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a b s t r a c t

A sol–gel process was adopted to synthesize nanopowder with composition of (1 − x)(Ca0.61,
Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 which was used to prepare the dielectric ceramics. As x ≤ 0.8, pure solid
solution phase with GdFeO3-type perovskite structure could be obtained by calcining the xerogels at
500 ◦C. At x = 0.6, the particle size calculated from the transmission electron micrograph of powder was
vailable online 6 September 2010
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in the range of 30–50 nm. Ceramics prepared by the nanoparticles at 1150 ◦C exhibited good dielectric
properties with dielectric constant (εr) of 93.4, a Q × f value of 7115 GHz and �f value of 0 ppm/◦C, which
have great improvement in Q × f value and decreased the sintering temperature compared with the
ceramics synthesized by solid-state method. HRTEM images showed superstructure, indicating that the
solid solution phase with ordering crystal structure is helpful to the dielectric properties improvement.
erovskites
ubstrates

. Introduction

Dielectric ceramics appropriate for microwave application as
esonators and filters are required to have moderate relative
ermittivity (εr), low dielectric loss–high-quality factor (Q) at a
esonant frequency (f) in gigahertz range as well as a near-zero tem-
erature frequency coefficient (�f) [1]. High-permittivity ceramics
re necessary for the miniaturization of passive microwave com-
onents. (Ca1−x, Nd2x/3)TiO3 has been viewed as a potential
andidate material for microwave dielectric applications because
f its high dielectric constant [2–6]. The composition x = 0.39
evealed the highest Q × f value of 17,200 GHz and a high permit-
ivity of 108 among all samples [2]. However, (Ca1−x, Nd2x/3)TiO3
eramics also possessed a large positive �f value, which pre-
ludes their usage in practice. Targeting at compensating their
f values, an effective method has been developed to combine
wo or more compounds with negative and positive tempera-
ure coefficients, respectively, to form solid solutions or mixed
hases [7–12], such as ZnAl2O4–TiO2, (Ca, Mg)SiO3–CaTiO3, (Ca,
m)TiO3–TiO3, La(Mg1/2Ti1/2)O3–(Na1/2Nd1/2)TiO3, TiO2–NiNb2O6,
nd Zn2TiO4–TiO2 complex ceramics. Results exhibited that zero �f

alues could be obtained at the proper composition ratio between
he end members. In order to adjust �f values of the (Ca, Nd)TiO3
eramics, negative �f value ceramics (Li, Nd)TiO3 as compensators
ere introduced to form (Ca, Nd)TiO3–(Li, Nd)TiO3 complex ceram-
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ics, which showed near-zero �f values. However, the Q × f value was
decreased to 5300 GHz [6].

(Ca, Nd)TiO3 and (Ca, Nd)TiO3–(Li, Nd)TiO3 complex ceramics
were usually made by the solid-state reactions at high temperature
(higher than 1350 ◦C) [13]. Under such high sintering tempera-
ture, grain growth and the volatilization of Li+ which degraded
the dielectric properties would happen. In contrast, wet-chemistry
methods start with a homogeneous liquid solution of cation ingre-
dients, with metal cations mixed in stoichiometric ratios at the
atomic scale [14,15]. Therefore, pure samples at the nanometer
scale could theoretically be obtained at lower temperatures and
shorter reaction times than that afforded by solid-state reactions.
In our previous study, ultrafine (Ca0.61, Nd0.26)TiO3 powder with
5–10 nm was synthesized by sol–gel method. Dense ceramics with
good microwave dielectric properties could be achieved at low sin-
tering temperature of 1200 ◦C using the synthesized powder [16].
It indicates that the sol–gel process is an effective route to prepare
high-quality microwave ceramics.

In this paper, in order to improve the sintering char-
acteristic and dielectric properties of (Ca, Nd)TiO3–(Li,
Nd)TiO3 complex ceramics, we reported the (1 − x)(Ca0.61,
Nd0.26)TiO3–xNd0.55Li0.35TiO3((1 − x)CNT–xNLT) nanopowders
synthesized by sol–gel process. Sintering behavior and dielectric
properties of CNT–NLT ceramics prepared by nanopowders were

studied.

2. Experimental procedures

Neodymium nitrate tetrahydrate (Nd(NO3)3·6H2O, Aldrich, 99.9%), lithium
nitrate (LiNO3, Aldrich, 99.9%), tetrabutyl titanium (Ti(C4H9O)4, Aldrich, 98%), and

dx.doi.org/10.1016/j.jallcom.2010.08.140
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mse237@zju.edu.cn
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[13]. The result indicated that the nanoparticles with high ratio
of specific surface area and surface energy contributed to promote
sintering properties and reduce sintering temperature.
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ig. 1. XRD patterns of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 xerogels cal-
ined at 500 ◦C for 1 h: (a) x = 0.2, (b) x = 0.4, (c) x = 0.6, (d) x = 0.8.

alcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 99.9%) were used as the starting mate-
ials. Nitric acid was employed to adjust the pH value. The PEG400 was used as
urfactant and absolute ethanol was used as the reaction media for the dispersion
f (1 − x)CNT–xNLT nanoparticles.

Sol–gel synthesis method of the (Ca0.61, Nd0.26)TiO3 nanoparticles was described
n detail elsewhere [16]. (Nd0.55, Li0.35)TiO3 sol was prepared by the following
rocess. 34.02 g of Ti(C4H9O)4 was added to 100 ml ethanol with continuous stir-
ing using a magnetic stirrer for 1 h. 21.3 g of Nd(NO3)3·6H2O and 2.52 g of LiNO3

ere dissolved into 55 ml and 35 ml ethanol solution, respectively, and then were
ropped into the Ti(C4H9O)4 ethanol solution. Nitric acid was used to adjust the
+/Ti4+ = 0.4385 and PEG400 with 4 wt% was employed as surfactant. After contin-
ous stirring for 2 h, the sol was aged for 24 h and then 14.4 g deionized water was
dded to the sol with vigorous stirring for 1 h. (Ca0.61, Nd0.26)TiO3 nanoparticles were
dded to the (Nd0.55, Li0.35)TiO3 sol according to x value (x = 0.2, 0.4, 0.6, 0.8), and
he sol with CNT nanoparticles was stirred until they turned into gel completely and
hen the gel was aged for 48 h. The wet gel was dried and then calcined at 500 ◦C
or 1 h to form the CNT–NLT nanoparticles. The obtained compound nanoparticles
ere ball-milled in ethanol medium for 2 h by planner-milling and then dried. For

he sintering experiments, the dried nanopowders were mixed with 6% PVA solution
nd subsequently uniaxially pressed into cylindrical pellets of 18 mm diameter and
mm thickness under a pressure of 30 MPa. Conventional sintering was performed
t 25 ◦C temperature intervals between 1100 to 1200 ◦C for 2 h.

Crystal phases of the nanoparticles and ceramics were investigated by X-ray
owder diffraction (XRD) analysis using Cu-K� radiation from 10◦ to 80◦ with a step
ize of 0.02◦ and a count time of 2 s. Scanning electron microscope (SEM, JEM-480)
as used to characterize the microstructure of the ceramics. Transmission electron
icroscopy (TEM) was performed with a JEOL-J2010 operated at 200 kV. Samples
ere prepared by grinding the as-synthesized ceramics, suspending in a chloroform

olution grid. HRTEM images and selected area electron diffraction (SAED) patterns
ere taken. Microwave dielectric constant (εr) and quality factor value at microwave

requency (Q × f) were measured using Hakki–Coleman method and cavity method
y vector network analysis (Agilent 8719ET, USA), respectively. The temperature
oefficient of resonant frequency (�f) was measured in temperature ranging from
5 to 80 ◦C at microwave frequency.

. Results and discussion

XRD patterns of the as-prepared (1 − x)CNT–xNLT gel with dif-
erent x values calcined at 500 ◦C for 1 h are shown in Fig. 1.
dFeO3-type solid solution phase as major phase along with several
mall peaks attributed to rutile TiO2, was observed in the composi-
ion range. GdFeO3-type solid solution phase has no obvious change
ut TiO2 phase increases gradually with increasing x value. Fig. 2
hows the TEM image of (1 − x)CNT–xNLT powder obtained by cal-

ining the xerogels with x = 0.6 at 500 ◦C for 1 h. The particle size
alculated from the TEM was in the range of 30–50 nm.

Fig. 3 illustrates ceramic samples prepared by the nanopow-
ers with different x values sintered at 1150 ◦C for 2 h. As expected,
NT and NLT formed GdFeO3-type perovskite structure solid solu-
Fig. 2. TEM image of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 with x = 0.6 xero-
gels calcined at 500 ◦C for 1 h.

tion. Pure GdFeO3-type solid solution phase is obtained with the x
value less than 0.6. At x = 0.8, the rutile TiO2 appears, and the (2 0 2),
(0 4 2), (2 4 2), (2 0 4) diffraction peaks of GdFeO3-type solid-state
phase displace to a higher 2� angle indicating the decrease in the
unit cell volume. Fig. 4 shows the SEM photographs of surfaces of
(1 − x)CNT–xNLT samples sintered at 1150 ◦C for 2 h. The samples
with different x values have dense microstructure and the size of
the grains is about 0.5–2 �m. SEM images of surfaces of the sam-
ples with x = 0.6 at different sintering temperatures are shown in
Fig. 5. Specimens sintered at 1100 ◦C are not completely dense and
a small amount of porosity can be observed, the grain size is about
1–2 �m. Well-sintered dense ceramics are obtained for samples
sintered at temperatures between 1125 and 1175 ◦C. The increase
of sintering temperature leads to promote the grain growth and a
relative increase in the grain size can be achieved. However, over
high sintering temperature causes the abnormal grain growth. As
shown in Fig. 5(d), samples sintered at 1175 ◦C have the severe
abnormal grain growth, and parts of the abnormal elongated grain
size is larger than 5 �m. This experiment shows that, the sintering
temperature of the well-sintered ceramics synthesized by sol–gel
process is much lower than that of the solid-reaction method
10 20 30 40 50 60 70 80
2  (degree)

Fig. 3. XRD patterns of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 ceramics sin-
tered at 1150 ◦C for 2 h.



612 Q.-L. Zhang et al. / Journal of Alloys and Compounds 508 (2010) 610–615

0.35)Ti

p
a
a
o
N
o
8

Fig. 4. SEM images of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li

Table 1 shows the dielectric properties of (1 − x)CNT–xNLT sam-
les. At 1200 ◦C, very dense CNT ceramics with uniform grains [16]
nd good dielectric properties with a dielectric constant (εr) of 90.2,

quality factor (Q × f) of 25,200 GHz, and a temperature coefficient
f resonant frequency (�f) of 243 ppm/◦C were achieved. However,
LT ceramics sintered at 1150 ◦C have very large negative �f value
f −77 ppm/◦C with a lower permittivity of 86.52 and Q × f value of
256 GHz. With the x value increasing from 0.2 to 0.8, the Q × f value

Fig. 5. SEM images of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 with
O3 sintered at 1150 ◦C for 2 h: (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8.

decreases rapidly, the dielectric constant (εr) increases firstly and
obtains the maximum of 96.3 at x = 0.4 and then decreases. The �f
value, as expected, changed from 129 to −74.1 ppm/◦ as x increased

from 0.2 to 0.8. The phase constitute including second phase is a
more important factor than porosity to affect the dielectric prop-
erties of microwave ceramics having over 90% of relative density
[17]. It can be seen that all samples shown in Fig. 4 show a very
dense structure. Thus, the dielectric properties are mainly depen-

x = 0.6 sintered at (a) 1100 ◦C, (b) 1125 ◦C, (c) 1150 ◦C, (d) 1175 ◦C.
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Table 1
Dielectric properties of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 ceramics.

x value Q × f (GHz) εr �f (ppm/◦C) Sintering temperature (◦C)

0 25,200 90.2 243 1200
0.2 11,045.2 90.0 129 1150

d
t
v
x
h
l
i
h
m

(
s
o
t
l

F
i
v

0.4 9418 96.3
0.6 7114.5 93.4
0.8 4590 86.8
1 8256 86.52

ent on the composition and the second phase. More NLT results in
he decrease of the Q × f value, and the �f value shift to a negative
alue. However, the cause that the maximum εr can be achieved at
= 0.4 is still unclear. As shown in Fig. 3, the specimens of x ≥ 0.6
ave a small of TiO2 with high permittivity (εr = 100) and a very

arge positive �f value (�f = 450 ppm/◦C) [18], which was helpful in
ncreasing εr and �f. However, the content of NLT ceramics is much
igher than that of TiO2. As a whole, the NLT content is still the
ajor factor causing the decrease of εr and �f.
Dielectric constant and Q × f value of samples with x = 0.6 for
1 − x)CNT–xNLT ceramics sintered at different temperatures are
hown in Fig. 6. The dielectric constant is only 86.0 at 1100 ◦C and
btains its maximum value of 99.59 at 1125 ◦C and then decreases
o 93.4 at 1150 ◦C. However, further increasing the temperature
eads to the increase in εr again. Well-sintered dense ceramics can
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ig. 6. Dielectric properties of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 ceram-
cs sintered at different temperatures with x = 0.6: (a) dielectric constant, (b) Q × f
alue.
32.04 1150
0 1150

−74.1 1150
−77 1150

be obtained at 1150 ◦C, as shown in Fig. 5(c). Unfortunately, the
cause of the decrease in εr is unclear and would be further studied in
our future work. The Q × f value increases firstly and then achieves
the maximum of 7114.5 GHz at 1150 ◦C. Many factors could affect
the dielectric properties such as lattice vibration modes, secondary
phases, porosity, inhomogeneity and grain size [19,20]. Generally,
a larger grain size and a smaller grain boundary indicate reduc-
tion in imperfection and dielectric loss. Samples sintered at 1100 ◦C
with low εr and Q × f value are attributed to a low bulk density
and small grains as shown in Fig. 5(a). As the sintering tempera-
ture increased from 1100 to 1150 ◦C, the Q × f value increased due
to grain size augment and grain boundary reduction. After reach-
ing a maximum at 1150 ◦C, inhomogeneous distribution of grain
and abnormal growth lead to the decrease of the Q × f value. At
1150 ◦C, the high-quality CNT–NLT ceramic with a dielectric con-
stant of 93.4, a Q × f value of 7114 GHz and a �f value of 0 ppm/◦C
for x = 0.6 was obtained.

Compared to the samples prepared by the conventional solid-
reaction method, as reported in [2,21], samples prepared by
nanopowders obtained by sol–gel route, have higher Q × f values.
(Nd0.55, Li0.35)TiO3 ceramics is a kind of A-site ordering complex
oxide with perovskite structure which have the same structure
and space group pmna (62) with (Ca0.61, Nd0.26)TiO3 ceramics.
A-site ordering in (Nd2x/3, Lix)TiO3 system ceramics can improve
the dielectric properties [22]. HRTEM and the corresponding SAED
images taken along [0 0 1] and [1 1 0] direction are shown in Fig. 7
to get the further microstructure information of the ceramics. In
the images of the sample parallel to [1 1 0] axis, the SAED pat-
tern shows the presence of the (1̄ 0 0) reflections. Besides, there
are faint satellite reflections at (h/2 k/2 1), suggesting the existence
of modulated structure along these directions which is caused by
the defects demonstrated by the HRTEM image in Fig. 7(a) [23].
The lithium-containing compounds show a superstructure reflec-
tion along (0 0 1), most probably due to the ordering of occupied
and empty A-sites along the alternate (0 0 1) plane [24]. Strong
bright and faint spots ranged periodically along the two direc-
tions. It is observed that each bright spot or each faint spot has
four faint spots or half bright and half faint spots around it and
each square including 9 spots present along the [0 0 l] direction
periodically, indicating that the solid solution consisted of (Ca0.61,
Nd0.26)TiO3 and (Nd0.5, Li0.5)TiO3 phase unit cell does not dis-
tribute in the same direction and rotate along [0 0 1] axis for
some degrees relatively. Therefore, the superlattice refraction of
two kinds of perovskite structure phases along [0 0 1] direction in
nanodomain is observed in Fig. 7(c). HRTEM image correspond-
ing to the SAED pattern taken along [0 0 1] direction provides the
further information that two kinds of patterns form the moiré pat-
tern which demonstrates that although the two phases have the
same perovskite structure and the space group, two different kinds
of unit cells in the solid solution cannot match each other per-
fectly.
Taking into account the periodical bright and faint diffraction
spots, we cannot observe the same overlapping pattern along the
[1 1 0] axis, indicating that Ca2+, Nd3+ ions and vacancies and Li+,
Nd3+ and vacancies form the alternating layer in A-site respectively
and then octahedral tilting leads to the two alternating layers in
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ig. 7. High-resolution images and the corresponding selected area electron diffra
ith x = 0.6 sintered at 1150 ◦C for 2 h: (a) the HRTEM image taken with the electr
ith the electron beam parallel to [0 0 1], and (d) the corresponding SAED pattern.

ifferent orientations. And both of the layers should keep their
eriodical permutation, which contributes the special solid solu-
ion structure. The vacancies and the octahedral tilting contribute
o the extrinsic loss but not the secondary precipitation phase in the
olid solution. Therefore, the solid solution phase with the order-
ng A-site layers in perovskite structure is helpful to the dielectric
roperties improvement.

. Conclusions

Complex perovskite (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55,
i0.35)TiO3 nanopowders and ceramics are synthesized by sol–gel
ethod. As x ≤ 0.8, pure solid solution phase with GdFeO3-type

erovskite structure could be obtained by calcining the xerogels
t 500 ◦C for 1 h. At x = 0.6, the particle size calculated by TEM was
bout 30–50 nm. Dense ceramics synthesized by the nanoparticles
ould be achieved at low-temperature of 1150 ◦C due to the effect of
mall size nanoparticles. Compared with conventional solid-state
ethod, the sintering temperature is decreased about 150–200 ◦C.
ample of x = 0.6 sintered at 1150 ◦C exhibited good dielectric
roperties with dielectric constant (εr) of 93.4, a Q × f value of
115 GHz and a �f value of 0 ppm/◦C, which has higher Q × f value
han the ceramics synthesized by solid-state method. HRTEM and
AED analyses have been taken to study the microstructure of the

[
[
[

[

patterns of the particles of (1 − x)(Ca0.61, Nd0.26)TiO3–x(Nd0.55, Li0.35)TiO3 ceramics
m parallel to [1 1 0], and (b) the corresponding SAED pattern, (c) the image taken

ceramics. The improvement of dielectric properties is attributed to
the pure solid solution phase with the ordering perovskite crystal
structure.
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