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a b s t r a c t

Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ, Ti4þ) ceramics were prepared by the solid-state re-
action method. The sintering characteristics, microstructure, phase composition and microwave dielec-
tric properties of Li3Mg2NbO6 ceramics with equivalent substitution ((Li1/5W4/5)5þ, (Mg1/4W3/4)5þ, (Al1/
3W2/3)5þ and (Ti1/2W1/2)5þ) at the Nb-site were investigated firstly. After sintering at 1150 �C for 4 h, all
samples were single-phase of orthogonal structure. Due to the difference in ion polarizability of the
substituted ions, the dielectric constant changed. The substitution of (MxW1-x)5þ in Li3Mg2Nb0.96 (MxW1-

x)0.04O6 ceramics significantly reduced dielectric loss. The quality factor showed a similar trend with the
average bond valence. Moreover, the study found that the substitution of W-based composite ions has a
small effect on the tf values of Li3Mg2NbO6 ceramics.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, low-cost microwave dielectrics with high-quality
factors have attracted considerable interest. Microwave dielectric
materials should have low permittivity (εr), high-quality factor (Q�f)
and near-zero temperature coefficient of resonant frequency (tf) to
reduce signal transmission delay and maintain signal quality [1e6].
However, many types of microwave dielectric ceramics with low
Q� f values. Therefore, how to improve the properties of microwave
dielectric ceramics is still the main research task [7e11].

Recently, lithium-based compounds [12e16] have received
widespread attention due to their excellent properties, such as
Li3Mg2XO6 (X ¼ Nb, Ta, Sb), Li2O-MgO-BO2 (B ¼ Ti, Sn, Zr),
Li2M2A3O12 (M ¼ Zn, Ca; A ¼W, Mo) and Li4Ti5(1þx)O12. The partial
replacement of Mg2þ ions or Nb5þ ions of Li3Mg2NbO6 ceramics by
some cations (Ni2þ, Ca2þ, Mn2þ, Zn2þ, Co2þ, Sb5þ, Ta5þ, V5þ) greatly
improved the properties of Li3Mg2NbO6 ceramics [17e23]. Wu et al.
[24] used the chemical bond theory to research the relationship
between the lattice structure and properties of Li3Mg2NbO6 ce-
ramics. In addition, Wang and Zhang et al. [25e27] greatly
improved the quality factor of Li3Mg2NbO6 ceramics by replacing
Nb5þ with Ti4þ, W6þ and Mo6þ ions. Zhou et al. [28] added a small
amount of V2O5 and 0.6CuO-0.4B2O3 to Li2Ti0$75(Mg1/3Nb2/3)0.25O3

ceramics, and effectively reduced the sintering temperature from
1170 �C to below 910 �C. The ultra-low loss and temperature sta-
bility properties of LTMN0.25 þ 2 wt% V2O5 and LTMN0.25 þ 1 wt%
0.6CuO-0.4B2O3 ceramics made them expected to bewidely used in
5G mobile communication system. Previously, different sintering
aids [29e32] such as Li2OeB2O3eSiO2, ZnOeB2O3eSiO2,
MgOeB2O3eSiO2, B2O3 were added to reduce the sintering tem-
perature of Li3Mg2NbO6 ceramics. The research results showed that
when 0.5 wt% ZBS was added, Li3Mg2NbO6 ceramics achieved great
dielectric properties when sintered at 925 �C for 4 h: εr ¼ 14.3,
Q � f ¼ 73,987 GHz, tf ¼ �16.05 ppm/�C.

Some scholars have replaced the B-site ions in lithium-based
microwave dielectric ceramics with composite ions to enhance
microwave dielectric properties. The microwave dielectric proper-
ties of (Zn1/3A2/3)0.5(Ti1-xBx)0.5O2 (A ¼ Ta5þ, Nb5þ, B ¼ Sn4þ, Ge4þ)
ceramics [33] and MgTi0.95 (AB)0.05O3 (A ¼ Liþ, Mg2þ, Al3þ, B ¼
Nb5þ, Ta5þ) ceramics [34] were investigated. Due to the decrease of
Ti4þ ions, the Q � G values of the samples increased with the in-
crease of BO2 content [33]. The sintered samples with Ta5þ showed
higher Q � G values and smaller εr than those with Nb5þ because of
their higher average ionic bond valence [34]. In 2018, Wu et al.
[35,36] used composite ions (Mg1/3Sb2/3)4þ and (Mg1/3Nb2/3)4þ to
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replace Ti4þ ions of Li2Mg3TiO6 ceramics. Among them, Li2Mg3-
Ti0$95(Mg1/3Sb2/3)0.05O6 ceramics had great microwave dielectric
properties (εr ¼ 14.6, Q � G ¼ 195,500 GHz, tG ¼ �4.02 ppm/�C);
Li2Mg3Ti0$95(Mg1/3Nb2/3)0.05O6 ceramics have also achieved great
dielectric properties (εr ¼ 14.79, Q � G ¼ 204,900 GHz,
tG ¼ �18.43 ppm/�C). Zhang et al. [37] analyzed the correlation
between the dielectric properties and sintering characteristics of
Li3þxMg2Nb1-xTixO6 (0.02 � x � 0.08) ceramics. This improvement
may be due to the different bonding between cations and oxygen
ions in the oxygen octahedron. Therefore, it can be expected to
improve the microwave dielectric performance by equivalent sub-
stitution at the cation position of the Li3Mg2NbO6 ceramics.

In this work, we selected a set of data with the highest quality
factor for analysis. We tested the dielectric properties of
Li3Mg2NbO6 ceramics when the doping amount of composite ions
was 0.02e0.08. We found that when the doping amount was 0.04,
the Q � f of the sample sintered at 1150 �C achieved the maximum
value. The Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ, Ti4þ)
ceramics were prepared by the solid-state reaction method. The
dielectric properties, microstructure and structural characteristics
of ceramics were systematically researched, such as
Li3Mg2Nb0$96(Li1/5W4/5)0.04O6 (LMNLW), Li3Mg2Nb0$96(Mg1/4W3/

4)0.04O6 (LMNMW), Li3Mg2Nb0$96(Al1/3W2/3)0.04O6 (LMNAW), and
Li3Mg2Nb0$96(Ti1/2W1/2)0.04O6 (LMNTW).

2. Experimental section

High-purity oxide powders Nb2O5 (99.9%), WO3 (99.9%), TiO2
(99%), MgO (99.9%), Al2O3 (99%), Li2CO3 (97%) were used as raw
materials according to Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M¼ Liþ, Mg2þ,
Al3þ, Ti4þ) formula. Poured the raw material into nylon jars with
ZrO2 balls and add an appropriate amount of deionized water. Fixed
the nylon jars on the planetary ball mill for 8 h. The mixtures were
rapidly dried and calcined at 950 �C for 4 h to obtain the pre-
sintering powders. Add 8 wt% paraffin as the binder in the sifted
powder. The mixed paraffin powder was passed through an 80-
mesh screen to form agglomerated spherical particles with good
fluidity. The above mixture was pressed under the pressure of 2 ~
3 MPa to produce a cylindrical of a certain thickness
(10 mm � 5 mm). As shown in Fig. 1, to suppress the volatilization
of lithium element, the cylinders were placed between two ceramic
sheets (10 mm � 1.5 mm).
Fig. 1. Ceramic stacking method.
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The X-ray diffraction (CuKa radiation, Rigaku D/max 2550 PC,
200kV/40 mA, Tokyo, Japan) was used to detect the crystalline
phases of the Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ,
Ti4þ) ceramics. Scanning electron microscope was used to charac-
terize the microstructure of the samples (ZEISS MERLIN Compact,
Germany). The dielectric constant and quality factor of samples
were observed by a network analyzer (9e11 GHz, N5234A, Agilent
Co., Santa Clara, CA). The temperature coefficient of resonant fre-
quency (tf) was determined according to the following formula:

tf ¼
f85 � f25

f25ðT85 � T25Þ
� 106ðppm=�CÞ (1)

where f85 and f25 were the resonant frequencies at 85 �C and 25 �C,
respectively.

The Archimedes method was used to measure the bulk density.
The theoretical density was calculated by Eq. (2):

rth¼
AZ
NAV

(2)

where A was the atomic mass, Z was the number of molecules in a
single unit cell, NA was the Avogadro constant, and V was the unit
cell volume.

The relative density was obtained as the following formula:

rre ¼
r

rth
(3)

3. Results and discussion

Fig. 2 demonstrate the XRD patterns of the Li3Mg2Nb0.96 (MxW1-

x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ, Ti4þ) ceramics sintering at 1150 �C. It
is readily observed that all diffraction patterns can be indexed to a
standard Li3Mg2NbO6 phase (JCPDS #86e0346), no secondary
phase is detected. As the illustration of Fig. 2, we can note that the
peaks slightly displaced toward a higher 2q angle with different
substitution ions. The increase in the 2q angle may be due to the
radius of the substitution ions ((Li1/5W4/5)5þ (r ¼ 0.632 Å, CN ¼ 6),
(Mg1/4W3/4)5þ (r ¼ 0.63 Å, CN ¼ 6), (Al1/3W2/3)5þ (r ¼ 0.582 Å,
CN¼ 6) and (Ti1/2W1/2)5þ (r¼ 0.6025 Å, CN¼ 6)) is smaller than the
radius of the Nb5þ ion (r ¼ 0.64 Å, CN ¼ 6).
Fig. 2. The X-ray diffraction patterns of Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Li, Mg, Al,
Ti) ceramics sintered at 1150 �C for 4 h.



Table 1
The lattice parameters, unit cell volumes and theoretical densities of Li3Mg2Nb0.96
(MxW1-x)0.04O6 ceramics sintered at 1150 �C for 4 h.

Compositions LMNLW LMNMW LMNAW LMNTW

a(Å) 5.8912 5.8927 5.8903 5.8910
b(Å) 8.5594 8.5602 8.5562 8.5569
c(Å) 17.7140 17.7160 17.7085 17.7033
V(Å3) 893.2309 893.6427 892.4833 892.4003
Rp 12.3 12.9 11.4 11.1
Rwp 13.7 13.8 12.8 11.6
rtheo (g/cm3) 3.793 3.789 3.792 3.784
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To understand the relationship between the crystal structure
and the complex ions ((Li1/5W4/5)5þ, (Mg1/4W3/4)5þ, (Al1/3W2/3)5þ

and (Ti1/2W1/2)5þ), the Rietveld method is used to refine the X-ray
diffraction pattern. Based on the model of Li3Mg2NbO6 ceramics,
the Fullprof software is used to improve Rietveld. Fig. 3 shows the
Rietveld refinement graph of the Li3Mg2Nb0.96 (MxW1-x)0.04O6
(M¼ Liþ, Mg2þ, Al3þ, Ti4þ) ceramics sintering at 1150 �C for 4 h. The
lattice parameters (a, b and c), unit cell volumes (V), theoretical
density (rtheo) and reliability factor (Rp, Rwp) of Li3Mg2Nb0.96 (MxW1-

x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ, Ti4þ) ceramics obtained by Rietveld
refinement are displayed in Table 1. The values of reliability factor
(patterns: Rp, weighted patterns: Rwp) are less than 15, manifesting
that the results of refinement are superior.

Fig. 4 shows the microscopic morphology of Li3Mg2Nb0.96
(MxW1-x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ, Ti4þ) ceramics sintered at
1150 �C. Fig. 4(a)e(d) show that the overall microstructures are
dense and the grain boundaries are obvious, indicating that the
grain growth of the obtained sample is well. The high Q� f values of
the microwave dielectric ceramics may be related to the uniform
grain morphology [38]. However, these external features are
insufficient to explain the change in microwave dielectric proper-
ties of Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ, Ti4þ)
ceramics. Therefore, the relationship betweenmicrowave dielectric
properties and intrinsic features must be researched.

Fig. 5 shows the εr and Q � f values of the Li3Mg2Nb0.96 (MxW1-

x)0.04O6 ceramics sintered at different temperatures for 4 h. The εr

and Q � f values of the Li3Mg2Nb0.96 (MxW1-x)0.04O6 ceramics reach
a peak at 1150 �C and then decrease. Therefore, the optimal sin-
tering condition is 1150 �C for all samples. As shown in Table 2, the
relative densities of the samples sintered at 1150 �C exceeded 95%
of the theoretical values. It may be possible to diminish the effect of
density on the microwave dielectric properties of Li3Mg2Nb0.96
(MxW1-x)0.04O6 ceramics.

The dielectric constant is mainly related to density, secondary
Fig. 3. Refinement patterns of Li3Mg2Nb0.96 (MxW1-x)0.04O6 (
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phase and ionic polarizability. From Fig. 2, there was no additional
phase in all ranges. In addition, the relative densities of the samples
are greater than 95%. In this paper, at the optimal sintering tem-
perature, the dielectric constant of Li3Mg2Nb0.96 (MxW1-x)0.04O6
ceramics with different composite ions ((Li1/5W4/5)5þ, (Mg1/4W3/

4)5þ, (Al1/3W2/3)5þ and (Ti1/2W1/2)5þ) mainly depends on the ion
polarizability. The observed dielectric polarizability (aobs) was ob-
tained according to the Clausius-Mosotti equation in Eq. (4) based
on the observed dielectric constant:

aobs ¼
3Vmðεr � 1Þ
4pðεr þ 2Þ (4)

where Vm and εrwere themolar volume and the observed dielectric
constant of samples, respectively. According to the addition rule of
molecular polarizability, the theoretical ion polarizability (atheo) of
the samples could be decomposed into the molecular polarizability
state of simple substances [39]:

atheo ¼3aLiþ þ 2aMg2þ þ 0:96aNb5þ þ 0:04xaM þ 0:04ð1� xÞaW5þ

þ 6aO2�

(5)
M ¼ Li, Mg, Al, Ti) ceramics sintered at 1150 �C for 4 h.



Fig. 4. The surface microstructures of Li3Mg2Nb0.96 (MxW1-x)0.04O6 ceramics sintered at 1150 �C for 4 h: (a) M ¼ Li, (b) M ¼ Mg, (c) M ¼ Al, (d) M ¼ Ti.
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The results of ionic polarizability are listed in Table 2. The εtheo of
Li3Mg2Nb0.96 (MxW1-x)0.04O6 ceramics could be obtained by the
Clausius-Mosotti equation [40]:
Fig. 5. The εr and Q � f values of the Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Li, Mg, Al, Ti)
ceramics sintered at different temperatures for 4 h.
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εtheo ¼
3Vm þ 8patheo
3Vm � 4patheo

(6)

Fig. 6 shows the change of observed dielectric constant (εr) of
Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M¼ Liþ, Mg2þ, Al3þ, Ti4þ) ceramics as
a function of theoretical dielectric constant (εtheo). Although the
ionic polarizabilities of (Al3þ1/3W6þ

2/3)5þ (2.39 Å3), (Mg2þ1/4W6þ
3/

4)5þ (2.73 Å3), (Liþ1/5W6þ
4/5)5þ (2.8 Å3) and (Ti4þ1/2W6þ

1/2)5þ

(3.07 Å3) are all different, neither the ionic polarizabilities (aobs,
atheo) nor the dielectric constants (εr, εtheo) change significantly with
the type of substituted ion. As shown in Fig. 6 and Table 2, the εr,
εtheo and ion polarizabilities have the same trend. The results
manifest the dielectric constant of Li3Mg2Nb0.96 (MxW1-x)0.04O6
ceramics is mainly affected by the ionic polarizability.

In this study, all samples are pure phase with orthogonal
structure. The theoretical densities of the samples are close to the
bulk densities. The Q � f values of dielectric materials are usually
affected by density, grain size, miscellaneous phase, crystal struc-
ture and porosity [41,42]. Therefore, the influence of the second
phase and density on theQ� f values of the samples can be ignored.
The Q � f values of Li3Mg2Nb0.96 (MxW1-x)0.04O6 ceramics mainly
depend on structural features, such as bond valence. To evaluate
the structural characteristics, the bond valence (Vi) of Li3Mg2Nb0.96
(MxW1-x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ, Ti4þ) ceramics could be
calculated by the following formula [43,44]:

vi�o ¼ exp
�
Ri�o � di�o

b

�
(7)

Vi ¼
X

vi�o (8)

where the Ri-o was the bond valence parameter, di-o was the bond
length between the atom i and o, and b was a universal constant
(0.37 Å). The details of bond valence are given in Table 3. Fig. 7



Table 2
Physical properties of Li3Mg2Nb0.96 (MxW1-x)0.04O6 ceramics sintered at 1150 �C for 4 h.

Compositions Bulk Density (g/cm3) Relative Density (%) Vm (Å3) atheo aobs

LMNLW 3.6584 96.45 111.6538 22.2232 21.6049
LMNMW 3.6741 96.96 111.7053 22.2204 21.5521
LMNAW 3.6653 96.66 111.5604 22.2068 21.4937
LMNTW 3.6904 97.52 111.7926 22.2340 21.6514

Fig. 6. (a) Theoretical polarizabilities (atheo) and observed polarizabilities (aobs), and
(b) theoretical dielectric constants (εtheo), and observed dielectric constants (εr) of the
Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Li, Mg, Al, Ti) ceramics sintered at 1150 �C for 4 h.

Fig. 7. Relationship between the Q � f values and the average bond valence of the
Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Li, Mg, Al, Ti) ceramics sintered at 1150 �C for 4 h.
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shows the change of the Q � f values of Li3Mg2Nb0.96 (MxW1-

x)0.04O6 ceramics sintered at 1150 �C for 4 h as a function of
average ionic bond valence. Previous studies [45,46] have shown
that the bond valence was closely related to the strength of the
chemical bond. High bond valence means that higher the strength
of the chemical bond between cation and oxygen ions in the oxygen
octahedron. High bond strength implies a lower lattice anharmo-
nicity and damping constant of the microwave signal, resulting in a
higher Q � f value. Therefore, the Q � f values of Li3Mg2Nb0.96
(MxW1-x)0.04O6 ceramics depend on the bond valence. Compared
with other samples, the LMNTW sample has the largest bond
valence. LMNTW ceramics has the highest Q � f value
(128,838 GHz). As shown in Table 4, the Q � f values of the samples
in this work are much higher than the pure phase Li3Mg2NbO6
ceramics [47]. Besides, (MxW1-x)5þ ions reduce the sintering
Table 3
Bond valence of Li3Mg2Nb0.96 (MxW1-x)0.04O6 ceramics sintered at 1150 �C for 4 h.

Compositions Bond valence

NbO6 (Li1|Mg1)O6 (Li2

Li(1)O6 Mg(1)O6 Li(2)

LMNLW 5.2176 1.1922 2.0711 1.19
LMNMW 5.0384 1.1954 2.0745 1.19
LMNAW 4.9976 1.1893 2.0816 1.18
LMNTW 5.5173 1.1854 2.0793 1.18
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temperature of Li3Mg2NbO6 ceramics (Li3Mg2Nb0.96 (MxW1-x)0.04O6
ceramics ~ 1150 �C, Li3Mg2NbO6 ceramics ~ 1250 �C).

Fig. 8 shows the relationship between the tf values and the
average oxygen octahedral distortion of Li3Mg2Nb0.96(MxW1-x)
0.04O6 ceramics sintered at 1150�C for 4h. Reaney et al. [48] re-
ported that the tf values could be determined by the distortion of
oxygen octahedron. The distortion of oxygen octahedrons was
calculated by the following formula:

D ¼
�
1
6

�
�
X�

di�o � d

d

�
(9)

where di-owas the bond length, anddwas the average bond length
between cations and anions in the oxygen octahedron. The
changing trend of tf values is opposite to the average oxygen
octahedral distortion, which is consistent with the conclusions
reported previously. As shown in Fig. 8, the variation range of the tf
values is very small, which shows that the replacement of W-based
composite ions has little effect on the temperature coefficient of the
resonance frequency of Li3Mg2NbO6 ceramics.
|Mg2)O6 (Li3|Mg3)O6 Average

O6 Mg(2)O6 Li(3)O6 Mg(3)O6

08 2.0912 1.1235 2.0411 2.5181
62 2.0853 1.1542 2.0957 2.4847
96 2.0822 1.1387 2.0888 2.4707
59 2.0973 1.1379 2.1001 2.6026



Table 4
Dielectric properties of Li3Mg2NbO6 ceramics with different doping ions.

Compositions Sintering temperature (�C) er Q � f (GHz) tG (ppm/�C)

LMNLW 1150 13.9806 114781 �22.33
LMNMW 1150 13.8022 105879 �21.19
LMNAW 1150 13.7253 102760 �23.11
LMNTW 1150 14.2356 128838 �21.12
Pure LMN 1250 16.8 79643 �27.2

Fig. 8. Relationship between tf values and the average oxygen octahedral distortion of
the Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Li, Mg, Al, Ti) ceramics sintered at 1150 �C for
4 h.
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4. Conclusions

The novel Li3Mg2Nb0.96 (MxW1-x)0.04O6 (M ¼ Liþ, Mg2þ, Al3þ,
Ti4þ) ceramics were prepared via the solid-state reaction method.
XRD analysis results manifested that within the doping range, all
samples were pure phase solid solutions. The microwave dielectric
properties mainly depended on the lattice structure of the samples.
The study found that the observed dielectric constant was
completely consistent with the theoretical dielectric constant,
indicating that the dielectric constant mainly depended on the ion
polarizability. Based on the calculated results from the complex
chemical bond theory, the variation trend of Q�f values were
consistent with the average bond valence. The high Q�f value ob-
tained by LMNTW was due to its higher average bond valence. The
changing trend of tf values is opposite to the average oxygen
octahedral distortion.
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