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Abstract

The effects of LiF addition on the sinterability and microwave dielectric properties of (Mg0.95Zn0.05)2(Ti0.8Sn0.2)O4 (MZTS) ceramics were

investigated. A small amount of LiF addition can effectively lower the sintering temperature of MZTS from 1325 8C to 1150 8C due to the liquid

phase effect and induce no apparent degradation of the microwave dielectric properties. With increasing LiF content, the apparent density and

dielectric constant decreased gradually, the quality factor increased firstly and then decreased. In particular, MZTS–3.0 wt% LiF ceramics sintered

at 1150 8C for 5 h exhibited good microwave dielectric properties of er = 13.05, Q � f = 119,310 GHz (at 10 GHz) and tf = �59.2 ppm/8C.
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1. Introduction

Ever since the carrier frequency of interest in communica-

tion systems is extended from microwave to millimeter wave

range, much attention has been paid to the dielectric properties

of materials at microwave and millimeter wave frequency for

wireless communication systems [1]. Dielectric ceramics

applicable to millimeter wave frequency should have a high

quality factor (Q � f , where Q = 1/dielectric loss and f is the

resonant frequency) for frequency selectivity, and a relatively

low dielectric constant (er), in order to minimize the cross-

coupling effect with the conductor and increase the signal

propagation velocity. Besides, the basic physical property

requirement, the cost, and the toxicity should also be

considered in these applications [2,3]. However, most of the

currently available low-loss dielectrics are made from complex

perovskites [4–6]. They require high sintering temperatures and

compatibly high cost. Therefore, the research for new low-cost

dielectric ceramics with a high Q � f and low er is still ongoing.
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Mg2TiO4 ceramic is a high Q � f and low-cost material for

high frequency applications. It has a spinel structure belonging to

the cubic space group Fd3̄m [7,8]. Belous et al. first reported its

microwave dielectric properties (er = 14, Q � f = 150,000 GHz,

and tf = �50 ppm/8C) [9]. Presently active works have been

done to improve its microwave dielectric properties by suitable

ions substitution, preparing various composites [10–15]. Among

these, Huang et al. reported an improvement in Q � f of Mg2TiO4

series by partial substitution for Mg or Ti-site ions, and we

reported the Zn–Sn codoped (Mg0.95Zn0.05)2(Ti0.8Sn0.2)O4

(MZTS) ceramics sintered at 1325 8C, which possesses good

microwave dielectric properties (er = 13.1, Q � f = 131,170 GHz,

and tf = �55.6 ppm/8C) [16]. However, its sintering temperature

is still too high for practical use. It is well known that LiF is an

effective sintering aid for many materials [17,18]. For example,

the MgTiO3 dielectric ceramic can be sintered at 950 8C by the

addition of LiF. In the present work, the effluence of LiF addition

on the sintering behavior, phase constituents and microwave

dielectric properties of MZTS ceramics were studied.

2. Experimental

The starting materials are high-purity oxide powders

(>99.9%): TiO2, MgO, ZnO and SnO2. Predried raw materials

were weighed in stoichiometric (Mg0.95Zn0.05)2(Ti0.8Sn0.2)O4
d.
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Fig. 1. X-ray diffraction of (Mg0.95Zn0.05)2(Ti0.8Sn0.2)O4–x wt% LiF (MZTS–

x wt% LiF) ceramics: x = 0, 1325 8C and (b) x = 1.5, (c) x = 3.0, and (d) x = 4.5

sintered at 1150 8C.
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(MZTS) and ball milled for 6 h in a nylon jar with agate balls

and ethanol as media. The milled powders were dried then

initially calcined at 1150 8C for 3 h. The as-calcined powders

were re-milled with various LiF additions for 6 h. After drying,

the powders with 5 wt% PVA as a binder were pressed into

pellets 10 mm in diameter and 5 mm in thickness under a

pressure of 200 MPa. The green compacts were sintered

between 1100 8C and 1175 8C for 5 h in air.
Fig. 2. Typical SEM images of the fractured surfaces of MZTS–x wt% LiF ceramics

4.5, 1125 8C, (d) x = 3.0, 1150 8C, and (e) x = 3.0, 1175 8C.
The apparent densities of the sintered ceramics were

measured by Archimedes’ method. The crystal structures were

analyzed using X-ray diffraction (XRD) with Cu Ka radiation

(Rigaku D/MAX2550, Japan). The microstructure of pellets

was investigated using a scanning electron microscope (SEM,

Fei Quanta 200, Holland). The reactions of the calcined

powders with LiF addition taking place during sintering process

were investigated by differential thermal analysis (DTA-TGA,

SDTQ600, USA) using a heating rate of 10 8C/min in air from

room temperature up to 1200 8C. The microwave dielectric

properties of sintered samples at microwave frequency were

measured using a network analysis (HP8720ES, Agilent, Palo

Alto, CA) with the TE01d shielded cavity method. The

temperature coefficient of resonant frequency (tf) was

calculated with the following equation:

tf ¼
f 85 � f 25

f 25 � ð85 � 25Þ (1)

3. Results and discussion

Fig. 1 shows the X-ray powder diffraction patterns of

MZTS–x wt% LiF specimens sintered at different tempera-

tures. Pure MZTS sample sintered at 1325 8C exhibits a cubic

spinel structure with space group Fd3̄m, with no second phase

detected. When x � 3.0, a single phase MZTS, without second

phase, was detected within the detectable level of XRD.

Moreover, minor amount of second phase Li2TiO3 was
 sintered at different temperatures: (a) 1.5 = 0, 1125 8C (b) x = 3.0, 1125 8C, (c)



Fig. 3. Apparent densities of MZTS–x wt% LiF ceramics as a function of

sintering temperature.
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developed for x = 4.5. It was considered that some of Ti ions in

the matrix dissolved into the liquid phase and that the Li2TiO3

second phase was formed. Furthermore, as shown in the insert

of Fig. 1, the main peak (2 1 1) of MZTS–x wt% LiF shifted

slightly toward to lower angle with increasing LiF content. This

indicated that a small amount of Li+ was incorporated into the

matrix of specimen. Similar result was reported in the case of

LiF doped MgTiO3 ceramics by Bernard et al. [18].

Typical SEM micrographs of the fractured surfaces of

MZTS–x wt% LiF ceramics sintered at different temperatures

are illustrated in Fig. 2. For the samples sintered at 1125 8C, the

number of pores decreased with increasing x, as shown in

Fig. 2(a)–(c). For the specimens containing 3.0 wt% LiF, the

abnormal grain growth and porous microstructure were

observed with increasing sintering temperature, which could

damage its microwave dielectric properties. Moreover, the

grain morphology of MZTS–x wt% LiF ceramics is also

characteristic of liquid sintering.

Fig. 3 exhibits the apparent density of MZTS–x wt% LiF

samples as a function of sintering temperature. In the case of

x = 1.5, the density of the samples increased as the sintering

temperature increased. For the specimens with x � 3.0, with the

increasing temperature, the density increased firstly then
Fig. 4. DTA–TG curves of calcined MZTS powders with 3.0 wt% LiF addition.
decreased thereafter. Moreover, in the temperature range from

1100 8C to 1150 8C, at the same fired temperature, the density

of the specimens increased firstly and then decreased as LiF

content increased. Densification of MZTS–3.0 wt% LiF is

completed at around 1125 8C, which is much lower than that of

pure MZTS (1325 8C). This indicates that LiF is an effective

sintering aid for MZTS ceramics.

In order to identify the role of LiF on the sintering behavior

of MZTS, TG-DTA analyses were performed as shown in

Fig. 4. The TG curve shows two distinct weight losses. In the

temperature range from room temperature to 500 8C, the DTA

curve shows two exothermic peaks, which are related to the first

weight loss. Those peaks are considered to be caused by the

combustion of the organic binders [19]. Moreover, three

distinct endothermic peaks were observed in the temperature

range of 700–1100 8C, which are related to the second weight

loss. The endothermic peaks at �784 8C, and 1025 8C are

attributed to the eutectic melting point fluxes between LiF–

MgF2 [20,21] and the endothermic peak at �885 8C
corresponds to meting of LiF [22], which enhance the sintering

ability of MZTS–x wt% LiF ceramics.

Fig. 5 illustrates the er and Q � f of MZTS–x wt% LiF

ceramics sintered at different temperatures. The trend of er of

MZTS–x wt% LiF (except x = 4.5), as shown in Fig. 5(a),

which depended on the sintering temperature, was consistent

with that of the density. For the specimens containing 4.5 wt%
Fig. 5. Variation of (a) er and (b) Q � f values of MZTS–x wt% LiF ceramics

sintered at various temperatures.
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LiF, the maximum er value was obtained at 1150 8C, although

its density was slightly lower than that the sample sintered at

1125 8C. This may be attributed to the second phase Li2TiO3

(see Fig. 1(d)), which possesses a higher er (er = 19.75) [23].

From Fig. 5(b), it can be observed that the Q � f values increased

with increasing sintering temperature and then decreased after

reaching their respective maximum value. The increase in the

Q � f value can be solely attributed to an increase in the density,

whereas its decrease at higher temperature is due to the

abnormal grain growth, as observed in Fig. 2(e). Moreover,

when the content of LiF was increased from 3.0 to 4.5 wt%, the

Q � f values for specimens sintered at 1150 8C decreased from

119,310 to 84,000 GHz, which could be attributed to the second

phase Li2TiO3 (Q � f � 23,600 GHz) [23]. In the present case, a

maximum Q � f value of 119,310 GHz is obtained for the

composition with x = 0.3 sintered at 1150 8C.

4. Conclusions

The sintering temperature of (Mg0.95Zn0.05)2(Ti0.8Sn0.2)O4

(MZTS) ceramics is lowered from 1325 8C to 1150 8C by

addition of 3.0 wt% LiF. A second phase Li2TiO3 was formed

when the LiF exceeded 3.0 wt%, which affects the microwave

dielectric properties of MZTS. With increasing LiF content,

the apparent density and dielectric constant decreased

gradually, the quality factor increased firstly and then

decreased. In particular, MZTS–3.0 wt% LiF ceramics

sintered at 1150 8C for 5 h exhibited good microwave

dielectric properties of er = 13.05, Q � f = 119,310 GHz (at

10 GHz) and tf = �59.2 ppm/8C.
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