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Abstract
The 0.2Li2ZrO3–0.8MgO  (Li2Mg4ZrO7) ceramics were prepared by conventional solid-state reaction method. The effects 
of lithium fluoride (LiF) addition on the microstructure, sintering temperature and microwave dielectric properties of 
 Li2Mg4ZrO7 ceramics were investigated. The experimental results demonstrated a typical single phase existed in  Li2Mg4ZrO7–
LiF ceramics, in which LiF was proved to be an effective sintering aid for the  Li2Mg4ZrO7 ceramic. LiF obviously lowed 
the optimum sintering temperature of  Li2Mg4ZrO7 ceramic from 1500 to 1050 °C and improved the sintering ability of the 
matrix. In this paper, the microwave dielectric properties were strongly dependent on the amount of LiF additions and the 
sintering temperature. Optimum microwave dielectric properties (εr = 12.95, Q·f = 180,011 GHz and τf =− 23.51 ppm/°C) 
were obtained in  Li2Mg4ZrO7-4 wt% LiF ceramics sintered at 1050 °C.

1 Introduction

Microwave dielectric ceramics or even thin films are widely 
used in various devices, including resonator, duplexer and 
multiplexer for wireless communication [1–3]. To meet the 
requirement of the microwave devices, high quality factor 
(Q·f), a near-zero temperature coefficient of resonant fre-
quency (τf) and large dielectric permittivity (εr) must be 
achieved [4, 5]. Additionally, these materials are required to 
be sintered at the lower temperatures because they could be 
cofired with benign conductors such as silver and aluminium 
[6]. However, most of the commercial dielectric ceramics do 
not satisfy the stringent and increasing demands of micro-
wave communication systems because of their high sintering 
temperature. Therefore, the search for new low-temperature 
sintering microwave dielectric ceramics has attracted more 
and more attention.

In our previous work, 0.2Li2ZrO3 + 0.8MgO 
 (Li2Mg4ZrO7) ceramic with cubic structure was reported 
by Bi et al., which possessed suitable microwave dielec-
tric properties with εr = 12.65, Q·f = 165,924  GHz and 
τf =− 34.66 ppm/°C in the microwave range [7]. Because 
of the excellent microwave dielectric properties, the 

 Li2Mg4ZrO7 ceramics were promising candidates to be 
used widely. However, for the practical applications for 
 Li2Mg4ZrO7 ceramics, key challenges remained, such as the 
higher sintering temperatures, the higher dielectric losses 
and the lower dielectric constants. Therefore, it was essen-
tial to develop low-temperature sintering  Li2Mg4ZrO7 based 
ceramics for the commercial applications. To address the 
above issues, there are three methods for lowering the sin-
tering temperature: (1) adding additions with low melting 
point, such as LiF,  Li2CO3 and glass [8–12]; (2) reducing the 
particle sizes of starting materials for chemical processing 
[13]; (3) forming solid solutions through ionic substitution 
[14–16]. Compared with other conventional methods, adding 
LiF addition was a facile strategy for lowering the sinter-
ing temperature of microwave dielectric materials, which 
has developed rapidly in recent years [17–19]. For instance, 
Zhang et al. investigated that  CaMg0.9Zn0.1Si2O6 ceramic 
doped with 0.6 wt% LiF could be sintered in the tempera-
ture range of 900–975 °C and exhibited a relatively high 
quality factor of ~ 70,000 GHz [17]. Moreover, Tong et al. 
reported that the Ca[(Li0.33Nb0.67)0.9Ti0.1]O3−δ-20 wt% LiF 
ceramics possessed suitable microwave dielectric proper-
ties (εr = 21.3, Q·f = 20,450 GHz and τf =− 18 ppm/°C) [18]. 
Optimum microwave dielectric properties with εr = 22.4, 
Q·f = 110,000 GHz and τf = 3.2 ppm/°C could be obtained for 
the 0.9Li2TiO3 + 0.1LiF ceramic after sintering at 1100 °C 
[19]. However, research focusing on the effects of LiF 
additions on sintering behaviors and microwave dielectric 
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properties of  Li2Mg4ZrO7 ceramics was not found. There-
fore, an investigation was made to lower sintering tempera-
ture of  Li2Mg4ZrO7 ceramics in this work.

In the present work,  Li2Mg4ZrO7-x wt% LiF (x = 0–5) 
ceramics were successfully prepared by conventional solid-
state reaction. Different weight percentages of lithium 
fluoride were used as sintering aids. Scanning electron 
microscopy (SEM), X-ray diffraction (XRD) and microwave 
dielectric resonance measurement techniques were used to 
analyze the  Li2Mg4ZrO7-x wt% LiF (x = 0–5) ceramics. The 
relationships between microwave dielectric properties and 
LiF contents were also investigated.

2  Experimental procedure

Li2Mg4ZrO7 ceramics were prepared by the conventional 
solid-state reaction, using high purity MgO,  Li2CO3 and 
 ZrO2 phases, which were mixed with mole ratio 4:1:1 and 
ball-milled with ethanol for 24 h. The powders were then 
dried and calcined at 1050 °C for 2 h. The calcined powders 
were re-ball-milled with 0–5 wt% LiF additions for 24 h, 
dried, and 8 wt% polyvinyl alcohol was added for granula-
tion. The powder mixtures were pressed into 10 mm diam-
eter disks and 6 mm height at a pressure of about 200 MPa. 
Eventually, these samples were sintered at 900–1600 °C for 
6 h.

The crystal structures of  Li2Mg4ZrO7-x wt% LiF (x = 0–5) 
were identified by an X-ray diffractometer (Model D/MAX-
B, Rigaku Co., Japan). To examine the morphology, the 
surfaces were examined by scanning electron microscopy 
(FeSEM Quanta 250, FEI Co., USA). The dielectric con-
stants at microwave frequencies were measured by the 
Hakki-Coleman dielectric resonator method in the TE011 
mode using a network analyzer (N5234A, Agilent Co., USA) 
[20], and the unloaded quality factors were measured using 
TE01d mode by the cavity method [21]. The τf value was 
measured according to τf =  Δf/(f0ΔT), where f0 was the reso-
nant frequency at 25 °C.

3  Results and discussions

Figure 1 illustrated the variation in the apparent densities of 
 Li2Mg4ZrO7-x wt% LiF (x = 0–5) ceramics as a function of 
sintering temperature. The saturated value (~ 3.52 g/cm3) of 
 Li2Mg4ZrO7 ceramics could be obtained at 1500 °C, which 
was similar to the optimum result reported by Bi et al. [7]. 
Generally, LiF could decrease the sintering temperature 
and improve the sintering ability of the ceramics. When 
the samples were added with 1–2 wt% LiF, the apparent 
densities exhibited lower values compared with that of 
 Li2Mg4ZrO7-x (x = 3–5 wt% LiF) samples. Relatively high 

value of the  Li2Mg4ZrO7-x wt% LiF (x = 1–2) samples was 
~ 2.93 g/cm3, which demonstrated that the 1–2 wt% LiF 
additions were insufficient to improve the densification pro-
cedure of  Li2Mg4ZrO7 ceramics. The apparent density of 
 Li2Mg4ZrO7-3 wt% LiF ceramics reached to 3.50 g/cm3 at 
950 °C, which was close to that of the matrix sintered at 
1500 °C. Hence, adding appropriate amount of LiF addi-
tion was one of the effective methods to decrease the sin-
tering temperatures of the  Li2Mg4ZrO7 system. Similarly, 
the maximum densities of the samples with 4 and 5 wt% 
LiF additions sintered at 950 °C were 3.60 and 3.69 g/
cm3, respectively. Thereafter the maximum values of the 
 Li2Mg4ZrO7-x wt% LiF (x = 3–5) samples the kept stable 
with the increasing sintering temperature. Therefore, the 
 Li2Mg4ZrO7-x wt% LiF (x = 3–5) ceramics with relatively 
high density could be obtained in the temperature region of 
950–1100 °C. In conclusion, adding appropriate amount of 
LiF additions was a facile strategy to improve the sintering 
characteristics of the matrix.

Rietveld refinement of  Li2Mg4ZrO7 ceramic sintered at 
1500 °C was performed by FullProf suite and the refine-
ment plot of the composition was shown in Fig. 2. Riet-
veld discrepancy factors  Rp and  Rwp were 19.0 and 14.3%, 
which confirmed the validity of matching models. The 
ceramic was completely full of cubic phase and the lattice 
parameters of  Li2Mg4ZrO7 were refined as V = 77.37 Å3 and 
a = b = c = 4.26 Å. The schematic crystal structure of cubic 
structured  Li2Mg4ZrO7 was shown in the inset of Fig. 2. In 
addition, the bond length of Li/Mg/Zr–O was calculated to 
be 2.13 Å. It could be observed that three kinds of cations 
occupied the same atomic positions and were connected with 
other six oxygen ions.

Figure 3 showed the XRD patterns of  Li2Mg4ZrO7-x 
wt% LiF (x = 1–5) ceramics sintered at 1050 °C. For the 

Fig. 1  Apparent densities of the  Li2Mg4ZrO7-x wt% LiF (x = 0–5) 
ceramics sintered at 900–1600°C
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structure information of  Li2Mg4ZrO7-x wt% LiF (x = 1–5) 
ceramics, the corresponding intensity peaks for the ceram-
ics were recorded. Beside the peaks of substrates, no obvi-
ous peaks belonging to LiF were found owing to the small 
amount of LiF in the system. All the obtained patterns were 
characteristic of a cubic structure with space group Fm-3m. 
As LiF content increased, all peaks were indexed as a sin-
gle phase and identified by the JCPDS card (No. 45-0946). 
Hence, it could be considered that the continuous solid 
solutions between  Li2Mg4ZrO7 and LiF were formed in this 
work. Typical SEM micrographs of  Li2Mg4ZrO7-x wt% LiF 
(x = 1–5) ceramics were illustrated in Fig. 4a–e. The surface 
morphology of samples, illustrated in this figure, revealed 
the porous structure. The porosity of  Li2Mg4ZrO7-x wt% 
LiF (x = 1–5) ceramics decreased with the increasing LiF 
additions. The relatively dense microstructures could be 

formed for  Li2Mg4ZrO7 samples doped with 3–5 wt% LiF, 
which indicated that the appropriate amount of LiF additions 
improved the sintering behavior of  Li2Mg4ZrO7 ceramics.

The dielectric constants for  Li2Mg4ZrO7 ceramics with 
different amount of LiF additions were presented in Fig. 5. 
It was noticeable that the dielectric constants of  Li2Mg4ZrO7 
ceramics increased with the increasing sintering tempera-
ture, which showed a similar trend to that of the densities. 
The correlation between the sintering temperatures and the 
εr values of  Li2Mg4ZrO7-x wt% LiF (x = 1–5) ceramics also 
presented the similar tendency with that of the densities 
within the temperature range of 900–1150 °C. With x value 
increasing from 1 to 5, the dielectric constants showed an 
upward tendency and were higher than that of matrix for 
x > 3, which illustrated that LiF could enhance the εr value 
by improving sintering character. Generally, the dielec-
tric constant is influenced by the density and the second-
ary phase [22]. The XRD patterns in Fig. 3 indicated the 
pure phase of  Li2Mg4ZrO7-x wt% LiF (x = 1–5) ceramics. 
Therefore, the dielectric constants of the sintered samples 
were closely related to the apparent densities in this work. 
However, as the sintering temperature increasing from 950 
to 1150 °C, there was no obvious change in the dielectric 
constants of  Li2Mg4ZrO7-x wt% LiF (x = 3–5) ceramics at a 
given LiF content, which proved that the sintering tempera-
ture had little effect on the dielectric constant when samples 
were in high densification [23].

The Q·f values of  Li2Mg4ZrO7-x wt% LiF (x = 0–5) 
ceramics were shown in Fig. 6. The quality factors are 
affected by intrinsic losses and extrinsic losses. The extrin-
sic losses are dominated by densification, porosity, second 
phases and microcracks, while the phase composition or 
internal vibrations will be contributed to the intrinsic loss 
[24]. In this work, the extrinsic losses acted as critical fac-
tors on the Q·f values at a lower temperatures range. The 
quality factors of  Li2Mg4ZrO7-x wt% LiF (x = 3–5) ceram-
ics were higher than that of  Li2Mg4ZrO7-x (x = 1–2 wt% 
LiF) samples. For instance, the Q·f values of 1 wt% LiF-
doped  Li2Mg4ZrO7 ceramics increased from 21,839 GHz at 
1000 °C to 32,709 GHz at 1150 °C, which was correlated 
with the increasing apparent densities shown in Fig. 1, while 
the quality factors of  Li2Mg4ZrO7-4 wt% LiF ceramics sig-
nificantly increased with the sintering temperature increas-
ing from 900 to 1100 °C and reached a maximum value 
of 180,011 GHz at 1050 °C, which was higher than the 
optimum value (~ 165,900 GHz) of the matrix sintered at 
1500 °C. Hence, the appropriate LiF additives could make 
the microwave quality factors higher by improving sintering 
characteristics of  Li2Mg4ZrO7 ceramics.

Furthermore, the microwave dielectric properties of 
 Li2Mg4ZrO7-x (x = 0–5 wt% LiF) samples sintered at their 
optimum sintering temperatures were exhibited in Table 1. 
Because of the increase in density, a rapidly increasing 

Fig. 2  Rietveld refinement of  Li2Mg4ZrO7 ceramics sintered at 
1500 °C

Fig. 3  XRD patterns of  Li2Mg4ZrO7-x wt% LiF (x = 1–5) ceramics 
sintered at 1050 °C in air
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trend of εr values occurred when LiF content increas-
ing from 1 to 5 wt%. The samples showed a higher εr 
values than that of matrix for x > 3. With the increase of 
LiF content, the quality factor first increased from 31,606 
to 180,011 GHz at x = 4 and then decreased slightly to 
164,835 GHz at x = 5 because of the variation of the den-
sity. With the additions of LiF increasing from 1 to 2 wt%, 
the τf values increased from − 27.53 to − 19.12 ppm/°C, 
implying that the temperature stability of ceramics was 
sensitive to the apparent densities. After that, the τf values 
initially increased to − 23.51 ppm/°C and then decreased 

with the increasing LiF content. All the τf values of 
 Li2Mg4ZrO7-x (x = 1–5  wt% LiF) samples sintered at 
1050 °C were higher than that (− 34.7 ppm/°C) of matrix 
sintered at 1500 °C, which illustrated that LiF could make 
the ceramics more stable by improving the sintering ability 
of  Li2Mg4ZrO7 ceramics. Typically,  Li2Mg4ZrO7-4 wt% 
LiF ceramics sintered at 1050  °C possessed a single 
phase with excellent microwave dielectric properties of 
εr = 12.95, Q·f = 180,011 GHz and τf = − 23.51 ppm/°C.

Fig. 4  SEM micrographs of  Li2Mg4ZrO7-x wt% LiF (x = 1–5) ceramics sintered at 1050 °C (a–e corresponding to x = 1, 2, 3, 4, 5)

Fig. 5  Dielectric constants of  Li2Mg4ZrO7-x wt% LiF (x = 0–5) 
ceramics sintered at 900–1600 °C

Fig. 6  Quality factors of  Li2Mg4ZrO7-x wt% LiF (x = 0–5) ceramics 
sintered at 900–1600 °C
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4  Conclusions

Li2Mg4ZrO7-x wt% LiF (x = 0–5) ceramics were successfully 
prepared by conventional solid-state reaction. Our work pro-
vided a facile strategy for lowing the sintering temperature 
of  Li2Mg4ZrO7 ceramics. Appropriate amount of LiF addi-
tions could effectively improve the sintering characteristics 
of the matrix. The εr values had a similar tendency with 
the densities when the LiF content and the sintering tem-
perature increased. The  Li2Mg4ZrO7 ceramic with 4 wt% 
LiF sintered at 1050 °C exhibited a maximum Q·f value 
because of its dense microstructure. Changes in the micro-
wave dielectric properties were caused by the variation of 
the amount of LiF addition and the sintering temperature. 
 Li2Mg4ZrO7-4 wt% LiF ceramic sintered at 1050 °C exhib-
ited a single phase with microwave dielectric properties of 
εr = 12.95, Q·f = 180,011 GHz and τf = − 23.51 ppm/°C, 
which could be applied for potential applications.
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Table 1  The microwave 
dielectric properties of the 
 Li2Mg4ZrO7-x wt% LiF 
(x = 0–5) ceramics sintered at 
their optimum temperatures

Composition Sintering tempera-
ture (°C)

Density (g/cm3) εr Q·f (GHz) τf (ppm/°C)

x = 0 1500 3.52 12.7 165,900 − 34.7
x = 1 1050 2.70 8.10 31,606 − 27.53
x = 2 1050 2.93 9.41 36,330 − 19.12
x = 3 1050 3.48 12.09 102,906 − 28.16
x = 4 1050 3.63 12.95 180,011 − 23.51
x = 5 1050 3.68 13.11 164,835 − 28.70
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