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Abstract

The LizMg,(Sb,_,V,)O¢ (0.01 £x <0.04) ceramics have been synthesized by the solid-state reaction method. The effects
of V>* ion substitution on the sinterability, phase composition and microwave dielectric properties of Li;Mg,(Sb,_,V,)
O ceramics were investigated. The dehiscence and secondary phase in Li;Mg,SbOg-based ceramics could be effec-
tively inhibited by partial substitution of V3 on the Sb>* sites. The optimum microwave dielectric properties (e, =11.2,
Qxf=54,700 GHz, t;=— 20 ppm/°C) were obtained for Li;Mg,(Sb,_,V,)O4 (x=0.03) ceramics sintered at 1250 °C. The
g, of LizMg,(Sb o7V (3)Og ceramics was mainly depended on ionic polarizability as well as density, whereas its Qxf was

strongly dominated by average grain size.

1 Introduction

With the rapid development of wireless communication,
microwave dielectric ceramics have been extensively inves-
tigated as various components for wireless communica-
tion, including substrates, antennas, and resonators [1, 2].
Microwave dielectric materials for application as advanced
substrate must have a low dielectric constant (g,), a high
quality factor (Q X f), and a near zero temperature coefficient
of resonant frequency (ty) to reduce signal delay, enhance
frequency selectivity and improve temperature stability,
respectively [3, 4]. Moreover, the recent progresses in Sth
generation mobile communication systems and microelec-
tronic technologies have urged scientists to develop novel
microwave substrate materials owing above mentioned high
performances [5].

Recently, Li;Mg,NbOg-based ceramics with orthorhom-
bic structure have been widely studied due to their excellent
microwave dielectric characteristics [6—10]. Li;Mg,SbOg
has the same structure as that of Li;Mg,NbOg, as reported
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by West et al. [11]. However, there are few reports on the
microwave dielectric properties of single-phase Li;Mg,SbO¢
ceramics, which is due to its dehiscence during sintering
caused by the secondary phase SbO, in it [12]. The dehis-
cent drawback of Li;Mg,SbOg ceramics limited its practical
application in microwave devices. lonic substitution is an
effective method to improve the sinterability and microwave
dielectric properties of ceramics by forming a solid solution
[13-15]. Recently, Zhang et al. [16] reported that partial Sb
substitution for Nb in Li;Mg,(Nb,_,Sb,)O, (0.02 <x <0.08)
could optimize its t; value. Our pervious study showed that
the partial Ba substitution for Sr in SrV,0 could effectively
inhibit the dehiscence of SrV,04-based ceramics [17]. Wang
et al. successfully decreased the sintering temperature of
Li;Mg,NbO, ceramics by partial V substitution for Nb
[18]. These results urged us to prepare Li;Mg,SbOg-basic
ceramics without dehiscence by V substitution for Sb. In
present work, the LisMg,(Sb,_,V,)O¢ (0.01 <x<0.04)
solid solutions were prepared and the relationships among
the sintering behavior, microstructure, phase composition
and microwave dielectric properties of Li;Mg,(Sb,_,V,)O¢
were studied.

2 Experimental procedure
Li;Mg,Sb,_,V,O¢ (0.01 <x<0.04) ceramics were pre-

pared through the standard solid-state reaction method.
Predried raw materials Li,CO5, MgO, Sb,0; and V,0; (all
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purity >99.9%) were weighted according to stoichiometric
mixtures Li;Mg,Sb,_,V,O¢ and ball-milled in a nylon jar
with ethanol and agate spheres for 8 h. The obtained slur-
ries were dried, crushed and calcined at 875 °C for 4 h. The
calcined powders were re-milling for 8 h, dried, mixed with
5 wt % polyvinyl alcohol (PVA) as an adhesive, and granu-
lated. The granulated powders were pressed into cylindrical
pellets (10 mm x5 mm). The green pellets were sintered at
1175-1275 °C for 5 h in air.

The bulk density of the sintered samples was measured
with Archimedes’ method. The crystalline phases were char-
acterized by X-ray powder diffraction (XRD) with Cu Ka
radiation (RigakuD/MAX2550, Tokyo, Japan). The surface
microstructure of sintered specimens was revealed using
scanning electron microscope (SEM, Fei Quanta 200, Ein-
dhoven, Holland) and the grain size was estimated by the
image analysis software (Image Tool for Windows version
3.00, Microsoft, Redmond, WA). The microwave dielectric
properties of sintered samples were measured with the TE ;5
shielded cavity method using a network analyzer (ZVB20,
Rohde & Schwarz, Germany). The t; was calculated using
the following Eq. (1):

f=r

— 6
Tf_fox(T—To)xm (1)

where f and f;, are the resonant frequency at 7' (80 °C) and
T, (20 °C), respectively.

3 Results and discussion

Figure 1 illustrates the XRD patterns for Li;Mg,(Sb;_,V,)Oq
(0.01 £x<0.04) ceramics sintered at 1250 °C. The diffrac-

tion peaks of all specimens could be well indexed accord-
ing to the JCPDS 86-0345 card. And no obvious secondary

Fig. 1 XRD patterns of Li;Mg,(Sb;_,V )Oq4 (0.01 <x<0.04) ceram-
ics sintered at 1250 °C

@ Springer

phase was detected throughout the substitution range from
0.01 to 0.04. Therefore, all specimens crystallized in a single
phase with orthorhombic structure and Fddd space group. In
addition, the phase composition of the Li;Mg,Sb ;V ;04
ceramics fired at different temperatures were also analyzed
and characterized with the XRD patterns, as shown in Fig. 2.
It could found in Fig. 2 that all samples also exhibited pure
phase Li;Mg,SbO, without an obvious secondary phase.
The results show that secondary phase in Li;Mg,SbO-based
ceramics could be effectively inhibited by partial substitu-
tion of V°* on the Sb* sites [12].

The bulk density of Li;Mg,(Sb,_,V,)O4 (0.01 <x<0.04)
ceramics as a function of sintering temperature is illustrated
in Fig. 3. The changes of the bulk densities are similar for all
the specimens sintered at different temperatures. The bulk
density for each composition initially increased and then
decreased with the increment of sintering temperature. And
the optimum sintering temperature for each composition

Fig.2 XRD patterns for Li;Mg,Sbj 7V (304 ceramics sintered at
different temperatures

Fig.3 Bulk density of LizMg,(Sb,_,V,)O¢ (0.01 <x<0.04) ceramics
as a function of sintering temperature
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decreased from 1275 to 1200 °C with increasing x from 0.01
to 0.04, indicating that partial V substitution for Sb could
reduce the sintering temperature of Li;Mg,SbOg¢-based
ceramics. The similar phenomena are also reported in other
ceramics [19, 20].

Figure 4 illustrates the typical SEM micrographs of
Li;Mg,Sby 97V 0306 specimens sintered at 1200-1275 °C.
As shown in Figs. 4a—c, the pores gradually decreased and
the grain size grew as the sintering temperature increased
from 1200 to 1250 °C. The specimen fired at 1250 °C exhib-
ited a dense microstructure with an average grain size about
18.7 um. However, for the specimen fired at 1275 °C, partial
melted grains and fuzzy grain boundaries appeared due to
over-sintering, as shown in Fig. 4d, which would deteriorate
dielectric properties of ceramics [21].

Figure 5 exhibits the values of e, for Li;Mg,(Sb,_,V,)
O (0.01 £x<0.04) ceramics sintered at 1175-1275 °C. At
microwave region the €, is mainly determined by the intrin-
sic causes, such as ionic polarizability, and extrinsic causes,
such as phase constitution and porosity [22]. For x=0.01
and 0.02 samples, the €, values firstly ascended and then
declined with increasing sintering temperature, which pre-
sented a similar variation tendency with density. Thus, the €,
values for x=0.01 and 0.02 samples were mainly dominated
by density. Whereas in the samples for x =0.03 and 0.04,
the variation trend between €, and sintering temperature

Fig.5 Variation of e and t; values of Li;Mg,(Sb,_,V,)O¢
(0.01 £x<0.04) ceramics sintered at various temperatures for 5 h

exhibited somewhat difference as that of density vs sinter-
ing temperature, indicating that some other factors should
be considered except density. The similar phenomena were
also observed in other V-containing ceramics [23, 24]. Based
on Clausius—Mossotti equation [22], the €, is in direct pro-
portion to ionic polarizability and in inverse proportion to
molecular volume. In our case, the sum ionic polarizabil-
ity of specimen decreased at higher sintering temperature,
which is due to the evaporation of V,05 during the sintering
process [23, 24]. Moreover, as seen in Fig. 2b, there is no

Fig.4 Typical SEM micrographs of Li;Mg,Sby, o7V 1304 ceramics fired at different temperatures
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Fig.6 Qxf curves of Li;Mg,(Sb,_,V,)O¢ (0.01 <x<0.04) ceramics
fired at different temperatures

obvious shift of diffraction peak with increasement of fir-
ing temperature, indicating no obvious change of molecular
volume. Thus, the €, of Li;Mg,(Sb 47V 43)O¢ ceramics was
mainly depended on ionic polarizability as well as density.
For the samples with 0.01 <x <0.04, the maximum ¢, values
slightly fluctuated in the range of 11.1 to 11.4, implying that
the €, value is limited dependent on content x. As shown in
Fig. 5, the t; value showed the relative independence on
content x and sintering temperature, and it remained stable
around — 20 ppm/°C, because no secondary phase and struc-
ture change existed [25].

The Qxf values of Li;Mg,(Sb,_,V,)O4 (0.01 <x<0.04)
ceramics are plotted as a function of sintering temperature in
Fig. 6. The Qxf of microwave dielectric ceramics is greatly
affected by extrinsic factors such as average grain size, rela-
tive density, secondary phase [26]. Unlike density, the maxi-
mum Qxf values for all samples except x=0.1 were obtained
at the temperatures somewhat higher than their densification
temperatures as illustrated in Fig. 3, indicating that other
factors influencing the Qxf values should be considered as
discussed below. Considering the secondary phase could be
neglected as confirmed by aforementioned XRD analysis.
Therefore, the average grain size was considered to be the
key factor affected the Qxf values. As displayed in Fig. 4a—c,
the average grain size increased from 10.1 to 18.7 um as sin-
tering temperature increased from 1175 to 1250 °C, resulting
in the enhancement of Qxf values for Li;Mg,(Sbg o7V 03)
O ceramics. This is due to that the bigger grain size means
less grain boundary defects and thus high Qxf value [27].
The over-sintering at 1275 °C might be responsible for the
deterioration of Qxf, as seen in Fig. 4d. The highest Qxf
values (54,700 GHz) were obtained for the x=0.03 sample
sintered at 1250 °C. Altogether, the Li;Mg,(Sby 97V 03)O06
ceramics sintered at 1250 °C owned with optimum micro-
wave dielectric properties: €. =11.2, Qxf=154,700 GHz (at
10.3 GHz), t;=— 20 ppm/°C.

@ Springer

4 Conclusion

LisMg,(Sb,_,V,)Oq (0.01 £x <0.04) ceramics have been
prepared through the conventional solid-state reaction
route, and their sinterability, phase constitution and micro-
wave dielectric performances were studied. The sinterabil-
ity and phase purity of Li;Mg,SbO¢-based ceramics could
be effectively improved by partial substitution of V> on
the Sb>* sites. The LizMg,(Sby 97V 3)06 ceramics sin-
tered at 1250 °C for 5 h had optimum microwave dielec-
tric properties: e,.=11.2, Qxf=>54,700 GHz (at 10.3 GHz),
t;=— 20 ppm/°C. The e, was mainly depended on ionic
polarizability as well as density, whereas its Qxf was
strongly affected by average grain size.
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