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A B S T R A C T

A series of novel Li3+xMg2Nb1-xTixO6 (0.02≤ x≤ 0.08) ceramics with excellent microwave dielectric properties
and relatively low sintering temperatures were synthesized via the solid-phase method. The correlations between
sintering characteristics and microwave dielectric properties of the novel system were analyzed in detail. By
(Li+/Ti4+) ions co-doped Li3Mg2NbO6 ceramics, all compounds possessed a single phase with orthorhombic
structure, pertaining to the space group Fddd (70). The change regulation of dielectric constant and Q*f values
was similar to density, which ascended to the maximum value first and then declined as the sintering tem-
perature increased. Furthermore, the τf values constantly shifted to 0 ppm/°C with the content of complex ions
(Li+/Ti4+) increasing. The best properties of Li3.06Mg2Nb0.94Ti0.06O6 ceramics sintered at 1025 °C were
εr = 14.34, Q*f = 154,113 GHz, and τf = −2.17 ppm/°C.

1. Introduction

In recent decades, the proliferation of wireless communication
technology has increased the demand for low-permittivity microwave
dielectric ceramics in the form of dielectric substrates, ceramic package,
and high-end microwave components [1–3]. To achieve high speed and
stable transmission, these microwave dielectric ceramics ought to
possess low loss (high Q*f) and near-zero temperature coefficient of
resonate frequency [4,5]. Recently, many low-permittivity microwave
dielectric materials have drawn researchers’ attention, such as
Li2O–MgO–TiO2, LiMPO4 (M = Mg, Mn, Zn, Ni), Li2AGeO4 (A = Zn,
Mg) et al. [6–10]. However, the relatively high sintering temperature or
low Q*f value hinders their development. Related studies have shown
that Li3Mg2NbO6 ceramics are of research value due to outstanding
microwave dielectric properties and relatively low sintering tempera-
ture [11,12].

At present, the microwave dielectric properties of rock salt struc-
tured Li3Mg2NbO6 ceramics have received extensive research attention.
In 2009, the Li3Mg2NbO6 compound as a new type microwave dielectric
ceramic was first proposed by Yuan et al [13]. The properties of
Li3Mg2NbO6 ceramics were εr = 16.8, Q*f = 79,643 GHz, and
τf = −27.2 ppm/°C. In our past works, crystal structures and

microwave dielectric properties of Li3Mg2NbO6 ceramics were studied
systematically when divalent and pentavalent ions (Ca2+, Zn2+, Mn2+,
Ni2+, Sb5+) were substituted for Mg2+ and Nb5+, respectively. These
study results indicated that ions substitution could greatly improve the
properties of Li3Mg2NbO6 ceramics [14–18]. In addition, Wu et al. [12]
used complex chemical bond theory to explain the lattice energy, bond
ionicity, and bond energy of Li3Mg2NbO6 ceramics. Subsequently, they
found that Li3(Mg0.98Co0.02)2NbO6 ceramics sintered at 1300 °C ob-
tained superior performance of εr = 15.22, Q*f = 127,600 GHz,
τf = −3.64 ppm/°C [19]. Moreover, Zhao et al. [20] tried to synthesize
Li3Mg2NbO6 ceramics with nanopowders by using the high energy ball-
milling method. In fact, there are still several feasible methods to op-
timize the performance of Li3Mg2NbO6 ceramics.

Some researchers have suggested that the properties of lithium-
based ceramics would be improved when aliovalent complex ions
substituted for B-site ions. The Q*f values of Li2TiO3 and Li2MgTiO4

dielectric ceramics were greatly improved by the substitution of (Mg1/
3Nb2/3)4+ ions for Ti4+ ions [21,22]. Wu et al. [23] proposed that the
Li2MgTi1-x (Mg1/3Ta2/3)xO4 (0 ≤ x ≤ 0.5) ceramics with x = 0.4 ob-
tained favorable Q*f value of 184,000 GHz and the τf value was getting
closer to zero with the increase of (Mg1/3Ta2/3)4+ ions. In the above
studies, although ceramics possessed outstanding microwave dielectric
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properties, the sintering temperature (1250 °C, 1400 °C, and 1500 °C)
was too high to be applied in practice. Thus, it is particularly important
to find an experimental method that can not only boost performance
but also reduce the sintering temperature of ceramics. In fact, raising
the amount of Li+ ions in lithium-based materials can enhance the Q*f
value and reduce the sintering temperature, due to suppressing the
volatilization of lithium [24–26]. Meanwhile, the Ti4+ ions and Nb5+

ions have similar radii, and the Ti–O chemical bond is more stable than
Nb–O due to short bond length [27]. Therefore, it is valuable to study
the microwave dielectric properties and sintering behavior of Li+/Ti4+

ions co-doped Li3Mg2NbO6 ceramics.
In this work, a series of novel Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics with excellent microwave dielectric
properties and relatively low sintering temperature were synthesized
via the solid-phase method. The sintering characteristics of
Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics were investigated in
detail, and influence factors of microwave dielectric properties were
analyzed systematically.

2. Experimental procedures

The Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics were syn-
thesized via the conventional solid-react method using analytical grade
Li2CO3 (99%), MgO (99%), Nb2O5 (99%) and TiO2 (99%). Weigh raw
materials according to the stoichiometric ratio and ball mill the mixed
raw materials for 8 h with deionized water and ZrO2 balls in nylon jars.
The obtained slurry was dried and screened through 40 mesh sieves.
Then, the powers were calcined at 950 °C for 4 h in alumina crucibles,
and the initial reaction powders were ball milled again. Subsequently,
dried and sifted powders with 8 wt% petrolin were pressed into cylin-
ders under a pressure of 5 MPa, the diameter and height of which were
10 mm and 5 mm, respectively. Finally, the cylinders were preheated at
550 °C for 3 h to exclude petrolin, and then sintered at temperature
range 950oC–1050 °C for 4 h with a heating speed of 5 °C/min.

The X-ray diffraction (200kV/40 mA, 0.02°/step, Rigaku D/max
2550 PC, Tokyo, Japan) with CuKα radiation were used to examine the
structure characteristic and phase composition of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics. The surface microtopography of obtained
ceramics was performed by one scanning electron microscopy (SEM,
ZEISS MERLIN Compact, Germany). The grain size of surface micro-
topography was determined by Nano Measure software. The bulk
density of specimens was calculated by Archimedes drainage method.
The permittivity and unload Q*f value were measured by Hakki and
Coleman method with a network analyzer (9–11 GHz, N5234A, Agilent
Co., America) and a cavity. The τf value was determined by Eq (1) in the
temperature range from 25 °C to 85 °C:
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where f1 and f2 represent the corresponding resonant frequency at the
temperature of T1 (25 °C) and T2 (85 °C), respectively.

3. Results and discussions

The X-ray diffraction patterns of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C were demonstrated in
Fig. 1. All diffraction peaks of specimens were matched with the or-
thorhombic structure Li3Mg2NbO6 (PDF#86–0346) with no extra peaks
in the observation range, which indicated that all Li3+xMg2Nb1-xTixO6

ceramics formed solid solutions in this work. Ti4+ substituted for Nb5+,
and excess Li+ existed as interstitial atoms in the crystal. As the re-
presentative, the strongest diffraction peaks were plotted in the inser-
tion diagram of Fig. 1. With the increase of complex ions (Li+/Ti4+)
content, the peaks slightly displaced toward a higher 2θ angle, which
implied that the unit cell volumes of Li3+xMg2Nb1-xTixO6 ceramics

decreased due to the substitution of Ti4+ (0.605 Å) for Nb5+ (0.64 Å) in
B site with the same coordination number (6) [27]. Previous studies
revealed that the unit cell volumes of lithium-based ceramics increased
with increasing excess Li content [5]. In this study, the influence of
Ti4+ on the unit cell volume was much greater than that of Li+, so the
unit cell volumes of Li3+xMg2Nb1-xTixO6 ceramics decreased as com-
plex ions (Li+/Ti4+) increased.

In order to understand the relationship between crystallographic
structures and the content of complex ions (Li+/Ti4+) in detail, the X-
ray diffraction patterns were refined by the Fullprof software using the
Rietveld method. The X-ray diffraction patterns were continuously
fitted with orthorhombic structured Li3Mg2NbO6 (ICSD#86–0346) in
the space group Fddd (70). Fig. 2 depicted refinement results of all
compositions. The variance factors (Rp, Rwp) and the crystallographic
structures including lattice parameters and unit cell volumes (V) were
displayed in Table 1. There was a good fit between observed and cal-
culated patterns because the values of Rp and Rwp were less than 15%,
implying that the results of refinement were available. In addition, the
unit cell volumes slightly decreased with the doping content, which
exhibited the same conclusions as Fig. 1.

Fig. 3 displays surface microstructures of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C. It could be seen from
Fig. 3 that all specimens had dense and homogeneous surface micro-
structures with precious few pores. In Fig. 3 (a)–(c), the grain size grew
larger and tended to homogenization with complex ions (Li+/Ti4+)
increasing. The average grain sizes of majority grain were ~8.12 μm,
~10.54 μm, and ~12.51 μm in turn. There were almost no pores in the
microstructure of the specimen when x = 0.06. However, the grain size
(average grain size of majority grain: ~7.90 μm) sharply decreased
when x = 0.08 in Fig. 3(d), indicating that excessive complex ions
(Li+/Ti4+) inhibited grain growth and seriously destroyed the micro-
structure of ceramics. In general, the grain boundaries would increase
with decreasing grain size, leading the distribution of defects and im-
purities easy to concentrate on the grain boundaries [28]. Thus, some
pores have appeared in Fig. 3 (d).

Fig. 4 presents the bulk density (ρbulk) and relative density (ρth) of
Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics as a function of
complex ions (Li+/Ti4+) doping content and sintering temperatures. In
the horizontal direction, the bulk density of Li3+xMg2Nb1-xTixO6 cera-
mics firstly rose to the maximum value at 1025 °C and then dropped
sharply with the temperature increasing. In the longitudinal direction,

Fig. 1. The X-ray diffraction patterns of Li3+xMg2Nb1-xTixO6 (0.02 ≤ x≤ 0.08)
ceramics sintered at 1025 °C.
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the Li3.06Mg2Nb0.94Ti0.06O6 ceramics behaved the best density regard-
less of sintered temperatures. Thus, the Li3.06Mg2Nb0.94Ti0.06O6 cera-
mics sintered at 1025 °C were attained for the maximum bulk density
~3.45 g/cm3. The variation of density was mainly related to the grain
size and porosity in Fig. 3. The relative density of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics was computed by Eqs (2) and (3):

=ρ ZM
VNth

A (2)

= ×ρ
ρ
ρ

100%re
bulk

th (3)

where Z was the number of molecules in a single unit cell, M was the
molecular mass, V is the unit cell volume, and NA is the Archimedes
constant. As shown in Fig. 4, the relative density and bulk density
change trend was about the same. The sharp peak of relative density
indicated that the effect of sintering temperature on density increased
[29]. The relative density of Li3+xMg2Nb1-xTixO6 ceramics sintered at
1025 °C fluctuated from 91.08% to 98.53%, implying that the doping

content of complex ions (Li+/Ti4+) had a great influence on the re-
lative density of specimens. When x ≤ 0.06, the Li+ in complex ions
compensated for the volatilization of lithium during the sintering pro-
cess, increasing the density of ceramics. When x > 0.06, the density
decreased because excessive complex ions (Li+/Ti4+) inhibited grain

Fig. 2. Refinement results of Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C: (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08.

Table 1
Reliability factors and crystallographic structures of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C.

x Rp (%) Rwp (%) a b c α = β = γ V(Å)

0.02 11.4 12.0 5.9071 8.5581 17.7509 90° 897.3798
0.04 11.8 11.8 5.9027 8.5480 17.7437 90° 895.2700
0.06 10.5 13.9 5.9031 8.5436 17.7432 90° 894.8491
0.08 12.3 12.3 5.9031 8.5400 17.7429 90° 894.4520

Fig. 3. The surface microstructures of Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08)
ceramics sintered at 1025 °C: (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d)
x = 0.08.

P. Zhang, et al. Ceramics International xxx (xxxx) xxx–xxx

3



growth and increased microscopic defects.
The dielectric constant (εr) of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics sintered at 950oC–1050 °C for 4 h was
illustrated in Fig. 5. In general, the εr values of microwave ceramics is
controlled by lattice structure, ionic polarizability, density, and second
phase. In the above discussions (Fig. 1), the ceramics with a single
phase had no structure change throughout the study. Thus, the εr of
Li3+xMg2Nb1-xTixO6 ceramics was depended on ionic polarizability and
density. As shown in Fig. 5, the trend of the curve between εr and
sintering temperature was similar to that between density and sintering
temperature (Figs. 4 and 5). The εr values first increased to the max-
imum at the optimum sintering temperature and then decreased, which
was related to the grain size and porosity of ceramics microstructures.
Moreover, it was easy to notice that the maximum εr value of each
composition linearly increased from ~13.26 to ~14.49 with x value
increased. To figure out the influence of ionic polarizability on εr, the

theoretical ionic polarizability (αtheo) of Li3+xMg2Nb1-xTixO6 ceramics
was calculated through the additivity rule of constituent ionic polar-
izability suggested by Shannon [30]:

= + + + − + ++ + + + −α x α α x α xα α(3 ) 2 (1 ) 6theo Li Mg Nb Ti O2 5 4 2 (4)

while the theoretical dielectric constant (εtheo) was measured using the
Clausius-Mossotti equation as follow [31]:

=
+

−
ε V πα

V πα
3 8
3 4theo

m theo

m theo (5)

where Vm was molar volume obtained from unit cell volumes (V) in
Table 1. The εr and εtheo of Li3+xMg2Nb1-xTixO6 ceramics sintered at
1025 °C were plotted in Fig. 6, and the positive discrepancy
(△(%) = |(εtheo - εr)|/εr) between εr and εtheo was summarized in
Table 2. Inspection from Fig. 6, the εr and εtheo increased almost linearly
with increasing x, which proved that ionic polarizability was the main
factor of εr of Li3+xMg2Nb1-xTixO6 ceramics at the optimum sintering
temperature. The polyhedrons in low symmetry structure were apt to
distort, and then high polarizability “rattling” cations would appear in
the center of distorted polyhedrons, which led the experimental di-
electric constant to deviate from the dielectric constant calculated by
the Clausius-Mossotti equation [31]. Accordingly, the low symmetry
structure (orthorhombic) of Li3+xMg2Nb1-xTixO6 ceramics resulted in
the deviation (△(%)) between εr and εtheo.

Fig. 7 exhibits the quality factor (Q*f) of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics at a series of sintering temperatures. The
maximum Q*f values for each composition appeared at a sintering
temperature of 1025 °C. At optimal sintering temperature, the Q*f va-
lues increased from 128,929 GHz for Li3.02Mg2Nb0.98Ti0.02O6 ceramic
to 154,113 GHz for Li3.06Mg2Nb0.94Ti0.06O6 ceramic, and then de-
creased to 117,813 GHz for Li3.08Mg2Nb0.92Ti0.08O6 ceramic. In this
work, the Q*f values of specimens were higher than that of Li3Mg2NbO6

ceramics studied by Yuan et al. [13], which was mainly due to two
reasons. One was that excess Li+ compensated for lithium volatilization
at high sintering temperature, resulting in high density, uniform grain
size and low porosity. The other was that the bond length of Ti–O was

Fig. 4. (a) The bulk density and (b) relative density of Li3+xMg2Nb1-xTixO6

(0.02 ≤ x ≤ 0.08) ceramics as a function of complex ions (Li+/Ti4+) doping
content and sintering temperatures.

Fig. 5. The dielectric constant of Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08)
ceramics sintered at 950oC–1050 °C.

Fig. 6. The dielectric constant and theoretical dielectric constant of
Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C.

Table 2
The detailed information of positive discrepancy (△(%)) between εr and εtheo of
Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C.

x αtheo εtheo εr △(%)

0.02 22.2732 15.7844 14.1027 11.92
0.04 22.2764 16.0063 14.2148 12.60
0.06 22.2796 16.0618 14.3398 12.01
0.08 22.2828 16.1153 14.6118 10.29
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shorter than that of Nb–O, so the Ti–O bond was more stable than the
Nb–O bond [27]. Besides, the optimal sintering temperature for Q*f
values of Li3+xMg2Nb1-xTixO6 ceramics was lower than that of
Li3Mg2NbO6 ceramics (Li3+xMg2Nb1-xTixO6 ceramics ~1025 °C,
Li3Mg2NbO6 ceramics ~1250 °C) [13].

In the microwave frequency range, the Q*f values for dense mate-
rials with a single phase are generally influenced by intrinsic loss, such
as the packing fraction. According to previous studies, the intrinsic loss
of materials is negatively related to the intensity of internal lattice vi-
bration. The higher the packing fraction, the lower the vibration in-
tensity. Therefore, the Q*f values increased [32]. The packing fraction
(%) of Li3+xMg2Nb1-xTixO6 ceramics sintered at 1025 °C was calculated
using Eq (6):

=

= ×

P

Z

acking fraction volume of the atoms in the cell
volume of primitive unit cell

volume of the atoms in the cell
volume of unit cell (6)

where Z has the same meaning as that in Eq (2). The calculated data of
the packing fraction were tabulated as Table 3, and the correlation
between Q*f values and packing fraction of Li3+xMg2Nb1-xTixO6 cera-
mics was illustrated in Fig. 8. When x ≤ 0.06, the curves of packing
fraction and Q*f values exhibited an upward trend, indicating that Q*f
values were positively correlated with packing fraction. The increase of
packing fraction led to the weakening of lattice vibration intensity, and
the Q*f values were improved. With further increasing the content of
complex ions (Li+/Ti4+), the packing fraction of specimens continued
to increase, while the Q*f values decreased due to the lower density. In
summary, the dominant factor of Q*f values changed from intrinsic loss
(packing fraction) to extrinsic loss (density, grain size and porosity)
when the content of complex ions exceeded 0.06 in this work.

The τf value characterizes the shift of the resonant frequency with
temperature. Generally, the τf value is dependent on the tilting of
oxygen octahedron, which is mainly related to the bond energy [33].
Sanderson [34–36] reported that the bond energy is controlled by

electronegativity and chemical bond. The bond energy (E) for a com-
plex composition is calculated by Eqs (7) and (8):

∑=E E
μ

b
μ

(7)

whereEb
μ is the bond energy of μ bond, which can be divided into io-

nicity energy Ei
μ and nonpolar covalence energy Ec

μ two parts:

= +E t E t Eb
μ

i i
μ

c c
μ (8)

the ionicity energy Ei
μ can be obtained from the constant (33,200) and

bond length (dμ/pm).

=E
d

33200
i
μ

μ (9)

the nonpolar covalence energy Ec
μ can be obtained from covalent radii

rc and homonuclear bond energy Eh.

=
+

− −E r r
d

E E( ) ( )c
μ cA cB

μ hA A hB B
1/2

(10)

in this work, rcLi = 133 p.m., rcMg = 139 p.m., rcNb = 147 p.m.,
rcTi = 136 p.m. and rcO = 63 p.m.; EhLi-Li = 105 kJ mol−1, EhMg-

Mg = 11.3 kJ mol−1, EhNb-Nb = 513 kJ mol−1, EhTi-Ti = 117.6 kJ mol−1

and EhO-O = 498.36 kJ mol−1, which were derived from handbook of
chemical band energies [37]. In Eq (8), ti and tc are ionic and covalent
blending coefficient, respectively. The relationship between ti and tc can
be written as:

+ =t t 1i c (11)

the ti can be obtained from electronegativity (SA and SB) of each atom.

=
−t S S ΔS( )/

2i
A B B

(12)

In this work, SLi = 0.98, SMg = 1.31, SNb = 1.60, STi = 1.54, SO = 3.44
and △SB = 3, which is the charge of complete electron.

According to the above formulas, the bond length and bond energy
of Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C
were listed in Table 4. The τf values and bond energy as a function of
the doped complex ions (Li+/Ti4+) content were presented in Fig. 9.
The trend of τf values and bond energy were basically the same. With
the increase of x value, τf values constantly shifted to a positive value
and bond energy linearly increased, indicating that the Li3+xMg2Nb1-
xTixO6 ceramics system tended to stability. In fact, the higher bond
energy implied the shorter bond strength, which led to the restoring
force of the system increasing. Therefore, the tilting of oxygen octa-
hedrons decreased, and τf values increased.

Fig. 7. The Q*f values of Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics
sintered at various temperatures.

Table 3
Ionic radius, Number of molecules in a single unit cell and Packing fraction of
Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) ceramics sintered at 1025 °C.

x rLi(Å) rMg(Å) rNb-Ti(Å) rO(Å) Z Packing fraction (%)

0.02 0.76 0.72 0.6394 1.36 8 65.07
0.04 0.76 0.72 0.6388 1.36 8 65.26
0.06 0.76 0.72 0.6382 1.36 8 65.32
0.08 0.76 0.72 0.6376 1.36 8 65.38

Fig. 8. The correlation between Q*f values and packing fraction of
Li3+xMg2Nb1-xTixO6 ceramics sintered at 1025 °C.
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4. Conclusions

The Li3+xMg2Nb1-xTixO6 (0.02 ≤ x ≤ 0.08) system formed by Li+/
Ti4+ co-doped Li3Mg2NbO6 ceramics were succeeded in synthesizing
via the traditional solid-state reaction method. In this work, all com-
positions with a single phase formed solid solutions and showed dense
microstructures. The change regulation of dielectric constant and Q*f
values was similar to that of density. The dielectric constant and τf
values of Li3+xMg2Nb1-xTixO6 ceramics sintered at 1025 °C mono-
tonously increased with increasing x, while the Q*f values ascended to
the maximum with x = 0.06 and then descended. In addition, this study
found that the microwave dielectric properties of Li3+xMg2Nb1-xTixO6

ceramics were closely related to the lattice structure. The comprehen-
sive performance of Li3+xMg2Nb1-xTixO6 ceramics superior to most
other ceramic systems, such as Li2MgTi1-x(Mg1/3Ta2/3)xO4, Li2MgTi1-x
(Mg1/3Nb2/3)xO4, Li3Mg2NbO6 based ceramics, and so on. The excellent
properties were achieved at the composition with x = 0.06: εr = 14.34,
Q*f = 154,113 GHz, τf = −2.17 ppm/°C.
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