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Using  a conventional  solid-state  reaction  Li2Mg3BO6 (B = Ti, Sn,  Zr)  ceramics  were  prepared  and  their
microwave  dielectric  properties  were  investigated.  The  analysis  revealed  that cubic  Li2Mg3BO6 (B =  Ti,  Sn,
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Three  promising  ceramics  Li2Mg3TiO6, Li2Mg3SnO6 and  Li2Mg3ZrO6 sintered  at  1280 ◦C, 1360 ◦C  and
1380 ◦C possessed  out-bound  microwave  dielectric  properties:  �r = 15.2,  8.8  and  12.6,  Q  × f  =  152,000  GHz
(at  8.3  GHz),  123,000  GHz  (at  10.7  GHz)  and  86,000  GHz  (at  9.3 GHz),  and  �f = −39  ppm/◦C,  −32 ppm/◦C
and  −36  ppm/◦C, respectively.

© 2015  Elsevier  Ltd. All  rights  reserved.
i2Mg3BO6 (B = Ti, Sn, Zr) Ceramics

. Introduction

Microwave dielectric ceramics are indispensable components
n wireless communication due to their characteristics of com-
actness, light weight, thermal stability, low cost and excellent
erformance [1,2]. A variety of microwave devices have been devel-
ped using dielectric resonators as the frequency-determining
omponents.  Four characteristic properties are required from the
evice design point of view: (1) high quality factor (low dielectric

oss, Q×f > 10,000 GHz) for selectivity, (2) low dielectric constant
�r < 15) to avoid signal delay, (3) small temperature coefficient
f resonant frequency for stability, (4) low sintering temperature
T < 960 ◦C) to use cheaper and highly conductive internal electrode

etals [3–6]. The search for the new materials, which satisfy all
he above-mentioned requirements, is one of the major challenges
aced by the electronic industry.

Recently, many dielectric material systems composed of TeO2,
i2O3, MoO3, P2O5, Li2O and V2O5 have been developed [7–12].
mong them, Li-containing compounds such as Li2WO4, Li2CeO3,
i3AO4 (A = Nb, Ta, Sb), and Li2TiO3 have gained considerable

ttention due to their excellent microwave dielectric proper-
ies [13–16]. Li2TiO3 ceramics, which have promising microwave
ielectric properties of �r = 20-24, Q × f = 40,000–70,000 GHz, and
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�f = +(20–30) ppm/◦C, exhibit rock salt structure [17,18]. By the
substitution of Ti lattice atoms in Li2TiO3 with Sn, Zr and Mn,
Li2Sn(Zr, Mn)O3 ceramics with similar rock salt structure were
obtained and demonstrated superior dielectric properties [19,20].

Li2Mg3SnO6 with a face-centred-cubic rock salt structure was
reported by Keulen et al. [21,22]. However, microwave dielectric
properties of Li2Mg3SnO6 ceramic have not been investigated as
yet. Because of the similar Shannon’s effective ionic radii and identi-

cal charge of Ti4+ [Radius = 0.605 ´̊A, Coordination number (CN) = 6],

Zr4+ (radius = 0.72 ´̊A, CN = 6) and Sn4+ (radius = 0.69 ´̊A, CN = 6), it is
worthwhile to synthesize Li2Mg3BO6 (B = Ti, Sn, Zr) ceramic. In this
study, the crystal phase, microstructure, and microwave dielectric
properties of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics were investigated.

2. Experimental procedure

Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics samples were prepared by
the conventional solid-state method. Li2CO3 (98%), MgO  (99.99%),
TiO2 (99.99%), SnO2 (99.5%) and ZrO2 (99.99%) powders were used
as precursors. Stoichiometric amounts of the powder samples were
mixed and ball milled using ZrO2 balls in ethanol for 10 h. All
mixtures were dried and calcined at 1000–1200 ◦C for 4 h. Subse-

quently, the calcined powders were reground for 8 h, dried, mixed
with 5 wt% PVA as a binder and granulated. Afterwards, the pow-
ders were uniaxially pressed into pellets with 11.5 mm  in diameter
and 5–6 mm in height under the pressure of 200 MPa. These pellets
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Fig. 1. XRD patterns of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics sintered at optimum temperatures.

Fig. 2. SEM images of (a) as-fired and (b) fractured surface of Li2Mg3TiO6 ceramics sintered at 1280 ◦C; (c) as-fired and (d) fractured surface of Li2Mg3SnO6 ceramics sintered
at 1360 ◦C; and (e) as-fired and (f) fractured surface of Li2Mg3ZrO6 ceramics sintered at 1380 ◦C. Insets show the results of EDS of grain A, B, and C marked in (b), (d), (f),
respectively.
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ig. 3. (a) Relative density (b) �r of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics as a function
f  sintering temperatures (including ± 2% error bars).

ere sintered at 1260–1400 ◦C for 6 h with a temperature-ramping
ate of 4 ◦C/min.

The bulk densities of the sintered ceramics were measured by
rchimedes method. The crystal structures were analyzed using
-ray diffraction (XRD) with CuK� radiation (Rigaku D/MAX2550,
okyo, Japan). The lattice parameters of specimens were calculated
rom XRD patterns by using the Jade 6.5 software. The microstruc-
ures were investigated using a scanning electron microscope (SEM,
uanta 200, FEI Company, Eindoven, Holland) coupled with energy
ispersive X-ray spectroscopy (EDS). The microwave dielectric
roperties of the specimens were measured using a network ana-

yzer (ZVB20, Rohde & Schwarz, Munich, Germany) with the TE01�
hielded cavity method. The temperature coefficient resonant fre-
uency (�f ) was calculated with the following formula:

f = (f2 − f1) ×  106

f1 (T2 − T1)
(1)

.  Results and discussions

Fig.  1 shows the XRD patterns of three types of Li2Mg3BO6
B = Ti, Sn, Zr) ceramics sintered at their optimized temperature of
280 ◦C, 1360 ◦C and 1380 ◦C for 4 h, respectively. The XRD pat-
erns were indexed according to Fm-3m (225) space group (JCPDS
39-0932). All samples exhibited the Li2Mg3SnO6 cubic phase
ith ordered rock salt structure. All the peaks were well matched
ith the data of Li2Mg3TiO6, Li2Mg3SnO6 and Li2Mg3ZrO6 phase.

n addition, a little of impure phase of Mg2SnO4 and ZrO2 was
bserved in Fig. 1(b) and (c), respectively. The lattice parame-
ers of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics calculated from XRD

atterns were a = b = c = 4.173(5) ´̊A and  ̌ = 90◦, a = b = c = 4.254(5) ´̊A

nd  ̌ = 90◦, and a = b = c = 4.293(6) ´̊A and  ̌ = 90◦, respectively. Com-
ared with the XRD of the Li2Mg3SnO6 phase, it was  observed that
he position of Fig. 1(a) peaks shifted slightly toward the higher

ngle due to the smaller ionic radius of Ti4+ (R = 0.605 ´̊A) than that

f Sn4+ (R = 0.69 ´̊A), which lead to smaller lattice parameters of
i2Mg3TiO6 than those of Li2Mg3SnO6. In the same principle, the
osition of peaks in Fig. 1(c) shifted slightly towards the lower
ngle.

The surface morphology of as-fired and fractured Li2Mg3BO6

B = Ti, Sn, Zr) ceramics sintered at their optimized temperature are
ompared in Fig. 2. It can be seen that these three ceramics exhib-
ted a porous structure. It is reported that lithium is volatile and
vaporates at elevated sintering temperatures (≥1000 ◦C) [23]. The
Fig. 4. Variations in (a) Q × f, and (b) �f values of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics
at  different sintering temperatures (including ± 4% error bars).

formation of pores in the matrix could be due to the evaporation of
lithium, which was  observed in the synthesis of Li2ATi3O8 (A = Mg,
Zn) system as well [11]. The grain size of pure Li2Mg3TiO6 ceram-
ics sintered at 1280 ◦C lied in the range of 15–30 �m,  and dense
and fine microstructure was observed as shown in Fig. 2(a). The
grain size of Li2Mg3SnO6 ceramics sintered at 1360 ◦C was about
7–15 �m, and its microstructure did not look very dense and was
more porous due to higher sintering temperature. Similar results
are obtained for Li2Mg3ZrO6 ceramics sintered at 1380 ◦C. Insets
show the results of EDS of grains A, B, and C marked in Fig. 2(b),
(d), (f), respectively. Based on the EDS analyses, the grains marked
A, B and C were considered to be Li2Mg3TiO6, Li2Mg3SnO6, and
Li2Mg3ZrO6, respectively. The impurity phase detected by XRD was
not visible in SEM.

Fig.  3 presents the relative density and dielectric constant (�r)
of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics sintered at various temper-
atures. The error was derived from the mean standard deviation
and the error bars are plotted in Fig. 3. With increasing sintering
temperature, the relative density of all specimens increased and
reached a maximum value of 99% at 1280 ◦C, 95% at 1360 ◦C and 94%
at 1380 ◦C, respectively. And then the relative density decreased
as temperature increased further due to trapped porosity caused
by the abnormal grain growth as well as evaporation of lithium at
higher sintering temperature [23]. The dielectric constant (�r) is
dependent on the density, dielectric polarizabilities, and structural
characteristics such as phase composition, compositional homo-
geneity, and grain boundaries [24]. As potted in Fig. 3(b), the
variation in measured dielectric constant values (�meas) with sin-
tering temperature were consistent with that of relative density,
indicating that density is the dominating factor to control �r values
in Li2Mg3BO6 (B = Ti, Sn, Zr) system. The porosity corrected val-
ues (�corr) were generally higher than the measured ones and they
behaved a similar tendency, as calculated by the following equation
[25]:

�meas = �corr

(
1 − 3P (�corr − 1)

2�corr + 1

)
(2)

where  P is the porosity fraction. On the other hand, the
Clausius–Mossotti relationship [26], Eq. (3), can be used to predict
the relative permittivity (�r):

�r = (3Vm + 8�˛D)
(3V − 4�˛ )

(3)

m D

here  �r, Vm, and �D represent the relative permittivity, molar
volume, and polarizability, respectively. As given in Table 1, the
relative permittivity (�theo) for Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics
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Table 1
The  lattice parameters, packing fraction, and microwave dielectric properties of
Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics sintered at optimum temperatures.

Li2Mg3TiO6 Li2Mg3SnO6 Li2Mg3ZrO6

Sintering temperature (◦C) 1280 1360 1380

a  = b = c ( ´̊A) 4.173(5) 4.254(5) 4.293(6)
�theo 6.8 6.1 6.0
�corr 15.4 9.5 14.1
�meas 15.2 8.8 12.6
Packing  fraction (%) 53.8 51.1 49.8
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[

Q  × f (GHz) 152000 123000 86000
f0(GHz) 8.3 10.7 9.3
�f(ppm/◦C) −39 −32 −36

ere estimated as 6.8, 6.1, and 6.0, respectively. For B = Ti or Zr,
he predicted values of permittivity are merely less than half of
he measured values of permittivity after correcting the porosity,
hich suggests that the peculiar crystal chemistry of Li2Mg3BO6

nhances the relative permittivity beyond the value expected from
he Clausius–Mossotti relationship. Shannon [27] highlighted that
arge discrepancies between measured and estimated values can
e an indication of “rattling” or “compressed” cations with corre-
pondingly high or low polarizabilities, or the presence of dipolar
mpurities. Indeed, the deviations in this study may  be caused by
structural changes”, such as local atomic motion or polyhedral
istortion. The BO6 (B = Ti, Sn, Zr) octahedral is composed of O2−

R = 1.4 ´̊A) in face centers and B4+ in the cubic center. The polyhe-
ron can adjust its configuration to adapt to the small cation by
ovement of the cation and/or anions resulting in polyhedra dis-

ortions [28], which may  make larger ion polarizabilities and thus
ncrease the permittivity of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics. The
ccurate determination of the degree of polyhedral distortion for
i2Mg3BO6 (B = Ti, Sn, Zr) ceramics, which is crucial to the investiga-
ion of structure-property, deems necessary and will be discussed
n the future.

The  Q × f values of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics as a func-
ion of sintering temperature are demonstrated in Fig. 4(a). With
ncreasing sintering temperature, Q × f values of Li2Mg3BO6 (B = Ti,
n, Zr) samples continuously increased to a maximum value and
hereafter decreased, exhibiting a similar tendency as the variation
n density. Many factors could affect the microwave dielectric loss,

hich can be categorized as either the intrinsic loss or the extrin-
ic loss. Intrinsic loss is mainly caused by lattice vibration modes,
hereas extrinsic loss is dominated by secondary phases, oxygen

acancies, grain sizes, and densification or porosity [29]. As men-
ioned above, Li2Mg3TiO6 samples possessed high densities of >97%
nd no secondary phases were detected. These extrinsic impacts
n Q × f could be thus out of consideration. For Li2Mg3BO6 (B = Sn,
r) samples, with increasing sintering temperature, the improve-
ent of Q × f values can be attributed to increasing of density. It

as been reported that the impurities, even in trace amounts, cause
n increase in the dielectric loss of ceramics [30]. Further increas-
ng sintered temperature, the changes in stoichiometry derivate
rom the evaporation of Li would lead to increasing of porosity and
he secondary phases (Mg2SnO4 and ZrO2 in Li2Mg3BO6 (B = Sn,
r) ceramics, respectively), which would in turn have a deleteri-
us effect on Q × f values. The highest Q × f values of 152,000 GHz
at 8.3 GHz), 123,000 GHz (at 10.7 GHz) and 86,000 GHz (at 9.3 GHz)
or Li2Mg3BO6 (B = Ti, Sn, Zr) were obtained when each of the mate-
ials was synthesized at the corresponding optimal temperature of
280 ◦C, 1360 ◦C and 1380 ◦C, respectively. To evaluate the varia-
ion in the Q × f values of Li2Mg3BO6 (B = Ti, Sn, Zr) ceramics, the
acking fraction were calculated using the following formula [31]:
packing fraction (%) = volume  of packed ions

volume of primitive unit cell
(4)

[

amic Society 36 (2016) 625–629

As shown in Table 1, Li2Mg3BO6 ceramics with smaller B-site ionic
radius atom decreased the unit cell volume, which in turn increased
the packing fraction of the specimens. Moreover, a higher pack-
ing fraction resulted in a higher Q × f values as well as a lower
densification temperature, a similar phenomenon was  reported
in the A0.5Ti0.5NbO4 (A = Zn, Co) system [31]. Thus, loss quality
was strongly dependent on the atomic packing fraction of spec-
imens in the Li2Mg3BO6 (B = Ti, Sn, Zr) system. Furthermore, the
curves of �f versus firing temperature were given in Fig. 4(b). No
remarkable change in �f values was  found with increasing sintering
temperature and they fluctuate around a constant value of approx-
imately −39 ppm/◦C for Li2Mg3TiO6, −32 ppm/◦C for Li2Mg3SnO6,
and −36 ppm/◦C for Li2Mg3ZrO6, respectively.

4.  Conclusion

A series of Li2Mg3BO6 (B = Ti, Sn, Zr) microwave dielectric
ceramics were produced by using the conventional solid-state
method, and the phase purity, microstructure, and dielectric prop-
erties were investigated. The XRD patterns revealed all samples
displayed a cubic rock salt structure, and a little of impure
phase of Mg2SnO4 and ZrO2 were observed in Li2Mg3SnO6 and
Li2Mg3ZrO6 ceramics, respectively. The samples sintered at 1280 ◦C
(for Li2Mg3TiO6), 1360 ◦C (for Li2Mg3SnO6) and 1380 ◦C (for
Li2Mg3ZrO6) exhibited excellent microwave dielectric properties:
�r = 15.2, Q × f = 152,000 GHz (at 8.3 GHz), �f = −39 ppm/◦C, �r = 8.8,
Q × f = 123,000 GHz (at 10.7 GHz), �f = −32 ppm/◦C, and �r = 12.6,
Q × f = 86,000 GHz (at 9.3 GHz) �f = −36 ppm/◦C, respectively. The
excellent microwave dielectric properties of the Li2Mg3BO6 (B = Ti,
Sn, Zr) ceramics make them as potential candidates for applications.
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