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Abstract

A series of 2.5ZnO-(5—x)TiO,—xZrO,-2.5Nb,0Os5 (abbreviated as ZTZN, 0.2 <x <0.4) composite ceramics were prepared by
a solid state reaction method. The phase composition and microwave dielectric properties of the ceramics were investigated.
X-ray diffraction patterns displayed the coexistence of ZnTiNb,Og and Zn,, ;,Nb 33Ti, sO, phases. With increasing the sin-
tering temperature, the bulk density (p), permittivity (e,) and temperature coefficient of resonator frequency (z,) increased.
With increasing the ZrO, content, the p firstly increased and then decreased, Q X f value increased, ¢, and 7, value decreased.
Importantly, the 7 value of ZTZN ceramics (0.2 <x<0.4) could be adjusted to near-zero. The 2.5Zn0-4.7Ti0,-0.3ZrO,—
2.5Nb,05 ceramics sintered at 1075 °C exhibited the best comprehensive performances of Q X f=30,155 GHz, €,=44 and
7,=0.89 ppm/°C, indicating that they are candidates for microwave devices.

1 Introduction

Recently, with the rapid development of modern wireless
communication systems, the demands for high-performance
microwave dielectric materials have increased considerably
[1-3]. To meet these requirements, some critical character-
istics, including lower sintering temperature [4], moderate
permittivity (e,), high quality factor (Q Xf) and near-zero
temperature coefficient of resonator frequency (zy), should
be considered mainly. Furthermore, high relative permittiv-
ity (¢&,) achieves the miniaturization of components because
the size of the resonator is inversely related to \/e_, . Low
dielectric loss (tan 8) or more conveniently high Q value (1/
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tan ) maximizes the signal discrimination [5]. High tem-
perature-stability demands that the 7, should be less than
5 ppm/°C and ideally be as near-zero [6]. Many ceramics
exhibited excellent microwave dielectric properties, such
as Mg/CoCu,Nb,Oq [7], ZnMnW,0q [8], Zn(Liy/;3Tiy3)
O, [9] and Li,WO, [10], but the large positive or nega-
tive 7, values limited their further industrial applications.
Generally, two methods are used to adjust the 7, values of
microwave dielectric materials. One is mixing component
materials with opposite 7 values [3, 11], such as (1—x)
ZnAl,0,~xTiO,, (1-x)ZnAl,0,~xCaTiO; [12]. The other is
forming solid solutions, such as (Li, sBijs).Bi;_.Mo,V,_ O,
[13], Bas 75sNdg sTig_.(Mg;/3Nb,/3). 054 [14]. Remarkably,
the former method was limited because the microwave die-
lectric properties would be degraded seriously.

Kim et al. [15] reported that the 2.5Zn0O-2.5Nb,05-5Ti0O,
(ZNT) ceramic sintered at 1100 °C showed excellent micro-
wave dielectric properties with €, =58, O Xf=16,300 GHz
and 7,= — 10 ppm/°C. In addition, Kim et al. [16] reported
that the addition of ZrO, could be used to adjust the 7, values
of ceramics from the positive value to near-zero, such as
Zr,_(Zn,;Nb,,3) TiO,. Song et al. [17] reported that Ti**
could be substituted by Zr** because the Ti*" and Zr** have
similar ionic radius [18]. In the present work, ZrO, was
served to adjust the 7, values by the substitution of Zr* for
Ti**. Furthermore, the phase composition, microstructure
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and microwave dielectric properties of 2.5ZnO—(5—x)
TiO,—xZrO,-2.5Nb,05 ceramics were also investigated.

2 Experimental procedure

High-purity raw materials (=99%, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) of ZnO, ZrO,, TiO, and
Nb,O5 were used to prepare the ceramics samples by a com-
mon solid state reaction method. According to the stoichi-
ometry of ZnO:TiO,:ZrO,:Nb,05=2.5:(5—x):x:2.5 (x=0.2,
0.3, 0.4), the raw powders were mixed in alcohol medium
and milled with zirconia balls for 4 h. The mixtures were
quickly dried and calcined at 900 °C for 4 h. Then the pow-
ders were milled via the same method as mentioned above
for the second time. After stoving and sifting, the powders
were mixed with 5 wt% polyvinyl alcohol (PVA) and uni-
axially pressed into cylinders with 12 mm in diameter and
5 mm in thickness under the pressure of about 150 MPa.
Finally, the samples were sintered over a temperature range
of 975-1125 °C for 4 h in air at a heating rate of 5 °C/min.
The crystal structures of the specimens were identified
by an X-ray diffraction (XRD) with CuK, radiation gener-
ated at 40 kV and 40 mA (Model X’Pert PRO, PANalyti-
cal, Almelo, Holland). The surface morphology of ceram-
ics was studied by a scanning electron microscopy (SEM)
(Model JSM6380-LV SEM, JEOL, Tokyo, Japan). The
bulk densities of the sintered ceramic were measured by
the Archimedes method. Dielectric behaviors in microwave
frequencies were measured by the TE 5 shielded cavity
method using a Network Analyzer Model E5071C, Agilent
Co., CA, 300 kHz-20 GHz. The temperature coefficients
of resonant frequency (z;) were measured by the open cav-
ity method using an invar cavity in a temperature chamber
(DELTA9039, Delta Design, USA). The 7 values were cal-
culated by the following formula:
oo Ji=h 0
T (T =Ty)
where f7, f;, are the TE,;5 resonant frequencies at temperature
T (85 °C) and T, (25 °C), respectively.

3 Results and discussion

Figure 1 demonstrates the XRD patterns of ZTZN (x=0.3)
ceramics sintered at different temperatures. The diffraction
peaks of ceramics could be indexed according to the pat-
terns of ZnTiNb,Ogq (PDF:00-048-0323, Pbcn, a=4.6766 A,
b=5.6656 A, c=5.0163 A, a=f=y=90°, V=132.91 A>
and Z=1.00) and Zn,, ;;Nb 33T, 50, (PDF:00-039-0291,
P42/mnm, a=4.6739 A, b=4.6739 A, c=3.0214 A,
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Fig.1 XRD patterns of ZTZN (x=0.3) ceramics sintered at different
temperatures for 4 h

Table 1 The phase identification and their relative mass fraction of
ZTZN (x=0.3)

Condition Phase PDF code wt (%)
ZTZN ZnTiNb,Oy 00-048-0323 94.9
(1025°C) Zng, ;7Nby 53 Tiy 50, 00-039-0291 5.1
ZTZN ZnTiNb,Oy 00-048-0323 91.4
(1050 °C) Zn, ;7Nby 33Tiy 50, 00-039-0291 8.6
ZTZN ZnTiNb,Oy 00-048-0323 89.0
(1075 °C) Zng, ;;Nby 33 Tiy 50, 00-039-0291 11.0
ZTZN ZnTiNb,Oy 00-048-0323 87.8
(1100 °C) Zng, ;7Nby 53 Tiy 50, 00-039-0291 12.2
ZTZN ZnTiNb,Oy 00-048-0323 84.3
(1125°C) Zng, ;7Nby 33Tiy 50, 00-039-0291 15.7

a=p=y=90° V=66.00 A% and Z=2.00) phases [19, 20].
The phase identification and their relative mass fractions
are listed in Table 1. It can be seen that ZnTiNb,Og phase
gradually transformed into Zn,, ;;Nb, 35T, 50, phase with
increasing the temperature from 1025 to 1125 °C. In addi-
tion, the lattice parameters of the two phases as a function
of Zr content are listed in Table 2. Figure 2 shows the XRD
patterns of the ZTZN ceramics sintered at 1025 °C for 4 h.
The ZrO, phase was not observed in ceramics, because
both Zr** and Ti** are tetravalent ions, and the ionic radius
of Zr** (0.72 A) is similar to that of Ti** (0.68 A). Then
Zr** equivalently substitutes Ti**, showing that Zn(Ti, Zr)
Nb,Og and [Zn, ;;Nby 35(Ti, Zr), 5]O, solid solution were
formed [21]. With increasing the ZrO, content, the inten-
sity of (111) diffraction peak enhanced gradually, and the
diffraction intensity of (110) decreased gradually, which
indicates that the addition of ZrO, hindered the process of
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Table 2 The lattice parameters 2 R A o o o
of the ZnTiNb,0y arl:d Phase Zr Content a(A) b (A) c(A) a(®) @) 7 (®)
Zny,17Nby 33Tig 5O, phases as a ZnTiNb,O4 01[19] 46766 5.6656 50163 90 90 90
function of the Zr content 02 45262 56860 53037 90 90 90
0.3 47335 5.6843 5.0360 90 90 90
0.4 4.5345 5.6835 53075 90 90 90
Zny, ;Nby, 3, Tig 50, 0 [20] 4.6739 4.6739 3.0214 90 90 90
0.2 5.1619 5.1619 3.6260 90 90 90
0.3 5.1633 5.1633 3.5836 90 90 90
0.4 5.1658 5.1658 3.6270 90 90 90

Fig.2 XRD patterns of ZTZN ceramics sintered at 1025 °C for 4 h:
(@) x=0.2, (b) x=0.3, (c) x=04

phase transformation. Further, the increase of ZrO, con-
tent improved the phase transformation temperature and
hindered the phase transformation [20], which induces that
Zn, ;7Nbg 35Ti; 50, phase transformed into ZnTiNb,Oq
phase.

Figure 3 illustrates the SEM images of ZTZN ceramic
(x=0.3) sintered at different temperatures for 4 h. It can
be seen that the grain size of ceramics increased with the
increase of sintering temperature. Moreover, the microstruc-
ture of ceramic also became denser due to the decrease of
pores. Energy dispersive spectrometer (EDS) analysis of
the ZTZN ceramic (x=0.3) sintered at 1025 °C is listed
in Table 3. With the help of EDS analysis, it could be con-
firmed that Zr has diffused into crystal structure. Figure 4
demonstrates the SEM images of ZTZN ceramics sintered
at 1025 °C for 4 h. ZTZN ceramics have a relatively denser
microstructure. With increasing the ZrO, content, the aver-
age grain size of ceramics increased gradually because the
total binding force of dispersed phase particles is less than
the driving force of the grain boundary. It is well known
that the microstructure of samples would be influenced by

the phase composition, as shown in Fig. 2. In addition, the
change of phase composition could also induce the decrease
of pores for ceramics. In other words, the microstructure of
ceramic has become more compact as the x increased.

The bulk density of ZTZN ceramics sintered at different
temperatures is shown in Fig. 5a. The bulk density of the
samples increased with increasing the sintering temperature,
illustrating that the microstructure has become more com-
pact. In addition, the bulk densities decreased slightly with
increasing the ZrO, content, which may be the fact that some
part of Ti** position were replaced by larger radius Zr** and
cause the increase of unit cell volume.

Figure 5b shows the Q X f values of ZTZN ceramics sin-
tered at different temperatures. It is well known that the
QO X f values are influenced by phase composition, grain
size, pores and etc. [22]. It was found that intrinsic loss
and extrinsic loss were the main factors to affect the qual-
ity factor. Intrinsic loss is related to lattice vibration, and
extrinsic loss consists of density, second phase, the surface
structures and crystal defect [23, 24]. The microwave dielec-
tric properties of pure ZnTiNb,Og4 and Zn,, ;;Nb, 35Ti; s0,
phases are listed in Table 4. The Q X f values of ZTZN
ceramics increased firstly and decreased then with increas-
ing the sintering temperature. Because ZnTiNb,O; phase
gradually transformed into Zn, ;,Nb, 35Ti, sO, phase with
increasing the sintering temperature. The maximum Q X f
values for all compositions were obtained when the sinter-
ing temperature was 1025 °C. The grain size increased when
the sintering temperature and the ZrO, content increased,
which result in lower dielectric loss because a larger grain
will lead to less grain boundary and lattice mismatch [25,
26]. With increasing x values, Zng 7Nby 33Ti, O, phase
with lower Q X f value (Q Xf=15,000 GHz) in ZTZN
ceramics decreased and ZnTiNb,Og phase with higher
O X fvalue (Qxf=52,900 GHz) increased, leading to the
increase of Q X f values for ZTZN ceramics with increasing
x values. Moreover, when x=0.3, the ceramics sintered at
1000 °C exhibited good microwave dielectric properties of
Oxf=31,904 GHz, ¢,=42 and 7,= —20.2 ppm/°C.

The relative permittivity (e,) of ZTZN ceramics sin-
tered at different temperatures is shown in Fig. 5c. The
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Fig.3 SEM images of ZTZN
(x=0.3) ceramics sintered at: a
1025 °C, b 1050 °C, ¢ 1075 °C,
d 1100 °C, e 1125 °C

Table 3 EDS analysis of ZTZN ceramics (x=0.3) sintered at 1025 °C

Region/ ZnL Ti K ZrL NbL OK
atomic (%)

I 6.75 19.17 0.77 12.47 60.84
11 7.03 9.60 0.93 16.04 66.40

relationship between the €, and sintering temperature shows
a similar trend to that of bulk density. With increasing the
sintering temperature, ZnTiNb,Ogq phase (¢,=34.3) gradu-
ally transformed into Zn, ;;Nb, 33Ti, 5O, phase (¢,=94.5).
According to the logarithmic mixing law, the ¢, would
change with the phase composition [27]. In other words,
the phase composition and bulk density of the ceramic have
great influence on the ¢,. As mentioned above, the addi-
tion of Zr induced the microstructure of ceramics more
compact and hindered the formation of Zn,, ;;Nb, 33Ti;, 50,
phase, resulting in the decrease of ¢, for ZTZN ceramic.
So the microstructure plays a significant role in determin-
ing the ¢,. When ZTZN ceramics were sintered at 1025 °C,
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Zn, ;7Nby 35 Ti 50, phase decreased with increasing x values
from 0.2 to 0.4.

The temperature coefficient of resonator frequency (z,)
for ZTZN ceramics system is shown in Fig. 5d. Accord-
ing to the previous reports, TiO, exhibited a positive 7,
value (z,=+450 ppm/°C) [28]. So the 7, values of ZTZN
ceramics increased with increasing the TiO, content.
However, the 7, for all compositions could be adjusted
to near-zero with controlling ZrO, content [29]. In addi-
tion, with increasing the sintering temperature, a part
of ZnTiNb,Og phase (7,=—56 ppm/°C) transform into
Zn, 17Nb 53T 5O, phase (7,=+237 ppm/°C). So the 7,
values of ZTZN ceramics also increased with increas-
ing the temperature. Moreover, it has been mentioned
above that the addition of ZrO, hindered the process
of phase transformation and resulted in the decrease of
Zn 7;Nbg 35Ti; 50, phase. Based the above reasons, the
7, 0f the ZTZN ceramics system could also be adjusted to
near zero. When the ZTZN (x=0.2) ceramics were sin-
tered at 975 °C, the ceramics showed a near-zero 7 value
with 1.21 ppm/°C. When the ZTZN (x=0.3) ceramics
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Fig.4 SEM images of ZTZN
ceramics sintered at 1025 °C for
4h:ax=0.2,bx=03,cx=04

(a) = x=0.2
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Fig.5 Bulk density (p), permittivity (¢,), O Xf and 7, values of ZTZN
(x=0.2, 0.3, 0.4) ceramics as a function of the sintering temperature

Table 4 Microwave dielectric properties of ZnTiNb,Og and
Zng 17Nby 33Tiy 5O, phases

Phase €, 0 Xxf(GHz) 7, (ppm/°C) Refs.
ZnTiNb,Og 343 52,900 —-56.0 [28]
Zng 17Nbg 33 Tips0, 945 15,000 +237.0 [28]

were sintered at 1075 °C, the ceramics exhibited a near-
zero 7y value with 0.89 ppm/°C. When the ZTZN (x=0.4)
ceramics were sintered at 1125 °C, the ceramic showed a
near-zero 7, value with —2.25 ppm/°C. It can be seen that
the temperature of obtaining a near-zero 7, value increased
with increasing the ZrO, content.

4 Conclusion

With increasing the ZrO, content, the phase structure of
ceramics partly transformed from Zn,, ;;Nb, 3;Ti, sO, phase
into ZnTiNb,Oq phase, causing the variation of the micro-
wave dielectric properties. Besides, the sintering tempera-
ture also affects the microwave dielectric properties via
changing phase composition. Generally, the 7, for all com-
positions of ZTZN ceramics could be adjusted to near-zero
by controlling the sintering temperature. Importantly, the
2.5Zn0-4.7Ti0,-0.3Zr0,~2.5Nb,05 ceramics (x=0.3) sin-
tered at 1075 °C exhibited the best comprehensive perfor-
mances of O Xf=30,155 GHz, £,=44 and 7= 0.89 ppm/°C,
indicating that the ceramics system is a potential microwave
dielectric material in commercial application.
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