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ABSTRACT

A new microwave dielectric ceramic NiTiTa;0g with tetragonal cell of the trirutile-type structure was
reported in this study. The crystal structure, microstructure, sintering behavior, and microwave dielectric
properties of NiTiTa;Og ceramics were investigated. Crystallographic parameters were acquired by
Rietveld refinement and lattice potential energy, theoretical dielectric constant, packing fraction as well
as distortions of the octahedron were calculated. NiTiTa,Og ceramics sintered at 1350 °C possessed the
most stable structure with refined parameters being a=b=4.6869(2) A, c¢=9.0726(1) A and
Vunit = 199.617 A3. The measured dielectric constants, all sensitive to the density of samples, were lower
than those of theoretical values. The Q x f values were largely linked to the packing fraction and relative
density. The temperature coefficient of resonance frequency (75) were mainly influenced by the oxygen
distortions of the octahedron. Excellent dielectric properties of e=39.86, Q x f=25,051 GHz and

Low-loss
Tantalates

77="75 ppm/°C for NiTiTa>Og ceramics could be obtained as sintering temperature was 1350 °C.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid development of mobile phone and wireless
communication market, microwave dielectric materials which
widely used in microwave components such as filters, resonators,
wave guides, duplexer and antennas need to meet more higher
requirements. Developing new medium dielectric constant ()
materials with high quality factor (Q) has become more imperative
than ever [1]. In 1994, A. Baumgarte et al. first reported the crystal
structure of M>*M**Nb,0g(M>** = Be, Mg, Ca, Mn, Co, Ni, Zn, Cd;
M** =Ti, Zr, Ge, Sn) system [2]. In 2000, Kim et al. discovered that
ZnTiNb,Og ceramic possessed a quality factor of 42,500 GHz, & of
34.3, and 7y of —52 ppm/°C [3]. Due to the modern communication
technology in highly demand, the microwave dielectric ceramics
like COTiszOg' CU0.5Ti0V5NbO4V MgTiszOg and NiTiszOg, all
belong to niobate-based microwave dielectric ceramics, showing
excellent dielectric properties have been studied consecutively
[4—9]. However, there were few reports on titanium tantalate-
based microwave ceramics. Generally speaking, niobium and
tantalum belong to the same family of elements, the ionic radii of
Ta>*(0.64 A) is the same as that of Nb°>*(0.64 A) [10]. Therefore, in
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order to improve the dielectric properties, many researches focused
on the substitution of Nb>* with Ta>* in microwave dielectric ce-
ramics. For example, Mi Xiao et al. found that the Q x fvalues and 7¢
values were much better as the substitution amount of Ta>* for
Nb>* was within a certain range in La (Nbq.xTay) O4 microwave
ceramics [11]. For the Nig 5Tig 5Nbj_xTaxO4 ceramics reported by Xin
Huang et al., the substitution of Nb with Ta changed the bond
length, which led to the reduction of the 6 Nb—O of the [NbOg]
octahedral and the lowering of 77 values [12]. And Qingwei Liao
et al. reported that the low-temperature sinterable ceramics
ZnTiNbTaOg with relatively excellent properties of ¢ ~36.3, Q x f
~67,000 GHz, 74~ — 57.66 ppm/°C could be obtained by substituting
Ta>" for Nb>* [13]. In view of the excellent dielectric properties of
ATiNb,0g (A =Zn, Mg, Ni, Co et al.) compounds, the possibility of
preparing ATiTa,0g ceramic have aroused our interest. The study by
Jeong-Hyun Park et al. on the crystal structural and microwave
dielectric properties of a single phase of ZnTiTa,0g ceramic had a
positive effect on enriching the research of ATi(Nb, Ta),0g micro-
wave dielectric ceramics [14]. Recently, the new NiTiTa,Og mate-
rials and CogsTigsTaO4 materials were reported by Nobuhiro
Kumada et al. and Hongyu Yang et al. respectively [15,16]. However,
the microwave dielectric properties of NiTiTa;Og ceramics, which
need to be studied, have not been reported yet. Therefore, in this
work, NiTiTa;Og ceramics were synthesized via solid reaction. The
aim of the paper was to clarify the correlations between crystal
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structure, sintering temperature, microstructure and microwave
dielectric properties of NiTiTa;Og ceramics.

2. Experimental procedures

High-purity NiO (99.9), TiO, (99.99), Ta;05 (99.99) powders
were used as raw materials. The mixed powder prepared according
to the molar ratio was ball milled for 4 h using alcohol as milling
medium, then quickly dried and sieved. After calcined at 1250 °C
for 2 h, the powder was ball-milled, dried and sieved again, then
pressed with 5wt% polyvinyl alcohol (PVA) into pellets with the
pressure of 220 MPa. The pellets were sintered at 1250 °C—1450 °C
for 4 h.

The crystal structure of ceramics was identified by X-ray
diffraction (XRD, Rigaku, DMAX-RB, Japan) with Cu Ko radiation.
The electron diffraction pattern of NiTiTaO0g powder was obtained
by a transmission electron microscopy (TEM, JEM-2010, JEOL,
Japan). The crystallographic parameters were obtained from the
Rietveld refinement results of the XRD data using GSAS-EXPGUI
software [17,18]. The microstructure of the ceramics was observed
by a scanning electron microscopy (SEM, JSM-6710F, JEOL, Japan).
The density of the ceramics was confirmed by Archimedes
methods. Microwave dielectric properties of the ceramics were
measured by a network analyzer (8720ES, Agilent, USA) using
Hakki-Coleman's dielectric resonator method, modified and
improved by Courtney and Kobayashi et al. [19—21]. All measure-
ments were conducted in the frequency of 6—9 GHz at room tem-
perature. The temperature coefficients of the resonance frequency
(tf) were measured in the temperature ranging from 20 to 80 °C.
The tf values were calculated using the following formula:

f = -f)/hT-T)

where f 1 and f 2 are the resonance frequency at T; and T>.
3. Results and discussion

3.1. Phase and crystal structure

Fig. 1 presents XRD patterns of NiTiTapOg ceramics sintered at
1250°C—1450°C. All diffraction peaks could be indexed with the
tetragonal cell of the triutile-type structure (JCPDS: #32—0702, the
space group, P42/m n m (#136)) and no other second phase
diffraction peaks appeared, suggesting that the NiTiTayOg ceramics

Fig. 1. The XRD patterns of NiTiTa,O0g ceramics sintered at (a) 1250 °C, (b) 1300°C, (c)
1350°C, (d) 1400 °C, (e) 1450°C.

remained a stable single phase with trirutile-type structure at
different sintering temperature. Furthermore, TEM micrograph and
electron diffraction patterns of NiTiTa;Og powders calcined at
1250 °C, as shown in Fig. 2, also illustrated that there was only one
set of diffraction spots belonging to single-phase structure. By
indexing the electron diffraction patterns, it was found that the
electron diffraction pattern conformed to the trirutile-type struc-
ture. The distance of (110) and (002) lattice planes belonging to
[—202] zone axis measured 3.372 A and 4.503 A respectively. Above
all, the NiTiTa;0g compound adopted single phase of the trirutile-
type structure through XRD and TEM analysis.

In order to study more details on the structure of NiTiTayOg
ceramics, Rietveld refinement of NiTiTa;Og ceramics sintered at
1350 °C was carried out by GSAS-EXPGUI and the XRD profile of the
sample after fitting is shown in Fig. 3. The reliability factors Ry, R,
and x? were 9.84, 7.36 and 1.34 respectively, which demonstrated
that the structural model was valid and the refinement results were
reliable. The calculated lattice parameters were a = b = 4.6869(2) A,
c=9.0726(1) A and Vynir=199.617 A3. Based on the results of
refinement, the structural diagram of NiTiTa;Og ceramic is pre-
sented in Fig. 4 and Fig. 5. In the trirutile-type NiTiTa;0g, A-site ions
(Ni3j4Tayj4) and B-site ions (Tiz/gTas;g) were located at 2a and 4e
Wyckoff positions, while O ions occupied two different positions.
The 4f site was distributed by O; and O, were in the 8j Wyckoff
position. According to the schematic diagram of the unit cell
structure shown in Fig. 4, O1 and O, were both connected with one
A-site ion and two B-site ions. The coordination number of all
cations was 6. A-site ions and B-site ions were connected with two
0; and four O, to form [AOg] and [BOg] octahedrons respectively.
Fig. 5 shows the schematic diagram of 3 x 3 x 3 supercell of NiTi-
Tay0g. It could be seen that [AOg] and [BOg] oxygen octahedrons
formed a layered structure in the ratio of 1:2 and extended in the
formof... ABBABBA ... along the c-axis, with cations arranged in
an orderly manner. In the direction of a-axis and b-axis, [AOg] and
[BOg] oxygen octahedrons formed zigzag chains by sharing
common-edged (such as 01—01). On the plane paralleling to the ab-
plane, [AOg] were connected with [AOg] (or [BOg]) by sharing
common-vertices (such as O1). In addition, atomic fractional co-
ordinates of the NiTiTayOg ceramics sintered at 1350°C after
refinement are given in Table 1.

3.2. Lattice potential energy

With sintering temperature increasing, the bond length be-
tween the atoms in NiTiTa;Og ceramics was elongated or com-
pressed inevitably, leading to the structural changes eventually.
Herein, the structural evolution of NiTiTa;Og ceramics sintered at
different temperature was analyzed by Rietveld refinement. Table 2
lists the crystallographic data obtained from Rietveld refinement of
NiTiTa;Og ceramics sintered at different temperature. From the
results, it was found that the unit cell volume first shrunk slightly to
199.300 A3 and then expanded to 200.096 A3 at the temperature
ranging from 1250°C to 1450°C. The volume of unit cell first
decreased might due to the occurrence of oxygen vacancies in most
oxides, which was a common defect that caused lattice distortion.
Afterwards, with the continuous rise of temperature, the lattice
expansion led to the increase of cell volume. To further study the
stability of ceramic structure at different sintering temperatures,
lattice potential energy (Upor), a dominant term in the thermody-
namic analysis, was calculated by following formulas [22]:

Upor = AI(21/Vim)'/?
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Fig. 2. (a) TEM micrograph and (b) electron diffraction patterns of NiTiTa;Og powders calcined at 1250 °C.

Fig. 3. The Rietveld refinement plot of NiTiTa,Og ceramic sintered at 1350 °C.

21=>"nz}
i

where A was a constant value (A= 121.4 k] mol ~' nm), n; was the
number of ions with integer charge Z;, I was the ionic strength and
Vim was the volume per formula units. Fig. 6 illustrates the variation
trend of lattice potential energy for NiTiTa;Og ceramics sintered at
1250°C-1450 °C. Compared with the unit cell volume in Table 2, the
lattice potential energy showed an opposite trend and reached the
maximum value (56691.36kJ/mol) at 1350°C, which was
concluded that NiTiTa,Og ceramics sintered at 1350 °C possessed
the most stable structure.

3.3. Microstructure and sintering behavior

Fig. 7 shows the SEM images of NiTiTa;Og ceramics sintered at
different temperature. At 1250 °C, as shown in Fig. 7 (a), there were
many pores in the intersection of grains and the grain size was
small. In Fig. 7 (c), as the sintering temperature reached 1350 °C, it
was evident that the samples exhibited a completely dense
microstructure, the average grain size ranged from 9 to 13 pm and
the overall microstructure depicted irregular polygonal grains.
When the sintering temperature continued to rise, the average

Fig. 4. The schematic diagram of the unit cell structure of NiTiTa,Og ceramics sintered at 1350 °C.
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Fig. 5. The schematic diagram of 3 x 3 x 3 supercell structure of NiTiTa;0g ceramics sintered at 1350 °C.

Table 1
Atomic fractional coordinates of the NiTiTa,Og ceramics sintered at 1350 °C.

atom  position X y z occupancy  Uiso

Ni 2a 0.00000  0.00000  0.00000 0.750 0.01504
Ta 2a 0.00000  0.00000  0.00000 0.250 0.01504
Ti 4e 0.00000  0.00000 0.32994 0.625 0.00546
Ta 4e 0.00000  0.00000 032994 0.375 0.00546
01 4f 0.29234  0.29234  0.00000  1.000 0.01212
02 8j 030149 030149 0.36171  1.000 0.03407

Table 2

Crystallographic data obtained from Rietveld refinement for NiTiTa,Og ceramics
sintered at different temperature.

St (°C) lattice Parameters (A) Vunit (A%)  Reliability factors

a=b(A) c(A) a=p=y Rup (%) Ry (%) o
1250 4.6888(4) 9.0795(9) 90 199.617 8.43 4.38 143
1300 4.6879(3) 9.0779(7) 90 199.505 9.26 607 137
1350 4.6869(2) 9.0726(1) 90 199.300 9.84 732 1.36
1400 4.6902(3) 9.0772(9) 90 199.685 9.67 7.66 134
1450 4.6926(0) 9.0867(9) 90 200.096 9.42 6.83 1.39

Fig. 6. Lattice potential energy of NiTiTa,Os ceramics sintered at different temperature.

grain size increased continuously which was about 20 um in Fig. 7
(d) and 7 (e), probably an indication of overheating. In addition, it
was apparent that, as shown in Fig. 7 (f), a large number of closed
stomata of size 1-2 um existed inside the grains, which could
interfere with the microwave dielectric properties of the samples.

Fig. 8 exhibits the curve of the buck density of NiTiTa;Og

ceramics sintered at different temperatures. As the sintering tem-
perature increased from 1250 °C to 1450 °C, the curve showed that
the density of the ceramics increased first which was attributed to
the elimination of pores in the intersection of grains, then
decreased mainly because of the closed stomata inside the grains
and abnormal grain growth shown in Fig. 7. The relative density of
samples reached the highest value 94.10% of the theoretical density
at 1350 °C. It was worth noting that the optimum sintering tem-
perature of NiTiTayOg ceramics (1350 °C) was higher than that of
NiTiNb,Og ceramics (1100 °C) [8]. Generally, most of tantalate ce-
ramics had higher sintering temperature than niobate ceramics
[23], which could be attributed to the stronger bond energy of Ta—O
bond (839 kj/mol) than Nb—O bond (784 kJ/mol) [24]. There was a
firmer binding between ions owing to the stronger bond energy,
which made the diffusion of ions more difficult, thus, a higher
sintering temperature was required for phase formation.

3.4. Microwave dielectric properties

The dielectric constants of NiTiTa;Og Ceramics as a function of
sintering temperature are depicted in Fig. 9. The variation trend
was consistent with that of density curve in Fig. 8. In general,
density was an important factor that affected the dielectric con-
stant of single-phase microwave ceramics [25]. In dense ceramic
samples, there were more dipoles per unit volume, which indicated
that the ceramic samples were easy to polarize, therefore, the
samples exhibited a high dielectric constant [4]. In the case of
NiTiTa;Og system, the theoretical dielectric constant of ceramics
could be obtained by the Clausius-Mossotti equation shown as
follows [26,27]:

ecal = BV +8map)/(3Vin —4map)

where ap was the total polarizability of the substance in molar
volume Vm. Molecular polarizability of a complex could be calcu-
lated by the oxide addition rule [28]:

o (NiTiTa, Og) = a(Nz‘2+) + a(Ti4+) i 2a(Ta5+> + 8a(02—>

As shown in Fig. 9, the variation of calculated dielectric constant
was in agreement with that of measured value. The calculated
dielectric constant of NiTiNb,Og ceramics at 1350 °C was close to
the measured value (39.86). The slightly distinction between the
two values could be attributed to two aspects. On the one hand, the
vibration and compression of cations as well as the influence of
ionic conductivity and electronic conductivity effected the
measured values [29]. On the other hand, density was not taking
into account during the theoretical calculation process and the
measured values were obtained as the ceramics were not
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Fig. 7. SEM images of NiTiNb,Og ceramics sintered at (a) 1250 °C, (b) 1300 °C, (c) 1350°C, (d) 1400 °C, (e) 1450 °C and (f) 1400 °C (fracture surface) for 4 h.

Fig. 8. Buck density and relative density of NiTiTa,Og ceramics sintered at different
temperatures.

Fig. 9. Variations in the dielectric constants of NiTiTa,Og Ceramics as a function of
sintering temperature.

completely compact (relative density 94.10%). The air in the pores
which had very small dielectric constant (&= 1) would reduce the
dielectric constant of the ceramic samples directly. In this work,

although the dielectric constant of NiTiTa;Og (39.86) was a little
smaller than that of NiTiNb,Og ceramics (56.8), it was sufficient to
meet the requirements of medium dielectric constant materials [8].

Fig. 10 displays the Q x f values of NiTiTaOg ceramics. The
variation of Q x f values was similar to that of density as shown in
Fig. 8. The dielectric loss was largely linked to the crystal structure,
lattice defects, density of ceramics, grain size, abnormal growth of
crystal grains and excessive oxygen vacancy concentration affected
by higher sintering temperature [4]. In this work, the relative
density presented a sharp upward at sintering temperature ranging
from 1250°C to 1350°C. That is to say, the relative density
contributed greatly to the dielectric constant within this sintering
temperature range. When the temperature was higher than
1350 °C, the Q x fvalue mainly was affected by the crystal structure.
It was reported that the dielectric loss in the range of microwave
frequency was related to the packing fraction of the structure [30].
Packing fraction of NiTiTa;Og ceramics could be acquired by the
equation as follows:

Packing fraction (%) = Volume of the atoms in the cel/
Volume of primitive unit cell
The decline of packing fraction observed in Fig. 10 led to the

increase of lattice vibration and non-harmonic vibration, thus
resulting in the decrease of Q x f values at sintering temperature

Fig. 10. Relationship between Q x f values and packing fraction of NiTiTa,Og ceramics
sintered at various temperatures for 4 h.
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Table 3

Interatomic distances (A) for NiTiTa,Og ceramics sintered at different temperatures.
Bond type St (°C)

1400 1250 1350 1300 1450

daor x2(A)  2.0954(1) 2.0362(3) 1.9378(0) 2.0660(7)  2.0960(3)
daoz x4(A)  2.1075(8) 1.9752(8) 1.8818(0) 2.0363(7) 2.1075(2)
dpor x2(A)  1.9617(3) 1.9951(5) 2.0675(1) 1.9680(8) 1.9525(3)
dpo2 x 2(A)  1.9644(2) 1.9581(8) 2.0082(0) 1.9683(8) 1.9655(1)
dpo2 x 2(A)  1.9378(0) 2.0902(9) 2.1089(1) 2.0084(3) 1.9461(8)

from 1350 °C to 1450 °C.

The temperature coefficient of the resonance frequency (7y)
represented the temperature stability of microwave dielectric ce-
ramics. In general, 7¢ value of ceramics was associated with the
material composition and crystal structure including the ordering
degree of cations and the degree of octahedron distortion [31].
Among those factors, the degree of octahedral distortion was
corelated with the unsynchronized changes in the length of the
chemical bond, which may reflect the restoring force of the tilt
recovery and affect the 77 value. According to the interatomic dis-
tances of NiTiTa;Og ceramics obtained by Rietveld refinement in
Table 3, the octahedral distortions of [AOg] and [BOg] were calcu-
lated by the equation as follows [13,32]:

A[AOg] = %Z {(d; - daue)/daue}2

4 [BOG] = (dlargest - dsmallest) / dave

where d; and dgye were an individual and the average bond length of
oxygen octahedron. The 7y values and the distortion of the oxygen
octahedral of NiTiTay0g ceramics sintered at different temperature
are illustrated in Fig. 11. Overall, the 7 values of ceramics samples
fluctuated between 85 ppm/°C and 67 ppm/°C and presented a
slight downward trend with the increase of sintering temperature.
The distortions of [AOg] and [BOg] octahedra shared the analogous
trend which was contrary to that of 7¢ values. For microwave
dielectric ceramics with rutile structure, E. S. Kim et al. pointed out
that the larger oxygen octahedral distortion, the better temperature
stability [32,33]. Here, this conclusion was also applicable to NiTi-
TaOg ceramics on the basis of results shown in Fig. 11. Meanwhile,
it also indicated that variations of the chemical bond length and
structural evolution had an important impact on the properties.
Compared with NiTiNb,Og ceramics whose 7 value was

Fig. 11. The 7yvalues and the distortion of the oxygen octahedral of NiTiTa;0g Ceramics
sintered at different temperature.

111.15 ppm/°C [9], the temperature stability of NiTiTaOg ceramics
was much better.

4. Conclusions

A new microwave dielectric ceramic NiTiTa;Og were synthe-
sized via traditional solid reaction method. The crystal structure,
sintering behavior, microstructure and microwave dielectric prop-
erties of NiTiTa,Og ceramics were studied in this work. Belonging to
the tetragonal cell of the trirutile-type structure, the ceramics
sintered at 1350 °C possessed the most stable structure with rela-
tive density of 94.10% and the overall microstructure depicted
irregular polygonal grains. In the range of 1250°C—1450°C, the
measured dielectric constant which were sensitive to the density of
samples varied between 33.81 and 39.86. The Q x f values were
largely associated to relative density and the packing fraction, and
the maximum value was obtained at 1350 °C. The variation of 5
mainly were influenced by the octahedral distortions of [AOg] and
[BOg]. For NiTiTa,0g microwave ceramics sintered at 1350 °C for 4 h,
the excellent dielectric properties of &, = 39.86, Q x f= 25,051 GHz,
77="75 ppm/°C could be obtained.
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