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a b s t r a c t

Li3Mg2SbO6 ceramics without dehiscence were prepared using a two-stage process. The sintering
behavior, structure, and microwave dielectric performances of Li3Mg2SbO6 ceramics had been investi-
gated. XRD and Raman results showed that nearly pure phase Li3Mg2SbO6 were obtained in the sintering
temperature range of 1225e1350 �C. The quality factor (Qxf) and relative permittivity (εr) values of
samples were strongly influenced by the density, grain size, and cell volume. Typically, balanced mi-
crowave dielectric properties were obtained for Li3Mg2SbO6 ceramics sintered at 1300 �C:εr~10.5,
Qxf~84,600 GHz (at 10.6 GHz), and temperature coefficient of resonance frequency tf ~ -9.0 ppm/oC.

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

With rapid revolution of microwave components used in mod-
ern communication systems, new materials with high dielectric
performance have drawn enormous attention for a wide range of
microwave component applications, such as antennas and micro-
wave substrates [1].

Microwave dielectric materials that can be used in the modern
communication systems should have three key parameters: a low
relative permittivity (εr) for reducing signal delay, a high quality
factor (Qxf) for enhanced frequency selectivity and a near zero
temperature coefficient of resonant frequency (tf) for temperature
stability [2]. However, achieving all three parameters in one ma-
terial is a formidable problem, because most of the low εr-micro-
wave dielectric ceramics usually have high Qxf but highly negative
tf values [3].

Recently, the orthorhombic structure of Li3Mg2NbO6 ceramics
with excellent microwave dielectric properties (εr¼ 16.8,
niversity of Posts and Tele-

).
Qxf¼ 79,643 GHz, tf¼�27 ppm/�C) was first reported by Bian et al.
[4]. Later, Wu et al. [5] introduced its low loss characterization
based on chemical bond theory. Many studies have been conducted
to lower its sintering temperature, improve the microwave
dielectric properties of Li3Mg2NbO6-based ceramics by adding
sintering aides, and partial Mg2þ ion substitution [6e10].West et al.
[11] reported that the Li3Mg2SbO6 compound has the same struc-
ture as that of Li3Mg2SbO6. However, few researches on the mi-
crowave dielectric properties of Li3Mg2SbO6 ceramics have been
reported, which is due to its dehiscence by reacting with individual
oxide components [12]. Recently, Zhang et al. [13] reported that
partial Sb5þ substitution for Nb5þ ions could gradually adjust its tf
value near zero in Li3Mg2(Nb1-xSbx)O6 (0.02� x� 0.08) materials
systems. The similar phenomenon were also observed in other
materials systems [14,15]. Thus, a novel Li3Mg2SbO6 ceramics with
balanced microwave dielectric properties (low εr, near zero tf, high
Q) may be obtained. In our previous report, the secondary phase
SbOx in Li3Mg2SbO6 ceramics deteriorates its Qxf value [12]. The
low Qxf value and dehiscence of Li3Mg2SbO6 ceramics limit its
practical application in microwave devices. In this paper, pure
phase Li3Mg2SbO6 ceramics without dehiscence were synthesized
using a two-stage process, and its sinterability, structure and mi-
crowave dielectric properties were also studied in detail.
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Fig. 1. XRD patterns of LMS ceramics sintered at different temperatures:(a)1250 �C, (b)
1275 �C, (c)1300 �C, (b)1325 �C.
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2. Experimental procedure

The Li3Mg2SbO6 ceramics were prepared by a two-stage process
using high-purity reagent of MgO, Sb2O3, and Li2CO3. First predried
raw materials were weighed according to stoichiometric Li3SbO4,
and ball-milled for 8 h with ethanol and agate balls as media. The
obtained slurries were dried and then calcined at 900 �C for 4 h to
form Li3SbO4 precursors. Second MgO and Li3SbO4 precursors were
mixed in molar ratios of 2:1 and then ball-milled for 8 h. The dried
powders were mixed with 5wt% PVA, and pressed into cylindrical
pellets with 10mm in diameter and 5mm in height under a pres-
sure of 200MPa. The greenpellets were sintered at 1225 �C-1350 �C
for 5 h in air.

The bulk densities of the sintered ceramics were measured us-
ing Archimedes' method. The crystalline phases were analyzed by
X-ray powder diffraction (XRD) with CuKa radiation (RigakuD/
MAX2550, Tokyo, Japan). The Raman spectra were collected at
room temperature using a Raman Microscope (Horiba Jobin Yvon
S.A.S., France) with He-Ne laser (633 nm) operated at 30mW. The
surface microstructure of pellets was characterized by scanning
electron microscope (SEM, Fei Quanta 200, Eindhoven, Holland)
and the grain size was estimated using the image analysis software
(Image Tool for Windows version 3.00, Microsoft, Redmond, WA).
The microwave dielectric properties of sintered samples were
measured using a network analyzer (ZVB20, Rohde & Schwarz,
Germany) with the TE01d shielded cavity method. The tf was
calculated with the following equation (1):

tf ¼
f � f0

f0 � ðT � T0Þ
� 106 (1)

where f and f0 are the resonant frequency at T (80 �C) and T0 (20 �C),
respectively.
Fig. 2. Rietveld refinement patterns of LMS ceramics sintered at various temperatures.

3. Result and discussion

Fig. 1 illustrates the powder XRD patterns of Li3Mg2SbO6 (LMS)
ceramics fired at different temperatures. It can be found that all
samples showed mixture phases with Li3Mg2SbO6 main phase
(orthorhombic: JCPDS No. 86-0345) along with small amount of
unknown phase marked with stars. Furthermore, the enlargement
of (111) main peak is shown in the inset of Fig. 1, with increasement
of firing temperature, the reflection peak (111) initially shifted to
lower angle and then to higher angle again. In order to further
investigate the abnormal change in detail, the XRD data of the
sintered specimens were refined based on Rietveld method
through a GSAS software. We adopted Li3Co2TaO6 (ICSD #81043) as
the starting model, and the corresponding refinement results are
given in Fig. 2 and Table 1. From the data in Table 1, the change of
the lattice parameters is in agreement with the above discussion in
illustration of Fig. 1. As it was reported that oxygen vacancy causes
lattice expansion whereas the cation vacancy leads lattice
contraction [16e18]. In our cases, the abnormal change in the main
peak (111) could attributed to the competitive results of the vola-
tilization of Liþ ions and the formation of oxygen vacancies at high
Table 1
Refinement parameters and reliability factors of Li3Mg2SbO6 ceramics with different sint

T (oC) a (Å) b (Å) c (Å) cell vo

1250 5.9404 8.5175 17.7371 897.4
1275 5.9426 8.5934 17.7161 904.7
1300 5.9302 8.6436 17.8319 914.0
1325 5.9053 8.6000 17.8440 906.2

T: sintering temperature; Rwp: the reliability factor of weighted patterns; Rp: the reliabi
temperatures.
The typical Raman spectroscopy for LMS ceramics with various

sintering temperatures are shown in Fig. 3. Three phonon modes
were observed and located around 473, 552, and 657 cm�1, which
agreed reasonably well with the signature of Li3Mg2NbO6-based
ceramics [8]. The strong peak at 657 cm�1 is related to the
stretching vibration of SbeO, while the other peaks are assigned to
the Li/MgeO bonds vibration [8,19].

Fig. 4 displays the typical surface SEM images of LMS ceramics
sintered at various temperatures. As shown in Fig. 4(a)-(c), all the
samples exhibited porous microstructure, and the apparent
porosity decreased and the average grain size increased as the
sintering temperature rising. A compact microstructure with an
average grain size about 15.3 mm could be obtained for the spec-
imen fired at 1300 �C. However, when the sintering temperature
surpassed 1300 �C, enlarged grain growth and micro-crack
occurred as shown in Fig. 4(e) and (f), which would degrade its
ering temperatures.

lume (Å3) packing fraction (%) Rp Rwp

503 69.99 10.20 14.51
100 69.43 10.21 13.91
430 68.72 8.96 12.50
178 69.31 10.08 14.74

lity factor of patterns.



Fig. 3. Typical Raman spectroscopy for LMS ceramics fired at different temperatures.

Fig. 4. Typical surface SEM images of LMS ce
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density and dielectric properties.
Fig. 5 illustrates the relative density and microwave dielectric

properties of LMS ceramics at different sintering temperatures. As
illustrated in Fig. 5(a), the relative density of specimens initially
increased and reached the maximum value at 1300 �C, then
declined with a rise in sintering temperature. This result coincides
well with the SEM observation where the abnormal grain growth
and micro-crack result in low relative density. As the sintering
temperature increased from 1225 to 1350 �C, the εr also rose and
declined thereafter. The maximum εr value was obtained at 1325 �C
and not at the optimum densification temperature 1300 �C. The εr is
determined by density, dielectric polarizability, molecular volume,
and the εr decreases as molecular volume increases [20]. In our
cases, the improvement in εr value with a rise in sintering tem-
perature was attributed to the enhancement in relative density and
the decrease inmolar volume (seen in Table 1). It is well known that
the Qxf value is affected by both intrinsic factors relying on the
crystal structure and packing fraction and extrinsic factors
ramics sintered at various temperatures.



Fig. 5. Variations of relative density and microwave dielectric properties of LMS ce-
ramics as a function of sintering temperature.
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determined by average grain size, relative density, secondary phase,
defects, etc [21,22]. As shown in Fig. 5(b), the trend between the Qxf
and sintering temperature exhibited an identical tendency as that
of relative density vs sintering temperature, implying that the Qxf
value was mainly influenced by the extrinsic dielectric loss rather
than intrinsic loss. The improvement in Qxf value with increasing
firing temperature is ascribed to the increase in the relative density
as well as average grain size [23]. And the deterioration in Qxf value
at higher temperatures could attribute to the poor microstructure
[24]. The tf values of the samples were insensitive to the sintering
temperature and fluctuated around �9.0 ppm/oC, because no
alternate composition was observed at different temperatures.

4. Conclusion

Li3Mg2SbO6 ceramics without dehiscence were synthesized via
a two-stage process and its sintering behavior, structure, and mi-
crowave dielectric performances were investigated. The XRD and
Raman results showed that nearly pure phase Li3Mg2SbO6 ceramics
with an orthorhombic structure were obtained in sintering tem-
perature range of 1225e1350 �C. The εr values of samples were
highly dependent on the porosity and cell volume, while their Qxf
values were mainly relative to the microstructure. In particular, the
Li3Mg2SbO6 ceramics sintered at 1300 �C exhibited balanced mi-
crowave dielectric properties with εr¼ 10.5, Qxf¼ 84,600 GHz (at
10.6 GHz) and tf¼ -9 ppm/oC. Further work is in progress to lower
its sintering temperature and ameliorate its dielectric perfor-
mances to meet the LTCC application requirements.
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