were
obtained using a Renishaw in via Raman Microscope at room tem-
perature. Bulk density was measured by Archimedes method. Mor-
phology characterization of synthesized powder and
microstructure of thermally etched surfaces of sintered specimens
were observed by a scanning electron microscope (SEM: SIRION-
100, FEI Co., Eindhoven, Nederlands). The evaluations of micro-
wave dielectric properties were performed in the frequency range
of 10–11 GHz using a vector network analyzer (E8363B, Agilent
Technologies Inc., Palo Alto, CA). The quality factor was measured
using the resonant-cavity method and er and sf were also mea-
sured using Hakki-Coleman method. The sf value was measured
in the temperature range from 20 �C to 80 �C and was calculated
as following formula:

sf ¼ f 80 � f 20
f 20 � ð80� 20Þ � 106ðppm=

�CÞ

where, f 20 and f 80 denoted the resonant frequencies at 20 �C and
80 �C, respectively.

3. Results and discussion

The simultaneous thermogravimetric and differential thermal
analysis (TG/DTA) were performed on 3CaCO3-MgO-2SiO2 initial
mixture powders that were ball milled for 6 h in the temperature
range of 25–1350 �C. Fig. 1a show the TG/DTG/DTA curves of ball
milled powder. According to TG/DTG curves, the weight loss of
the initial mixture powders can be divided into three distinct
stages. The first and second stages are appeared between 250–
350 �C and 450–550 �C, which can be attributed to evaporation
of water and the hydration of the chemically absorbed water mole-
cules, respectively. These mass losses are accompanied by small
endothermic peaks in the DTA curves at 290 �C and 520 �C. The
third stage, which is associated with remarkable weight loss,
occurs in the range of 580–760 �C probably due to the decomposi-
tion of calcium carbonate that is accompanied by endothermic
peak in DTA curve at 730 �C. The exothermic reactions occurs in
Fig. 1. a) STA curves of the ball milled mixtures, b) XRD p
a temperature range of 1000–1250 can be attributed to the inter-
mediate phases and final merwinite phase formation.

The room temperature powder XRD pattern of synthesized and
sintered Ca3MgSi2O8 samples in 1250 �C and 1375 �C, respectively,
are shown in Fig. 1(b). The XRD pattern of synthesized powder
shows that the reaction between starting materials seems to be
completed at 1250 �C. All of the synthesized and sintered diffrac-
tion patterns can be successfully indexed according to monoclinic
phase Ca3MgSi2O8 (JCPDS #1-074-0382, space group #P21/a). As
expected, no secondary phase is detected in the synthesized and
sintered ceramics in the sensitivity limit of X-ray diffraction
apparatus.

Fig. 2(a) shows the SEM image of synthesized powder at
1250 �C for 4 h. it is clearly observed that particles containing
irregular morphology and the size of particles were within the
range of submicrometer to ~10 mm. It can be obviously seen that
most particles are smaller than 7 mm. For further characterization,
the particle size distribution was studied. As shown in Fig. 2(b), the
particle size distribution of synthesized powder fell into a range of
~1–11 mm. The values corresponding to 10, 30, 50, 70 and 90 (d10,
d30, d50, d70 and d90) of the cumulative size distribution are col-
lected in table as an inset. The average particle size d50 powders
were about 3.8 mm. the particle size distribution results are in
agreement with the SEM powder micrograph.

The Raman spectra for sintered ceramic in the frequency region,
50–1000 cm�1, are shown in Fig. 2(c). The high frequency bands
exist in the broad range of 700–1000 cm�1 and weak bands in
moderate frequency between 500 and 600 cm�1 are corresponding
to the t stretching vibration and d bending vibration mode of SiO4

tetrahedron [9]. In addition, peaks at low frequency in the range of
400–450 cm�1 and 100–350 indicated the vibration mode of Ca-O
and Mg-O bonds [10].

Fig. 3a illustrates linear shrinkage and relative density evolution
of the sintered Ca3MgSi2O8 pellets as a function of sintering tem-
perature. The shrinkage and relative density values of sintered
ceramics increased from 8.2 to 12.8% and 92 to 99%, respectively,
as sintering temperature increased from 1300 to 1375 �C and
thereafter saturated, approximately. The increase in shrinkage
and relative density can be attributed to the decrease of porosity
accompanied by an increase in grain growth.

The inset image of Fig. 3a presented surface morphology
Ca3MgSi2O8 ceramics sintered in optimum sintering temperature.
It can be obviously seen that a full densified microstructure with
distinct and clean grain boundaries and grains size about
3–15 mm was developed in the ceramics sintered at 1375 �C.
atterns of synthesized powder and sintered ceramic.



Fig. 2. a) SEM image and b) particle size distribution of synthesized powder, c) Raman Spectra of sintered ceramics.

Fig. 3. a) Relative density, linear shrinkage and SEM Image sintered ceramics, b) microwave dielectric properties of sintered ceramics.
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Fig. 3b plots the variation tendencies of the microwave dielec-
tric properties of Ca3MgSi2O8 ceramics as a function of sintering
temperature. Similar trend to the relative density can be seen,
which implies constant dielectric and Q � f of Ca3MgSi2O8 can
mainly attributed to densification and grain growth. It is observed
that the maximum er value being 13.8, was achieved for ceramics
sintered at 1375 �C. On the other hand, the observed improvement
in the Q � f value as function of sintering temperature could be
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attributed to the increase of density and grain growth in
Ca3MgSi2O8 ceramics. The maximum Q � f value of 27,000 GHz
was obtained at 1375 �C. As shown in Fig. 3b, it can be seen that
sf is not sensitive to the sintering temperature and it changes from
�61.6 to �64.7 ppm/�C. This is mainly due to the fact that no
chemical composition changed happened during sintering process.
Further improvement in microwave dielectric properties is possi-
ble by optimization of synthesis and sintering processing as well
as engineering of structure and microstructure.
4. Conclusions

In conclusion, we have been successful in synthesizing and
sintering the single phase monoclinic Ca3MgSi2O8 ceramics. XRD
and Raman Analysis revealed that Ca3MgSi2O8 samples demon-
strate a monoclinic structure. STA results showed that monoclinic
phase formation occurs at temperature above 1200 �C. the
particle size of synthesized powders was in the range of
1–11 mm. Excellent microwave dielectric characteristics for the
samples sintered at 1375 �C: er = 13.8, Q � f ~ 27000 GHz and
sf = �62 ppm/�C were achieved using conventional solid state
reaction process, exhibiting a potential for high frequency
applications. Our results confirmed the as-synthesized and sin-
tered Ca3MgSi2O8 microwave dielectric ceramics are inexpensive
materials for 5G application.
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