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The effects of magnesium and niobium substitution for titanium on the
microwave dielectric properties of Bag75sNdgsTiis_.(Mg1/3Nbg/3),054 (0 <z
< 3) ceramics were studied. The temperature coefficient of resonant frequency
(7p) decreased from about +60 ppm/°C to +17 ppm/°C when z < 1. Excellent
quality factor (Qf = 7300 GHz) as well as high dielectric constant (¢, = 80.96)
were obtained. For z > 1.5, Nd(Ti,Mg,Nb);O-; secondary phase appeared
which would obviously influence the microwave dielectric properties. As z
varied from 0 to 3, matrix grain size degraded which would obviously deteri-
orate the microwave dielectric properties by conducting more pores, especially
the Qf value. The 1, value was found to be related to b-site bond valence (Vg.0)
and unit cell volume (V,,). Average ionic polarizability (op) and relative den-
sity evidently influenced the dielectric constant.
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INTRODUCTION

Microwave dielectric ceramics have been widely
utilized as components in the filter units of com-
munication systems, such as radar, GPS patch
antennas and mobile telephones to select signals.’
The design of new microwave dielectric materials is
guided by three criteria updated by Freer and
Azough.? Materials should have a high relative
permittivity to minimize the size of the resonant
components, as high as possible @f, and a near zero
temperature coefficient of resonant frequency (r,o)

Bag_5,Ndg,9,Ti1s054-based ceramics, as a series of
currently main commercial ceramics, have been
attracting attention for their combination of high
dielectric constant and high quality factor. However,
high positive 7/ (+60 ppm/°C to +150 ppm/°C) has al-
ways prohibited their wide utilization.>*%%1° Unfor-
tunately, the effect of tetravalent ions substitution at
the b-site has been reported to adjust 7; and a low
dielectric constant and a high dielectric loss, which

(Received October 19, 2014; accepted January 5, 2015;
published online February 10, 2015)

demand further optimization, were obtained.!'™'?
However, this indicated that b-site substitution would
be a possible way to modify the 1, value. Xia et al.
reported that divalent ion replacement or pentavalent
additives at octahedral site could adjust 7 while the
ceramic system would maintain good dielectric prop-
erties.'*'® Templeton et al. reported the mechanism
that divalent catlons Would restrain Ti reduction to
enhance Qf value.'*'” Moreover, Chen et al. success-
fully adjusted , towards Zero by (Mg1/3Nb2/3) (coor—
dination number is six, R Mg, ;Nby, 1/ 3RM +
2/3Ryt) substltutlon in Ti-base perovsiﬂte structure
ceramics.”'®'% So it would be an effective way to adjust
7 to zero Whlle the ceramic maintained excellent
dielectric properties by substltutmg titanium at the
octahedral site with (MgysNbes)**. Bag 3.Nds,ox
Ti18054 (x = 0.75) exhibits relatlve low 74(+60 ppm/°C),
therefore minor (Mgy3Nbsy3)** substltutlon content
would effectively drive t,to zero.

In the present work, Ba3,75Nd9.5T118,Z(Mg1/3Nb2/3)z
054 (0 < z < 3) solid solutions were fabricated and the
effects of (Mgy3Nby3)** replacement upon phase
constitution as well as microwave dielectric properties
were investigated. Secondary phase, bond valence,
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grain size, average ionic polarizability and unit cell
volume contribution to dielectric properties were also
discussed.

EXPERIMENTAL

The ceramics were prepared by the conventional
solid-state reaction technique according to the formula
of Ba3,75Nd9_5T118,Z(Mg1/3Nb2/3)ZO54 with the hlgh-
purity starting materials of BaCO3 (Xilong, China),
NbyO5 (Ke Long Chemical Reagent, China), (MgCO3)y
Mg(OH)2'5H50 (Ke Long Chemical Reagent), Nd,O3
(Jichang Rare Earth, China) and TiO; (Xian Tao
Chemical Reagent), with purity 299.5%. The mixtures
were ball-milled in nylon jars with zirconia balls and
distilled water for 12 h. After drying, the powder was
calcined at 1000-1100°C for 5 h. Then, the calcined
powders were produced with 5 wt.% PVA added in the
size of 15 mm in diameter and 6 mm in thickness un-
der a pressure of 220 kg/cm?. Then, the samples were
preheated at 600°C for 2 h to remove the organic bin-
der, and then sintered at 1300-1400°C for 2 h.

The densities of the sintered samples were mea-
sured by the Archimedes method. The phase of the
sintered samples was identified by x-ray diffraction
(XRD) using Cu Ko radiation (Philips x’pert Pro MPD,
PANalytical, Netherlands). The surface microstruc-
tures of the ceramic were detected by using scanning
electron microscopy (SEM). The dielectric character-
istics were examined by the Hakki—Coleman dielectric
resonator method in the TEq;; mode using a network
analyzer (E5071C; Agilent Technologies, Singapore)
at a frequency around 3—5 GHz. The 1of the sintered
samples at the resonant frequency were determined
by the following equation:

_ ftz _ftl
fo x (t2 —t1)
In the equation, f;, and f;, are the resonant fre-

quencies at the temperature of ¢; = 25°C and
to = 85°C, respectively.

(1)

RESULTS AND DISCUSSION

Figure 1 showed x-ray diffraction patterns of Bag 75
Ndg 5Tiis_,(Mg15Nbys3),054 (2 = 0.5-3.0) ceramics
sintered at optimum temperature for 2 h. A single
BaNdyTi 015 phase of tungsten-bronze structure was
obtained for z < 1. This suggested that Bag_3,Ndg, o«
Ti18054 solid solution was formed for a similar ionic
radius between (Mgy,sNbgs)** (0.0667 nm) and Ti**
(0.0605 nm) site. When z > 1.5, pyrochlore secondary
phase, Ndy(Ti,Mg,Nb),O; (assigned to JCPDS Card
No. 00-042-0002), appeared. As z increased from 1.5 to
3, the main peaks of the second phase became more
1ntense The results showed that (Mgy,5sNbgs)** had
low solubility in Bag_3,Ndg.2,Ti115054. The appearance
of the second phase indicated that the substitution
limit would be z < 1.

The appearance of the second phase originated
from the unstable structure always explained by the
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Flg 1. The XRD patterns of Ba3_75ngA5Ti1g,z(Mgo,33Nb0,67)2054
ceramics sintered at 1360°C for 2 h as a function of z.
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Fig. 2. Tolerance factor t (A) and average electronegativity differ-
ence e (0J) as functions of z in Baz 75Ndg 5Ti1g_2(MJo.33Nbg.67):054
ceramics.

average electronegative difference and tolerance
factor of the compositions.'™'*'? With Pauling’s
electronegativity scale, the average electronegativ-
ity difference could be obtained.'' According to the
theory set by Matveeva et al., the revised equation
as follows was taken to calculate the tolerance factor
of present compositions:

(4 DR + (- DRy + Ry
ﬂ(%RTi‘“ + 5 Bugr + 37 By +R027)

= (2)

in which ¢ is the tolerant factor, Ry 2, Rygs+, Rpy+,
RMg2+, Ry, and Rozf respectlvely, represent the
jonic radii of BaZ", Nd° * Ti, , Nb** and
0?2 11121820 Tolerance factors and average elec-
tronegativity differences with different z values are
illustrated in Fig. 2. Both decreasing tolerance fac-
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tor and the average electronegativity difference
presaged an unstable structure.'1%1®

The relative density of Bas;5NdgsTiis_,(Mgy/3
Nby/3),054 (z = 0-3.0) ceramics as a function of z
values at different sintering temperatures is illus-
trated in Fig. 3. For all the compositions, the rela-
tive density first increased and reached a maximum
density (99%) at 1360°C for z < 0.5. Then, the
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Fig. 3. Relative densities of Bagz75Ndg s5Tits_2(MJo.33Nbo 67).054
ceramics sintered at different temperatures for 2 h

decreasing relative density for 1380°C appeared,
suggesting that 1360°C was the optimum sintering
temperature. Meanwhile, the relative density
declined with increasing z value and many of them
were lower than 95%. Combined with the XRD
results, the low relative density was related to the
appearance of the secondary phase.

The microstructures of Bas75Ndg5Tiis_,(Mgy/3
Nby/3),054 (z = 0-3.0) ceramics sintered at 1360°C
are shown in Fig. 4, including typical SEM
micrographs and EDS spots A, B and C. The com-
positions had column grains which have always
been observed in Bag 3,Ndg.2,Ti13054 ceramics.*®
Massive grains appeared for z > 1.5 which was in
accordance with XRD results. With increasing z
value, grain sizes of these two kinds varied
reversely, column grain size degrading from about
10 um to 4 ym while massive grain size increasing
from 2 ym to 8 ym, which indicates that (Mgy,5Nbgs)**
substitution or secondary phase would degrade
matrix grain size. Element ratio data of the energy
dispersive x-ray analysis (EDS) of spots A, B and C
are listed in Table I. Though no Mg was detected at
spots A and B, it still supposes the existence of it for
its relatively low content. Element ratio results of
spots A, B and C confirmed the results that column
grains were BaNd,Ti4O15 and that massive grains
were Ndo(Ti,Mg,Nb),O,. However, the element ratio
of spot A (in Table I) showing less oxygen numbers
than spot B indicates that the substitution prohib-
ited Ti reduction.*!

S

Fig. 4. SEM photographs of magnesium and niobium co-substituted Baz 75Ndg 5Ti;gOs4 ceramics sintered at 1360°C for 2 h: (a) z= 0.5,

(0) z=1.0, (c) z= 1.5, (d) z= 2.0, () z= 2.5, (f) z= 3.0
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Figure 5 shows the SEM photographs of Bas 5
Nd9.5Ti17.5(Mg1/3Nb2/3)0.5054 sintered at 130000,
1340°C, 1360°C and 1380°C, respectively. The
average sizes of column grains increased noticeably
as the temperature rose from 1300°C to 1360°C,
then too high a temperature resulted in abnormal
morphology at the surface. The compact micro-
structure with almost no porosity was obtained at
the temperature of 1360°C for Bas 75Ndg 5Ti17.5(Mg1/3
Nbg/3)0.5054. Confirmed by XRD results, all images
showed no appearance of massive morphology at
different temperatures. This implies that the
appearance of Ndo(Ti,Mg,Nb),O; was related not to
temperature but to too much substitution. The
variation of grain size and porosity illustrated

Table 1. EDS data of Bagz 75Ndg 5Ti;s.,(Mgo.33Nbg 7).
054 ceramics: A, B and C

Atom (%)
Spot Ba Nd Ti Mg Nb o
A 4.66 12.14 22.11 - - 61.09
B 4.24 11.61 20.23 - 1.02 62.9
C - 19.41 11.42 4.2 9.07 55.90
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in Fig. 5 is well in accordance with the relative
density.

Figure 6 presented the dielectric constant of
Bag 75Ndg 5Ti15,(Mg1/3Nbg3),054 (2 = 0.5-3.0) ceram-
ics as a function of sintering temperature. The
dielectric constant of samples sintered at optimum
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Fig. 6. The dielectric constant of the Bag 75Ndg 5Ti1g_-(Mg1,3Nb2/3),
Os4 ceramics as a function of sintering temperature

Fig. 5. SEM photographs of Bag 75Ndg 5Ti17.5(Mg1,3Nb2/3)0.5054 ceramics sintered at different temperatures
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Table II. Crystal parameters versus composition in Bag 75Ndg 5Ti;5_,(Mgo.33Nbg ¢7).054 ceramics

z=0 z=0.5 z=1.0 z=1.5 z=2.0 z=3.0
a (A:A) 22.2386 22.3155 22.9117 22.3811 22.2903 22.3383
bA) 12.1637 12.1899 12.1881 12.2317 12.2802 12.2942
c(A), 3.8383 3.8217 3.8323 3.8382 3.8624 3.8509
Vi (A% 1038.26 1040.80 1041.17 1050.73 1057.21 1057.55
& 87 84 80.96 78.98 76.55 70.47
Ere 87.54 85.47 84.74 82.77 82.29 77.79
on/Vm 0.2307 0.2305 0.2304 0.2303 0.2303 0.2298
Rs_ o 1.815 1.8156 1.8163 1.8169 1.8176 1.8189
Vs.0 2.0901 2.0906 2.0910 2.0914 2.0924 2.0927
n 0.1810 0.1581 0.1376 0.1129 0.1354 0.1809

temperature decreased from 84 to 70.47, which was
similar to that of the relative density because the
higher density represented lower porosity. Shannon
reported that the dielectric constant is directly pro-
portional to the ionic polarizability (ap) and
inversely proportional to the molecular volume (V,,)
according to the Clausius—Mosotti equation.”!16:22-=3
According to the equation supplied by Lu et al., the
corrected dielectric constant (¢,,) can be obtained by
modifying the experimental dielectric constant with
porosity. 14?223 The ¢,. decreased with an increasing
z value and exhibited similar variation as the average
ionic polarizability as shown in Table II before
z=15." For z > 1.5, the appearance of Ndy(Ti,Mg,
Nb)2O; phase (¢, = 36.5) would also contribute to the
declination of dielectric constant.?* Especially for
those results in Fig. 6, there was a sharper decrement
for z = 2.5 and 3.0 as compared with former samples.
The results inferred that the dielectric constant could
be controlled by the combination of relative density,
average ionic polarizability and secondary phase.
Figure 7 displays the @Qf values of
Bag 75Ndg 5Ti15.,(Mg1/3Nbg/3),054 (2 =0.5, 1.0,
1.5, 2.0, 2.5, 3.0) ceramics sintered at optimized
temperatures for 2 h. It was obvious that the Qf
values of the composition increased greatly to
maximum values at 1360°C and then showed a
declining trend. Also, the @f value decreased
with z from 0.5 to 3. Usually, many factors, such
as pores, second phases, impurities, lattice de-
fects or density, have contributed to the varia-
tion of Qf value.'® In this study, for samples
before the appearance of the second phase, the
decrease of @f value was mainly caused by
decreasing grain size which has been described
above in Fig. 4. Ohsato also reported that
intrinsic loss, #, originating from ionic occu-
pancy, played an important role in Qf value:

__ b
2 tan 0

in which f was the full-width at half-maximum of
the x-ray powder diffraction peaks and 0 was
Bragg’s angle.? The intrinsic loss 5 (listed in
Table II) variation trend was in accordance with Qf
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Flg 7. The Qf value of the Ba3_75Nd9.5Ti1S_Z(Mg1/3Nb2/3)ZO54
ceramics as a function of sintering temperature.

value. The result confirmed that the intrinsic loss
was related to Qf value. Equally, the EDS data
mentioned above implied that the other factor, Ti
reduction, influenced the @f value. The mechanism
has been reported by Templeton et al.?!:

’ 1

Mg substitution prevented the Ti reduction by con-
ducting more oxygen vacancies'”?!:

MgO—%Mgy, + 0%+ V;; (5)
Yoon et al. reported that Nb addition would modify
properties according to the equation'*:

Nb05 " %22Nby, + 40F + %02 1+2¢ (6)

However, for z > 1.5, both higher tangent loss of
Ndo(Ti,Mg,Nb),O; phase and decreased matrix
grain size did harm to the Qf value of the
system.'®2* To sum up, the Qf value of the system can
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Fig. 8. The 1t cell volume and b-site bond valence of the
Bag 75Ndg 5Titg_-(Mg1,3Nb2/3),054 ceramics as a function of z value.

be controlled by several factors mentioned above,
intrinsic loss 7, Ti reduction, and secondary phase.

The variation of 7, unit cell volume and b-site bond
valence with z is presented in Fig. 8. The negative trof
the secondary phase (1= —118 ppm/°C) led to the
decrease of 1, of the system for z > 1.5.2* Before the
appearance of the second phase, the substitution at Ti
site slightly changed the lattice parameters and bond
strength represented by bond valence, wch both
involving the degree of tilting of the octahedral.!>6:26
Consequently, they were calculated to evaluate the
relationship between them and 7. Unit cell volumes
were calculated according to XRD data and listed in
Table II. B-site substituted bond valence of ceramics
was calculated by Eqgs. 7 and 8'%16:

Vi=> vy (7
J

v = exp <leb_’dlj> (8)

where R;; was the bond valence parameter, d;; was
the length of a bond between atoms i and _j, and b’
was a universal constant equal to 0.37 A. The 1,
value variation with increasing z value was reversed
with unit cell volume and b-site bond valence. With
increasing substitution content of (Mgy,3Nbgs)** for
Ti*", unit cell volume increased inevitably involving

Chen, Tang, Duan, Yang, Y. Li, H. Li, and Zhang

deformed structures, and the result was in accord
with Chen et al.” The b-site bond strength, evaluated
by bond valence, increased. The result was consistent
with Huang et al.'® In conclusion, 7, was related to
the combination of b-site bond valence, unit cell
volume and phase composition in Bas75Ndgs5
Tiis_,(Mg1/3Nbg/3),054 (0 < z < 3) ceramics.

CONCLUSIONS

Microstructure and microwave dielectric properties
of Bas 75Ndg 5Ti1s_(Mg1/3Nbg/3),054 (0 < z < 3) system
have been investigated in the study. A single phase of
BaNd,;Ti,05 was sustained for z < 1. B-site bond
valence and unit cell volume were related to 7 The Qf
was greatly controlled by grain size involving pore
ratio, Ti** reduction, and grain size. When z > 1.5, the
pyrochlore second phases of Ndo(Ti,Mg,Nb),O~
appeared and obviously led to the decrease of the Qf
value. Relative density, average ionic polarizability and
secondary phase together controlled the dielectric
constant of the system. Finally, excellent microwave
dielectric properties of ¢. = 80.96, Qf = 7300 GHz and
77 = +17 ppm/°C could be obtained when z =1 was
sintered at 1360°C for 2 h in air.
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