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Abstract The sintering behavior, structures and microwave
dielectric properties in a rutile solid solution system—
(AxNb2x)Ti1–3xO2 (A=Cu, Ni)—were investigated and the
samples were prepared by conventional solid state reaction
method. Single phase of tetragonal rutile structure has been
obtained through the entire range of compositions (0.02≤
x≤0.20). The sintering temperature was lowered to 900°C
by (Cux/3Nb2x/3)

4+ substituting for Ti4+ in the solid solution.
Comparing with that of rutile TiO2 (465 ppm/°C), the
temperature coefficient of resonant frequency (TCF) of the
rutile solid solution is much lower (about 250 ppm/°C), and
the dielectric constant and the quality factor (Qf value) of
the solid solution are about 70~80 and 7,000G Hz. The
substitution of (Cux/3Nb2x/3)

4+or (Nix/3Nb2x/3)
4+ for Ti4+ in

the solid solution improved the microwave dielectric
properties of the rutile TiO2 ceramics.

Keywords Rutile solid solution .
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1 Introduction

For dielectric resonator applications, there are three main
requirements for the microwave dielectrics. First, the dielec-
tric loss (tanδ) should be very low. Second, the dielectric
constant (ɛr) should be high, to aid the miniaturization.

Third, the temperature coefficient of the resonant frequency
(TCF) should be approximately zero (a few ppm/°C). In
addition, it is desirable that the TCF be able to be “tuned” by
small variations in the composition. Achieving all these three
requirements in one material is a formidable problem. Rutile
TiO2 is found in a wide range as dielectric resonator material
[1–4]. Templeton et al. [5] reported that the un-doped rutile
TiO2 showed a low Q value (<2,000) because of the for-
mation of oxygen vacancies when sintered in air atmo-
sphere or under low oxygen partial pressure. The Q value of
rutile TiO2 could be improved by doping 0.05 mol% Zn2+,
Cu2+and so on. Afterwards the modified rutile TiO2

possesses a high dielectric constant (105) and high quality
factor (Q; 9,200 at 5 GHz), but unfortunately the TCF value
is still large (+465 ppm/°C) and the sintering temperature is
too high (1500°C) to be used for LTCC application [6]. Low
temperature sintering and microwave dielectric properties of
TiO2-rutile system were studied by previous works[7, 8].
Kim et al. [7] reported low temperature sintering and
microwave dielectric properties of TiO2-CuO system for
LTCC devices. The addition of 2wt% CuO could lower the
sintering temperature of TiO2-rutile ceramic to about 900°C,
however the TCF value was still high (+374 ppm/°C).

Solid solutions are very common in crystalline materi-
als. A solid solution is basically a crystalline phase which
can have variable compositions. Certain material proper-
ties such as conductivity and ferromagnetism have often
been modified by changing the composition in solid
solutions, which can be used to design new materials
with specific properties. There are lots of papers [9–12]
dealing with the synthesis of solid solutions based on the
rutile structures, while just a few papers [13] are based on
the microwave dielectric properties of these rutile solid
solutions. Ti1-xCux/3Nb2x/3O2 (0≤x≤0.9) is a set of these
rutile solid solutions [14]. The present work is focused on
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the rutile solid solutions of (CuxNb2x)Ti1−3−O2 and (NixNb2x)
Ti1−3xO2. Their phase structures, lattice parameters and
microstructures were studied. The microwave dielectric
properties and sintering behavior of these solid solutions
were reported. The relationship between microwave behav-
iors and structures of these solid solutions was also
discussed.

2 Experimental procedures

The compositions of (CuxNb2x)Ti1−3xO2 and (NixNb2x)Ti1
−3xO2 were prepared by conventional solid state reaction
method using high purity reagent-grade raw materials of
CuO (>99%, Guo-Yao Co. Ltd., Shanghai, China), NiO
(>99%, Guo-Yao Co. Ltd., Shanghai, China), Nb2O5

(>99%, Zhu-Zhou Harden Alloys Co., Ltd., China) and
rutile TiO2 (>99%, Guang Dong Zhaoqing, China). The
raw materials were weighted according to the composi-
tions of (CuxNb2x)Ti1−3xO2 (x=0.02, 0.05, 0.10, 0.15,
marked as CNT1#~CNT4# for short) and (NixNb2x)
Ti1−3xO2 (x=0.05, 0.10, 0.15, 0.20, marked as NNT1#~
NNT4# for short) and milled using a planetary mill
(Nanjing Machine Factory, China) with zirconia balls
(2 mm in diameter) as milling media. The mixtures were
then calcined at 850°C for 12 h to form the rutile solid
solution. After being re-milled for 5 h using ZrO2 balls in
deioned water, the powders were pressed into cylinders
(6 mm in diameter and 3 mm in height) in a steel die under
monoaxial pressure of 20 kN/cm2. The cylinders were
sintered in air at 870~1360°C for 8 h.

The phase structures of the samples were investigated
using an X-ray diffractometry with CuKα radiation
(Rigaku D/MAX-2400 X-ray diffractometry, Japan). Ac-
curate lattice parameters of the solid solutions were
calculated from the XRD patterns obtained by step

scanning measurement. The apparent densities were
measured by Archimedes’ method. The microstructures
of the sintered surface and fracture surface of (CuxNb2x)
Ti1−3xO2 ceramics and (NixNb2x)Ti1−3xO2 ceramics were
observed by scanning electron microscopy (SEM; JSM-
6360LV, JEOL, Japan) coupled with energy-dispersive X-
ray spectroscopy (EDS). The dielectric behaviors at
microwave frequency of the samples were measured by
the TE01δ shielded cavity method with a network analyzer
(8720ES, Agilent, USA) and a temperature chamber
(DELTA 9023, Delta Design, USA). The TCF was
calculated by the following formula:

TCF ¼ f85 � f25
f25 85� 25ð Þ ð1Þ

Where f85 and f25 were the TE01d resonant frequencies at
85oC and 25oC, respectively.

3 Results and discussions

Figure 1 presents the XRD patterns for the powders of
CuxNb2xTi1−3xO2 (CNT) ceramics and NixNb2xTi1−3xO2

(NNT) ceramics. Single phase of tetragonal rutile structure
was detected through the entire range of compositions.
That is to say rutile solid solution was synthesized by
conventional solid state reaction method through the entire
range of compositions. In both CNT and NNT solid
solution, as x value increasing, the diffraction peaks of
rutile phase shifted to lower angle as shown in the inserts
of Fig. 1. It indicates that the unit cell volume of the solid
solution increased as the x value increasing. The lattice
parameters and theoretic bulk density calculated from
XRD patterns of (AxNb2x)Ti1−3xO2 (A=Cu or Ni) ceramics
are shown in Table 1. The lattice parameters (both a value
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Fig. 1 XRD patterns for powders of (a) CuxNb2xTi1−3xO2 (CNT) ceramics and (b) NixNb2xTi1−3xO2 (NNT) ceramics
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and c value), unit cell volume and theoretic bulk density were
increased as the x value increasing in both CNT and NNT
solid solutions. The average ionic radius of (Cux/3Nb2x/3)

4+

(0.67 Å) and (Nix/3Nb2x/3)
4+ (0.657 Å) are bigger than that of

Ti4+ (0.605 Å) at the same coordination number [15]. That
might be partially responsible for the results.

The bulk densities of CNT ceramics and NNT
ceramics as a function of sintering temperature are
shown in Fig. 2. The bulk density of Cu0.02Nb0.04Ti0.94O2

(CNT1#) ceramics reached maximum at 990°C, and the
relative density of Cu0.02Nb0.04Ti0.94O2 sintered at 990°C
for 8 h was as high as 98%. That is to say a small amount
of (Cux/3Nb2x/3)

4+ substituting for Ti4+ decreased the
sintering temperature effectively from 1500°C to 990°C.
CuO is a low melting point oxide and it can lower the
sintering temperature of ceramics in two ways. One is
acting as a sintering aid [5] and the other is acting as a raw
material and forming a composition that containing Cu2+

[16]. In the present work, CuO lowered the sintering
temperature in the latter way. The sintering temperature
of CNT solid solution was lowered to 900°C when the x
value increased to 0.1, and the sintering temperature was
very important for LTCC application. The bulk densities
of NNT ceramics increased as the sintering temperature
increasing because of the decreasing of the porosity, and
they all reached constant when the sintering temperature
increased to 1110°C. That indicates all the NNT ceramics

could be densified well since 1110°C and the densified
sintering temperature was not much influenced by the
content of the substitution of (Nix/3Nb2x/3)

4+ for Ti4+. For
both CNT ceramics and NNT ceramics, the bulk densities
increased as the content of the substitution of (Cux/3Nb2x/3)

4+

and (Nix/3Nb2x/3)
4+ for Ti4+ respectively (as shown in

Fig. 2), because theoretic bulk density of CNT ceramics
and NNT ceramics increased with the content of the
substitution, as shown in Table 1.

Figure 3 illustrates the SEM micrographs of the fracture
surface of CuxNb2xTi1−3xO2 (CNT) ceramics sintered at
900~960°C for 8 h and NixNb2xTi1−3xO2 (NNT) ceramics
sintered at 1110°C for 8 h. Alveolate microstructure was
obtained in the Cu0.02Nb0.04Ti0.94O2 (CNT1#) ceramic which
was sintered at 960°C and the grain size was just 0.5~1 μm.
The grains of CNT2# ceramic sintered at 960°C and CNT4#
ceramics sintered at both 900°C and 960°C were distributed
uniformly in the dense microstructures, respectively, as
shown in Fig. 3. For CNT ceramics, the grain size was
sensitive to sintering temperature. For example, the average
grain size of CNT4# ceramic increased greatly from 1 to
5 μm as the sintering temperature increased from 900°C to
960°C. Compared with that of CNT2# (2.5~3 μm), the
average grain size of CNT4# sintered at the same sintering
temperature (960°C) increased to about 5 μm. That is to say
the average grain size increased as the content of substitution
of (Cux/3Nb2x/3)

4+ for Ti4+ increasing. It indicates again that

870 900 930 960 990 102010501080 1110

3.6

3.9

4.2

4.5

4.8

5.1

5.4

B
ul

k 
de

ns
ity

 (
g/

cm
3 )

 CNT1#
 CNT2#
 CNT3#
 CNT4#

(a)

1020 1050 1080 1110 1140 1170 1200
3.9

4.0

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9 (b)

 NNT1#
 NNT2#
 NNT3#
 NNT4#

 B
ul

k 
D

en
si

ty
 (

g/
cm

3 )

Sintering temperature (oC)Sintering temperature (oC)
Fig. 2 Bulk densities of (a) CuxNb2xTi1−3xO2 (CNT) ceramics and (b) NixNb2xTi1−3xO2 (NNT) ceramics as a function of sintering temperature

Table 1 Lattice parameters and theoretic bulk density obtained from XRD patterns of (AxNb2x)Ti1−3xO2 (A=Cu or Ni) ceramics in Fig. 1.

Sample ST (°C) a (Å) c (Å) c/a Vol (Å3) d calc (g/cm3)

CNT1# 1080/8 h 4.59984±0.000704 2.96471±0.000598 0.64450 62.73 4.3420
CNT2# 1080/8 h 4.61927±0.000384 2.97334±0.00032 0.64368 63.44 4.4589
CNT3# 960/8 h 4.63695±0.000614 2.98553±0.000521 0.64386 64.19 4.6803
CNT4# 960/8 h 4.65555±0.000614 3.00174±0.000552 0.64477 65.06 4.8875
NNT1# 1110/8 h 4.61815±0.000952 2.97671±0.000814 0.64457 63.49 4.4434
NNT2# 1110/8 h 4.64079±0.000796 2.99072±0.000667 0.64444 64.41 4.6394
NNT3# 1110/8 h 4.65990±0.000875 3.00205±0.000701 0.64423 65.19 4.8426
NNT4# 1110/8 h 4.67843±0.000897 3.01325±0.00076 0.64407 65.95 5.0386
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the substitution of (Cux/3Nb2x/3)
4+ for Ti4+ could lower the

sintering temperature of the solid solution. The SEM
micrographs of NNT ceramics those were sintered at
1110°C also showed dense microstructures. The grains
distributed uniformly in the ceramic and there were little
pores in the grain boundaries with the average grain sizes
of NNT ceramics of 2~5 μm. It implied that all the NNT

ceramics were well densified at 1110°C and the sintering
temperature depended little on the content of the substi-
tution of (Nix/3Nb2x/3)

4+ for Ti4+.
The microwave dielectric properties (dielectric con-

stant and Qf value) of CuxNb2xTi1−3xO2 (CNT) ceramics
and NixNb2xTi1−3xO2 (NNT) ceramics as a function of
sintering temperature are shown in Fig. 4. The dielectric

Fig. 3 SEM micrographs of
fracture surface of CuxNb2x
Ti1−3xO2 (CNT) ceramics
sintered at 900~960°C for 8 h
and NixNb2xTi1−3xO2 (NNT)
ceramics sintered at 1110°C for
8 h
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constants of both CNT and NNT ceramics decreased as the
contents of substitution of (Cux/3Nb2x/3)

4+ or (Nix/3Nb2x/3)
4+

for Ti4+ increasing, although the ionic polarizability of
(Cux/3Nb2x/3)

4+ (4.04 Å3) and (Nix/3Nb2x/3)
4+ (7.03 Å3) are

higher than Ti4+ (2.93 Å3) [17]. It was due do that the
dielectric constant of rutile TiO2 system depends mainly
on the structure [18]. Comparing with that of pure rutile
TiO2 (105), the dielectric constants of Cu0.15Nb0.3Ti0.55O2

ceramic sintered at 990°C and Ni0.2Nb0.4Ti0.4O2 ceramic
sintered at 1110°C were 86 and 71, respectively. The Qf
values of both CNT and NNT ceramics also decreased
as the contents of substitution of (Cux/3Nb2x/3)

4+or (Nix/3
Nb2x/3)

4+ for Ti4+ increasing. Comparing with pure rutile
TiO2 showing a low Q value (<2,000) [5], a small amount
of substitution of (Cux/3Nb2x/3)

4+ or (Nix/3Nb2x/3)
4+ for Ti4+

increased the Qf value of the rutile solid solution. The Qf
values of Cu0.02Nb0.04Ti0.94O2 ceramic sintered at 1050oC
and Ni0.05Nb0.1Ti0.85O2 ceramic sintered at 1110°C were
36,000 GHz and 29,000 GHz, respectively, as shown in
Fig. 4. The Qf values of CNT ceramics and NNT ceramics
decreased to 7,000 GHz (sintered at 900°C for 8 h) and
12,800 GHz (sintered at 1080°C for 8 h) respectively
when the x value increased to 0.15.

Figure 5 shows the temperature coefficients of resonant
frequencies (TCF) of CuxNb2xTi1−3xO2 (CNT) ceramics and
NixNb2xTi1−3xO2 (NNT) ceramics as a function of x value.
The TCF values of both CNT and NNT ceramics shifted
towards negative as the contents of substitution of (Cux/3
Nb2x/3)

4+ or (Nix/3Nb2x/3)
4+ for Ti4+ increasing. Compar-

ing with the pure rutile TiO2 showing a TCF value of
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465 ppm/°C [6], the TCF values of Cu0.15Nb0.3Ti0.55O2

ceramic sintered at 900°C and Ni0.2Nb0.4Ti0.4O2 ceramic
sintered at 1110°C were +272.4 ppm/°C and +243.6 ppm/°C
respectively. The result showed that the substitution of (Cux/3
Nb2x/3)

4+ or (Nix/3Nb2x/3)
4+ for Ti4+ in the solid solution

made a great progress in the system of rutile TiO2 ceramics
for LTCC application since the TCF value of the material
should be near to zero for LTCC application.

4 Conclusions

A rutile solid solution system—(AxNb2x)Ti1−3xO2 (A=Cu,
Ni)—was investigated. Complete rutile solid solution
structure was formed through the entire range for both
CuxNb2xTi1−3xO2 (CNT) ceramics and NixNb2xTi1−3xO2

(NNT) ceramics. The sintering temperature was lowered
to 900°C by the (Cux/3Nb2x/3)

4+ substituting for Ti4+ in the
solid solution. Comparing with that of rutile TiO2

(465 ppm/°C) and TiO2–CuO system (+374 ppm/oC), the
temperature coefficient of resonant frequency (TCF) of the
rutile solid solution CNT4# ceramic is much lower (about
272.4 ppm/°C), while the dielectric constant and the quality
factor (Qf value) of the solid solution are about 70 and
7000 GHz respectively. The substitution of (Cux/3Nb2x/3)

4+

for Ti4+ in TiO2 solid solution made a great progress in the
system of rutile TiO2 ceramics for LTCC application.
Ni0.15Nb0.3Ti0.55O2 ceramic sintered at 1080°C for 8 h
showed microwave dielectric properties of εr~75,
Qf~12,800 GHz and TCF~280 ppm/°C as a candidate as
high K (ɛr) microwave dielectric.
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