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Abstract
Microwave dielectric ceramics of xCaTiO3–(1 � x)TiO2–3ZnTiO3 (x = 0.05–1.00) were prepared by the solid-state reaction method. The phase

relations were investigated using X-ray powder diffraction. In all the studied range, the sintered ceramic was multiphase, which was also verified by

scanning electron microscopy (SEM) observation, as well as the energy-dispersive X-ray spectroscopy (EDX) analysis. With the increase of x from

0.05 to 0.25, the amount of rutile phase decreases due to the formation of new Ca2Zn4Ti16O38 polytitanates. And with x increasing from 0.25 to

1.00, rutile phase disappears while CaTiO3 phase increases, accompanying with a slight decrease of Ca2Zn4Ti16O38. Thus, it is considered that the

preferential chemical reaction in the system enhanced the formation of the Ca2Zn4Ti6O38 compound, CaTiO3 and rutile phases in the ceramics.

Moreover, the microwave dielectric properties of the ceramics were investigated. The simulated dielectric properties of the ceramics were also

calculated based on the empirical model. The simulated results and the experimental ones have similar trends, which show that the change of

microwave dielectric properties is related to the change of the phase composition in the multiphase ceramics.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The development of microwave communication technology

has been promoted by microwave dielectric ceramics. A large

number of ceramic dielectric materials have been developed [1]

over the years. The accustomed scheme for developing new

dielectric materials has focused on considering new single-

phase solid solutions having high Q or high dielectric constant.

However, it is interesting to note that some compounds often

formed multiphase mixtures, rather than single-phase solid

solutions. In fact, composition route is usually used to adjust the

temperature coefficient of resonant frequency (TCF) in

dielectric composition study. The formation of multiphase

made the dielectric properties optimization more complicated.

Recently, the development of low-temperature cofired ceramic

(LTCC) processing encouraged the investigation of some low

sintering temperatures compounds [2–4], in which zinc

titanates and their modified systems are of important kinds
* Corresponding author. Tel.: +86 10 62784579; fax: +86 10 62771160.

E-mail address: yuezhx@tsinghua.edu.cn (Z. Yue).

0272-8842/$32.00 # 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserve

doi:10.1016/j.ceramint.2006.01.015
due to the relatively low sintering temperatures and promising

dielectric properties. The dielectric properties of pure ZnTiO3

ceramics were investigated by Sugiura and Ikeda [5]. Haga

et al. [6] reported the dielectric properties of ZnTiO3–TiO2

systems and identified the zero temperature coefficients of

dielectric constant. Kim et al. [4] investigated the low-

temperature sintering ZnTiO3–TiO2 systems using B2O3. They

also investigated the microstructure and microwave dielectric

properties of alkaline earth modified zinc titanates [7,8]. It

revealed that doping temperature compensating compounds

such as TiO2 or CaTiO3 into zinc titanates always induces

complicated phase compositions [4,6–8]. Therefore, it was

quite indispensable to study the phase relations and composi-

tion variations in TiO2 or CaTiO3-doped zinc titanate system.

The prior works [4,6,7] only focused on either ZnTiO3–TiO2 or

ZnTiO3–CaTiO3 systems in the pseudo-ternary CaO–ZnO–

TiO2 phase, as shown in Fig. 1 (open and solid circles, and here,

ZnTiO3 abbreviated as ‘ZT’, TiO2 abbreviated as ‘R’ and

CaTiO3 abbreviated as ‘CT’). Furthermore, the phase relations

and the relationship of phase compositions and dielectric

properties in the pseudo-ternary CaO–ZnO–TiO2 phase have

not been satisfactory.
d.
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Fig. 1. CaO–ZnO–TiO2 ternary system and the composition regions of previous

works [4,7] and the present works in the system (open and solid circles for Ref.

[4,7], respectively; solid diamond is the region of present works).

Fig. 2. XRD patterns of xCaTiO3–(1 � x)TiO2–3ZnTiO3 powders (x = 0.25)

calcined at temperature range 900–1050 8C for 2 h.
In this study, the xCaTiO3–(1 � x)TiO2–3ZnTiO3 system

was selected, as shown in Fig. 1 (solid diamonds). The phase

relations, as well as the relationship between phase composi-

tions and microwave dielectric properties of the multiphase

ceramics were investigated. The difference between the present

works and the previous reports [7] was also indicated and

discussed.

2. Experimental procedure

Samples of xCaTiO3–(1 � x)TiO2–3ZnTiO3 with

x = 0.05–1.00 were synthesized from high-purity (more

than 99.9%) powders of CaCO3, ZnO and TiO2 (anatase),

using the conventional solid-state reaction method. The

oxides and carbonate were weighed according to the desired

molar ratio. The mixtures were ball-milled in a polyethylene

jar for 4 h using zirconia balls in alcohol medium. The

milled powders were dried and then calcined at 900 8C for

2 h. The calcined powders were remilled, dried, mixed with

an appropriate amount of PVA (5 wt.%) as a binder and then

screened by a 60 mesh. The screened powders were pressed

into cylindrical disks of diameter 10 mm and height about

5 mm at a pressure of about 2000 kg/cm2. These pellets

were preheated at 550 8C for 3 h to expel the binder and

then sintered at temperatures from 1050 to 1200 8C for 4 h

in air.

The crystalline phase of the sintered samples were

determined by X-ray diffraction (XRD), using Cu Ka

radiation. The microstructures of samples were observed

by scanning electron microscopy (SEM). The chemical

compositions of the phases formed were elucidated by

energy-dispersive X-ray spectroscopy (EDX). An HP8720ES

network analyzer was employed in the measurement of

microwave dielectric properties. The dielectric constant was

measured at microwave frequencies in room temperature

using the Hakki–Coleman [9] dielectric resonator method.

The quality factor was measured by transmission cavity

method [10]. The temperature coefficients of resonant

frequencies (TCF) were measured in the temperature range
of 20–80 8C. The TCF value can be calculated by the

following relationship:

TCF ¼ f2 � f1

f1ðT2 � T1Þ
(1)

where f1 and f2 represent the resonant frequencies at T1 and T2,

respectively.

3. Results and discussions

XRD analysis of wide range (2u = 10–808) was performed

on different xCaTiO3–(1 � x)TiO2–3ZnTiO3 powders and

ceramics sintered at different temperatures. However, the

diffraction peaks higher than 2u = 408 were hard to distinguish

from each other, due to low intensities or overlap of peaks. Thus

in the present paper, only the characteristic patterns in the 2u

range 10–388 was carefully indexed. Fig. 2 shows the xCaTiO3–

(1 � x)TiO2–3ZnTiO3 (x = 0.25) powders calcined from 900 to

1050 8C for 2 h. For the powders calcined at 900 8C, six phases

were obtained including Zn2Ti3O8, ZnTiO3, Zn2TiO4, CaTiO3,

anatase and rutile phases. For the powders calcined at 950 8C,

the peaks of Zn2Ti3O8, ZnTiO3 and anatase phases disappeared,

while the major peak of rutile phase increased. It was

understood that most of the anatase phase transformed into

rutile phase with increasing calcined temperature from 900 to

950 8C. Moreover, a new phase formed, which was identified as

Ca2Zn4Ti16O38, rather than Ca2Zn4Ti15O36 reported by Kim

et al. [7]. According to the earlier reports [11,12], there are two

compounds in CaO–ZnO–TiO2 ternary phase diagram, which

are Ca2Zn4Ti15O36 (empty triangle) and Ca2Zn4Ti16O38 (filled
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Fig. 3. XRD patterns of xCaTiO3–(1 � x)TiO2–3ZnTiO3 powders synthesized

at 1150 8C for 4 h as a function of x.

Fig. 4. The variation of phase fraction (mol.%) as a function of x.
triangle, Fig. 1). It can be seen that they are similar compounds.

In addition, the XRD patterns of these two compounds are

similar (JCPDS files No. 34-0055 and 85-1102). However,

these two compounds can still be distinguished by the

difference in reflection lines around 2u �138. The 2u of

reflection line 1 1 0 (2u = 12.9658) in Ca2Zn4Ti16O38 pattern is

a bit lower than that of the reflection line 0 1 2 (2u = 13.4468) in

Ca2Zn4Ti15O36 pattern. Therefore, it is feasible to distinguish

between Ca2Zn4Ti16O38 and Ca2Zn4Ti15O36, as shown in

Fig. 2b. With further increase of calcined temperature from 950

to 1050 8C, the peaks of rutile and CaTiO3 phases decreased or

disappeared, accompanying with a slight increase of the peaks

of Ca2Zn4Ti16O38. There existed only three phases for the

powder calcined at 1050 8C, which were Zn2TiO4, Ca2Zn4-

Ti16O38 and rutile phases. It can be seen in Fig. 2a that both

hexagonal ZnTiO3 phase and cubic Zn2Ti3O8 phase decom-

posed partially at 900 8C and completely into cubic Zn2TiO4

and rutile phases at 950 8C, which are in agreement with the

earlier reports [4]. The XRD patterns also reveal that the

formation of Ca2Zn4Ti16O38 started at about 950 8C, which was

not mentioned in previous literatures. It has been reported that

CaTiO3 completely formed at about 920 8C [13]. Thus, the

Ca2+-containing reactant which formed Ca2Zn4Ti16O38 is

CaTiO3, rather than CaCO3 or CaO. Accordingly, the reactions

of xCaTiO3–(1 � x)TiO2–3ZnTiO3 powders can be expressed

as follows:

ZnOþ TiO2ðanataseÞ �!�900 �C
ZnTiO3 (2)

4ZnTiO3 �!
� 900 �C

Zn2Ti3O8 þ Zn2TiO4 (3)

Zn2Ti3O8 �!900�950 �C
Zn2TiO4 þ 2TiO2 ðrutileÞ (4)

CaCO3 þ TiO2ðanataseÞ �!�900 �C
CaTiO3 þ CO2 " (5)

2CaTiO3 þ 2Zn2TiO4 þ 12TiO2ðrutileÞ �!� 950 �C
Ca2Zn4Ti16O38

(6)

Fig. 3 shows the XRD patterns of xCaTiO3–(1 � x)TiO2–

3ZnTiO3 ceramics sintered at 1150 8C for 4 h. The sintered

ceramic was multiphase, as marked in Fig. 3. The peaks of a-

Zn2TiO4, Ca2Zn4Ti16O38, CaTiO3 and rutile phases were

observed in different compositions. For the samples of x = 0.05

Ca2+ contents, no CaTiO3 phases were observed and a-Zn2TiO4

and rutile were the major phases. With Ca2+ contents increase,

the peaks of rutile became weak and those representing the

compound of Ca2Zn4Ti16O38 grew stronger. It was understood

that the increase of Ca2+ content enhanced the formation of

Ca2Zn4Ti16O38, which reduced the rutile phase effectively.

When x = 0.50, CaTiO3 phase was observed and rutile phase

disappeared. It was because that the increase of Ca2+ ions

content increased the amount of CaTiO3 phase and the enough

CaTiO3 phase eliminated the rutile phase by the formation of

more Ca2Zn4Ti16O38. When x = 1.00, more CaTiO3 phase

formed. However, due to the lack of rutile phase, the amount of

Ca2Zn4Ti16O38 decreased and more residual CaTiO3 phase was

observed. The formation of Ca2Zn4Ti6O38 related to the

stability of CaTiO3, TiO2 and ZnTiO3 in the system and the
preferential chemical reaction in the system enhanced the

formation of the Ca2Zn4Ti6O38 compound.

In order to illuminate the amount of different phases more

effectively, major peaks of the different phases were selected to

calculate the weight fraction of each phase by Matrix-Flushing

method (‘value-K’ method) [14]. The results were transformed

into molar fraction and plotted as a function of Ca2+ content (x),

as shown in Fig. 4. It can be seen that the major phase of the

mixtures is a-Zn2TiO4 phase. The amount of Ca2Zn4Ti16O38

phase increases with decrease of rutile phase, while it decreases

with increase of CaTiO3 phase, which is in agreement with the

above analysis of the reaction sequence. Moreover, it would be

interesting to know whether the X-ray determined phase

fraction ratios are in agreement with the overall compositions.

Therefore, a list of calculated compositions for the mixtures is

given in Table 1. It can be seen that the X-ray determined phase
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Table 1

Calculated compositions for the multiphase system

x TiO2 (rutile) Ca2Zn4Ti16O38 a-Zn2TiO4 CaTiO3

0.05 86/145 1/145 58/145 0

0.10 108/195 3/195 84/195 0

0.15 58/115 3/115 54/115 0

0.25 6/17 1/17 10/17 0

0.50 4/53 5/53 38/53 6/53

0.75 0 7/87 58/87 22/87

1.00 0 1/17 10/17 6/17
fraction ratios are in agreement the overall compositions. Thus,

the discussions above are reasonable and reliable.

The microstructures of xCaTiO3–(1 � x)TiO2–3ZnTiO3

ceramics were observed using scanning electron microscopy.

Fig. 5 illustrates the typical SEM images of sintered samples with

various compounds sintered at 1150 8C. Fig. 5a and b shows the

second electron images of x = 0.75 (surface) and x = 0.25

(fractured section). Fig. 5c and d shows the backscattered

electron images of their counterparts. The second electron

images show that the well-densified microstructures were

obtained and almost no porosities were observed in the sintered

samples. The backscattered electron images show clearly the

distributions of different phases. Phases of a-Zn2TiO4,

Ca2Zn4Ti16O38, CaTiO3 and rutile were identified according

to the results of EDX analysis. Except for a few abnormal grains,

all phases have average grain sizes of 3–6 mm with random

distributions. The abnormal grains have a larger grain size of 10–

15 mm, which also distributes randomly. Due to the small grains
Fig. 5. SEM images of xCaTiO3–(1 � x)TiO2–3ZnTiO3 ceramics: second electr

backscattered electron images of (c) surface of x = 0.75 and (d) fractured section
and random distributions of each phase, the theoretical value of

the multiphase ceramics can be calculated and the results are

creditable, which will be discussed later.

As part of the multiphase investigations, the dielectric

properties of xCaTiO3–(1 � x)TiO2–3ZnTiO3 ceramics at

microwave frequencies were measured on the sintered

ceramics. The variations of dielectric constant, Q � f value

and TCF value with x for xCaTiO3–(1 � x)TiO2–3ZnTiO3

ceramics are shown in Fig. 6 (full symbols). With x increasing

from 0.05 to 0.25, Q � f value increases from 19,000 to

23,500 GHz, while dielectric constant decreases from 36.4 to

32.0, and TCF value from +68 to +33 ppm/8C. With x

increasing from 0.25 to 1.00, Q � f value decreases from

21,500 to 11,000 GHz, while dielectric constant increases from

32.0 to 50.9, and TCF value from +34 to +240 ppm/8C. The

variations of microwave dielectric properties are considered to

be related to the change of different phase compositions in the

mixtures. To prove this, the well-known general empirical

model was employed in the multiphase ceramics. The

simulated dielectric constant and TCF of the samples were

obtained by the following equations [15,16]:

ear ¼
X

Xieari (7)

TCF ¼
X

XiTCEi (8)

where Xi, eri, and TCFi are the volume fraction, dielectric

constant and TCF of the ith phase (i = 1, 2, 3, 4), respectively,

and a is a constant. The value of a determines the type of
on images of (a) surface of x = 0.75 and (b) fractured section of x = 0.25;

of x = 0.25.
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Fig. 6. The variations of experimental (full symbols) and calculated (open

symbols) microwave dielectric properties with x for xCaTiO3–(1 � x)TiO2–

3ZnTiO3 ceramics.
mixing rule: a = �1, 1 and 0 represents serial, parallel and

logarithmic mixing model, respectively. The volume fraction

was calculated from the weight fraction of each phase, the

dielectric constant and the TCF of each phase were obtained

from the refs. [17–19] and our previous works. Fig. 6a (open

symbols) shows the results of dielectric constant simulated

using logarithmic models. The result of TCF calculated using

Eq. (8) is shown in Fig. 6b (open symbols). The trends of

simulated results are in agreement with that of experimental

ones to a certain extent, whereas the values of simulated results

are of some difference. The difference between the calculated

values and the experimental ones may be due to these following

reasons: firstly, the uncertainty of calculated volume fraction is

unavoidable; secondly, the distribution of different phases was

not perfect uniformity; finally, the microwave dielectric proper-

ties of each phase may be different in the mixture comparing

with those in the monophase ceramics, which may be owing to

the diffusion of different atoms or the formation of solid

solution phases in the mixture. Therefore, although the micro-

wave dielectric properties of the multiphase ceramics are

mainly decided by the phase compositions of ceramics, the

effects of diffusion or the formation of solid solution phases

must be considered during the optimizations of multiphase

materials.

4. Conclusions

The phase relations, microstructure and microwave dielec-

tric properties of xCaTiO3–(1 � x)TiO2–3ZnTiO3 ceramics
were investigated as a function of Ca2+ content (x). With the

increase of Ca2+ content (x), the phase compositions changed.

The preferential chemical reaction in the system enhanced

the formation of the Ca2Zn4Ti6O38 compound. With x

increasing from 0.05 to 0.25, new Ca2Zn4Ti16O38 poly-

titanates phase formed and the residual rutile phase

decreases. With x increasing from 0.25 to 1.00, CaTiO3

phase increases while Ca2Zn4Ti16O38 slightly decreases and

rutile phase disappears. The variations of both experimental

and simulated microwave dielectric properties show ‘‘v’’-

shape trends, whereas there is obvious difference in the

simulated values and the experimental ones. The results show

that the microwave dielectric properties of the multiphase

ceramics are not only related to the phase composition in the

mixtures but also to the effects of diffuseness or the formation

of solid solution phases.
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