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bstract

he effects of substitution of (Zn1/3Nb2/3) for Ti on the sintering behavior and microwave dielectric properties of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21

0 ≤ x ≤ 4) ceramics have been investigated. The dielectric constant (εr) and the temperature coefficient of the resonant frequency (τ f) of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 ceramics decreased with increasing x. However, the Q × f values enhanced with the substitution of (Zn1/3Nb2/3)

or Ti. It was found that a small amount of MnCO –CuO (MC) and ZnO–B O –SiO (ZBS) glass additives to Ba Ti (Zn Nb ) Nb O (x = 2)
3 2 3 2 3 4−x 1/3 2/3 x 4 21

eramics lowered the sintering temperature from 1250 to 900 ◦C. And Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics with 1 wt% MC and 1 wt%
BS sintered at 900 ◦C for 2 h showed excellent dielectric properties: εr = 53, Q × f = 14,600 GHz, τ f = 6 ppm/◦C. Moreover, it has a chemical
ompatibility with silver, which made it as a promising material for low temperature co-fired ceramics technology application.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Low temperature co-fired ceramics (LTCC) for microwave
pplications has received much attention because of their
otential application for novel multi-layer communication
odules involving the integration of passive components.
he major requirements for these materials are low sin-

ering temperature which should be below the electrode
etals (Ag or Cu) melting temperature, excellent chemical

ompatibility with metals in the sintering process, as well
s good microwave properties.1 Several microwave dielec-
ric ceramic systems, including MgO–TiO2, BaO–TiO2, (Zr,
n)TiO4, Li2O–Nb2O5–TiO2, CaO–Li2O–Nb2O5–TiO2 and
aO–Ln2O3–TiO2 (Ln = La, Nd, Sm),2–7 have been reported

or applications using low-melting glass frits or oxides.
Recently, the microwave dielectric properties of sev-

ral ceramics in the BaO–TiO2–Nb2O5 system such

s BaTi3Nb4O17, Ba6Ti14Nb2O19, Ba3Ti5Nb6O28 and
a3Ti4Nb4O21 have been reported.8–10 Among these ceramics,
a3Ti4Nb4O21 revealed a high permittivity of 55 and an

∗ Corresponding author. Tel.: +86 571 87951408; fax: +86 571 87951408.
E-mail addresses: mse237@zju.edu.cn, yanghui@zju.edu.cn (H. Yang).
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xcellent Q × f value of 9000 GHz. However, Ba3Ti4Nb4O21
eramics also possessed a large positive τf value which
recludes their usage in practice. Although several methods
ere investigated to tune τf to as closed as zero.11,12 However,

he τf value was still quite positive (50 ppm/◦C) and the
× f values decreased seriously. It has been reported that

he substitution of (Zn1/3Nb2/3) for Ti in complex perovskite
aterials such as Ba(Zn1/3Nb2/3)O3 and Ca(Zn1/3Nb2/3)O3

an strongly influence microwave dielectric properties.13,14 In
rder to develop a mid-permittivity LTCC material based on
a3Ti4Nb4O21, the effects of the substitution of (Zn1/3Nb2/3)

or Ti on the sintering behavior and microwave dielectric
roperties of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4)
eramics were firstly studied, and then the multiple addi-
ive consisted of MnCO3–CuO and ZBS glass were chosen
s a sintering aid to lower the sintering temperature of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics. Moreover,

he chemical compatibility of silver electrodes and the LTCC
aterials have also been investigated.
. Experimental procedure

Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4) ceramics were
repared by the conventional solid-state reaction method.

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.018
mailto:mse237@zju.edu.cn
mailto:yanghui@zju.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2010.09.018
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the maximum values at 1250 ◦C and 1220 ◦C, respectively. As
shown in Fig. 1, Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0.5 ≤ x ≤ 4)
could form solid solution by the substitution of (Zn1/3Nb2/3)
for Ti. It indicates that the formation of solid solution could

80

84

88

92

96

100

R
e
la

ti
v
e
 d

e
n

s
it

y
 (

%
)

 x=0
 x=0.5
 x=1
 x=1.5
 x=2
 x=3
 x=4
66 Q.-L. Zhang et al. / Journal of the Eur

he stoichiometric mixtures of BaCO3 (≥99%), Nb2O5 (≥
9%), TiO2 (≥ 98%) and ZnO (≥ 99%) powders were
eighed and milled in ethanol medium for 24 h using zirco-
ia balls. The wet powders were dried and calcined in air
t 1100 ◦C for 4 h. For MnCO3–CuO (MC), MnCO3 (≥99%)
nd CuO (≥99%) were weighed according to the composi-
ions of 0.2MnCO3–0.8CuO and calcined at 750 ◦C for 3 h. The
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) powders were remilled
ith MC and home-made ZnO–B2O3–SiO2 (ZBS) additives for
4 h. The dried powders were mixed 5% PVA solution and sub-
equently uniaxially pressed into cylindrical pellets of 18 mm in
iameter and 7–9 mm in thickness under a pressure of 80 MPa.
he samples were sintered at different temperatures for 2 h with
heating and cooling rate of 5 ◦C/min.

The bulk densities of the ceramics were measured by the
rchimedes method. The crystalline structures of the sintered

amples were characterized by X-ray powder diffraction using
u Ka radiation (XRD, Rigaku D/max-RA). For microstruc-

ural examination, the sintered ceramics were polished and
hermally etched (100 ◦C below the sintering temperature) in
ir for 30 min. The microstructures of polished and thermally
tched samples were observed by scanning electron microscopy
SEM, FEI SIRION-100) and the compositions were analyzed
y energy-dispersive spectroscopy (EDS, EDAX GENENIS-
000). The dielectric constant (εr) and the quality factor
alues (Q) at microwave frequencies were measured using the
akki–Coleman dielectric resonator method as modified and

mproved by Courtney,15,16 using a network analyzer (Agilent
719 Et, 0.05–13.5 GHz). The temperature coefficient of the res-
nant frequency (τf) was also measured by the same method by
hanging temperature from 25 ◦C to 80 ◦C and calculated from
he equation:

f = f80 − f25

f25 × 55
× 106(ppm/◦C), (1)

here f80 and f25 represented the resonant frequency at 80 ◦C
nd 25 ◦C, respectively.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4) ceramics sin-

ered at 1250 ◦C for 2 h. A single solid solution phase that
orresponded to hexagonal Ba3Ti4Nb4O21 structure was
btained through the entire compositions. The diffraction
eaks shifted to lower angles of 2θ gradually with increasing x
ontent. The unit cell data and theoretical densities calculated
rom the diffraction data are presented in Table 1. It can be
bserved that the unit cell volume increased after substitutions,
hich was mainly attributed to the substitution of a larger ionic

adius of (Zn1/3Nb2/3)4+ than that of Ti4+.
Fig. 2 shows the relative densities of

a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4) ceramics sintered at

ifferent temperatures. The relative density of Ba3Ti4Nb4O21
eramics increased sharply with increasing temperature and
ad a constant value above 1280 ◦C. However, the relative
ensities of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0.5 ≤ x ≤ 2) and

F
s

2θ (Degree)

ig. 1. X-ray diffraction patterns of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4)
eramics sintered at 1250 ◦C for 2 h.

a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (3 ≤ x ≤ 4) samples reached
13201300128012601240122012001180

Sintering temperature (°C)

ig. 2. Relative densities of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4) ceramics
intered at different temperatures.
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Table 1
The unit cell data and theoretical densities calculated from XRD patterns of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 ceramics sintered at 1250 ◦C for 2 h.

x a (Å) c (Å) Unit cell volume (Å3) Structure Theoretical
density (g cm−3)

0 9.0380 11.7771 833.13 Hexagonal, space
group: P63/mcm(193)

5.226
0.5 9.0410 11.7733 833.47 5.296
1 9.0196 11.9068 838.88 5.333
1.5 9.0639 11.8116 840.38 5.394
2 9.0434 11.8115 843.99 5.442
3 9.0766 11.8384 844.63 5.578
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9.0456 11.9450 846.43

educe the sintering temperature. However, the maximum
elative density decreased from 98.3% to 95.1% with the x
alue increasing from 0 to 4. Moreover, the relative densities of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (3 ≤ x ≤ 4) decreased at higher

emperatures, which was owing to that excessively high sinter-
ng temperature caused inhomogeneous grain growth (Fig. 3c
nd d) resulting in a decrease in density. SEM micrographs of the
urfaces of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 sintered at 1250 ◦C
re illustrated in Fig. 3. The Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21
ample with x = 0.5 had some pores and the grain size was
mall, approximately 1–2 �m. A dense structure could be
btained for x = 1. The increase of x leads to the promotion of
he grain growth and a relative increase in the grain size can
e achieved as illustrated in Fig. 3b–d. However, as the x is
ncreased to ≥3, abnormal grain growth takes place leading
o the presence of some large pores. As shown in Fig. 3c, the
idth of the largest grain was larger than 15 �m for x = 3.

bnormal grain growth can interfere with densification of

eramics.
Fig. 4 shows dielectric constant (εr) and quality factor

alues (Q × f) values of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 mea-

e

α

Fig. 3. SEM micrographs of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 ceramics s
5.707

ured at 4–5 GHz. For each Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21
omposition, the variation of εr with sintering temperature
s consistent with the trend of relative density. εr is also
trongly dependent on Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 compo-
itions. The maximum εr decreases from 66 for x = 0 to 45
or x = 4. In general, εr was dependent not only on the den-
ity and secondary phases, but also on the ionic polarizabilities.
he relative densities of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 ceram-

cs corresponding to the maximum εr were higher than 95%.
ence, the εr was not significantly affected by the density,

nd there were no secondary phases through the entire com-
osition range. Therefore, the εr was largely dependent on
he ionic polarizability of the cations.17 Shannon18 reported
he various ionic polarizabilities of the cations and the total

olar dielectric polarizability of a compound can be calcu-
ated as a simple linear combination of individual ion dielectric
olarizabilities. Therefore, α(Zn1/3Nb2/3)4+ is straightforwardly

xpressed as:

(Zn1/3Nb2/3)4+ = 1

3
α(Zn2+) + 2

3
α(Nb5+). (2)

intered at 1250 ◦C for 2 h: (a) x = 0.5, (b) x = 1, (c) x = 3, (d) x = 4.
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Fig. 5. The temperature coefficient of the resonant frequency (τf) of
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ious values of x.
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a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4) ceramics as a function of
intering temperature.

hus, the value of α(Zn1/3Nb2/3)4+ = 3.33 Å3 (Zn2+ = 2.04 Å3,
b5+ = 3.97 Å3) is larger than Ti4+ (2.93 Å3). It is suggested

hat an increase in the dielectric constant takes place with the
Zn1/3Nb2/3)4+ substitution for Ti4+. The dielectric constant of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 in the composition range of 0–4,
owever, decreased as shown in Fig. 4. Therefore, the variation in
he dielectric constant of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 is con-
idered to extremely depend on the crystal structure of ceramics.
gawa et al.19 suggested that the enhanced covalency of Sb–O
ond in the octahedron by the Sb–O substitution for Nb–O
owers the dielectric constant. Thus, the dielectric constant
f Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 decreased with increasing x,
hich may be due to that the covalency of Zn–O and Nb–O
ave more stronger covalency bond than that of Ti–O bonds
n the AO6 octahedra. It can be seen from Fig. 4b that the
× f values enhanced after (Zn1/3Nb2/3) substituting for Ti

xcept Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 with x = 4. Unfortunately,
he reason is not unclear.

Fig. 5 shows the τf of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21

0 ≤ x ≤ 4) ceramics sintered at 1250 ◦C. The value of τf rapidly
ecreased with increasing x. The temperature coefficient of the
esonant frequency (τf) is related to the temperature coefficient

Fig. 6. Bulk densities of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics with
(a) x wt% ZBS–1 wt% MC and (b) 2 wt% ZBS–y wt% MC as a function of
sintering temperature.
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ig. 7. X-ray diffraction patterns of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2)
eramics with (a) 1 wt% MC–1 wt% ZBS, (b) 1 wt% MC–2 wt% ZBS, (c) 1 wt%
C–8 wt% ZBS and (d) 2 wt% ZBS–8 wt% MC.
f permittivity (τε) as

f = −
(

1

2
τε + αL

)
, (3)

C
o
6
t

ig. 8. SEM micrographs of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics with (a)
C; (a1), (b1) and (c1) are the energy spectrum analysis of the corresponding spots i
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here αL is the linear thermal expansion coefficient.20 τf is
ainly dominated by the temperature coefficient of dielectric

onstant (τε) owing to the negligible magnitude (∼10 ppm/◦C)
f αL. According to Bosman and Colla,20,21 τε (at constant
ressure) is expressed as:

ε = 1

ε

(
∂ε

∂T

)
P

= (ε − 1)(ε − 2)

ε
(A + B + C), (4)

= 1

3αm

(
∂αm

∂T

)
V

, B = 1

3αm

(
∂αm

∂V

)
T

×
(

∂V

∂T

)
P

,

= 1

3V

(
∂V

∂T

)
P

,

here αm and V denote the polarizability and volume, respec-
ively. The term A (commonly negative) represents the direct
ependence of the polarizability on temperature. B and C rep-
esent the increase of the polarizability and the decrease of the
umber of polarizable ions in the unit-cell respectively; the unit
ell volume increased with an increase in temperature. The B and

terms are normally the largest ones but have similar value with

pposite signs, and the sum of B and C terms is approximately
± 1 ppm/◦C, therefore the term A plays a dominating role. The

erm A depends directly on the structures and their symmetries.

1 wt% MC–2 wt% ZBS, (b) 1 wt% MC–8 wt% ZBS, and (c) 2 wt% ZBS–8 wt%
n(a), (b) and (c), respectively.
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Fig. 7 shows the X-ray diffraction patterns of
Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) with various con-
tents of MC and ZBS sintered at 900 ◦C for 2 h. It was evident

-16
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τ f
(

pp
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/ 0 C
)

 1wt% MC- ywt% ZBS

 2wt% ZBS- zwt% MC
ig. 9. Dielectric constants of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics
ith (a) y wt% ZBS–1 wt% MC and (b) 2 wt% ZBS–z wt% MC as a function of

intering temperature.

nd the highly symmetric structure showed a direct polarizabil-
ty temperature dependence bigger than for a tilted and distorted
tructure.20 As the quantity of substitution of (Zn1/3Nb2/3)
or Ti increasing, degree of tilting on oxygen octahedra was
ncreased, and the structures of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21
0 ≤ x ≤ 4) ceramics turned to be more distorted. Therefore,
he τε of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4) ceramics
ecreased with increasing x value. As a result, τf decreased with
ncreasing x.

Fig. 6 shows the bulk densities of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics with y wt%
BS–1 wt% MC and 2 wt% ZBS–z wt% MC as a function of
intering temperature. In Fig. 6a, for the sample with y = 0.5, the
ulk densities increased gradually with increasing the sintering
emperature, which indicated that the sintering temperature
f this composition was higher than 925 ◦C. When y > 1, the
ulk densities of all samples reached the maximum values at
00 ◦C, and the bulk densities decreased with increasing the

ontent of ZBS glass which was mainly due to the low density
f ZBS. As shown in Fig. 6b, the densification temperature
ecreased from 925 to 875 ◦C with the z value increasing
rom 0.5 to 8. These results revealed that the additives of MC

F
o

ig. 10. Q × f values of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics with (a)
wt% ZBS–1 wt% MC and (b) 2 wt% ZBS–z wt% MC as a function of sintering

emperature.

nd ZBS can remarkably lower the sintering temperature of
86420
MC/ZBS (wt%)

ig. 11. The τf of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics as a function
f MC or ZBS content sintered 900 ◦C for 2 h.
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hat no second phase appeared with increasing ZBS glass
ontent. However, CuO and CuMn2O4 phases which are the
eaction product of MnCO3 and CuO,22 were detected for the
ample with 2 wt% ZBS–8 wt% MC. SEM micrographs of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) with various contents
f MC and ZBS sintered at 900 ◦C for 2 h are illustrated in
ig. 8. Specimen with 1 wt% MC–2 wt% ZBS showed a dense
icrostructure and elongated grains. However, as increasing the

mount of MC or ZBS glass, it is clear that the morphologies of
rain changed. Energy dispersive spectroscopy (EDS) analysis
as used to reveal the effects of MC and ZBS glass on the
icrostructure of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2). As

hown in Fig. 8b1 and c1, Zn-rich and Cu-rich phases were
dentified in Fig. 8b and c, respectively. Zn-rich and Cu-rich
hases, which were formed by ZBS or MC melting and then
iffusing to Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics
uring sintering, maybe affect the dielectric properties of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics.

Fig. 9 shows the dielectric constant of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) with various con-

ents of MC and ZBS additives as a function of sintering
emperature. The dielectric constant showed the similar
endency as the bulk densities. It is understood that a high
ensity would lead to a high dielectric constant owing to lower
orosity. More additions MC or ZBS glass caused the decrease
f εr, which was probably attributed to the Zn-rich or Cu-rich
econdary phase in Fig. 8.

Fig. 10 illustrates the Q × f values of
a3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics with vari-
us contents of MC and ZBS additives as a function of sintering
emperature. For almost all the specimens, with increasing the
intering temperature, the Q × f values increased and reached a
aximum value and then decreased. The relationship between
aximum Q × f value and ZBS content reveals the same trend

etween maximum density and ZBS content. The maximum
× f value increased and then decreased slightly with the

ncrease of ZBS content. The further addition of ZBS glass
iminished the quality factor, which is due to lower density
nd more Zn-rich secondary phase. As shown in Fig. 10b, the
aturated Q × f values decreased from 15,700 to 11,700 GHz

ith MC increasing from 0.5 to 8. It clearly indicated that MC
as detrimental to the Q × f values, which was perhaps due

o the generation of the Cu-rich secondary phase as shown in
ig. 8.

F
s

een silver electrode and ceramic body.

Fig. 11 shows the temperature coefficient of the resonant fre-
uency of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) as a function
f MC or ZBS content sintered at 900 ◦C for 2 h. The τf shifted
oward the negative direction with increasing MC or ZBS con-
ent. It was evident that Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2)
ith a small amount of MC and ZBS could achieve a near

ero τf.
For application as LTCC, Fig. 12 shows SEM micro-

raphs and EDS line scan of the interface between the
ilver electrode and Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2)
ith 1 wt% MC–1 wt% ZBS tape co-fired at 900 ◦C for
h. The silver profile decreased sharply at the interface

n Fig. 12, which indicated that the reaction between low
red Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramics and sil-
er electrode did not occur. In order to evaluate the chemical
ompatibility of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2) ceramic
ith silver, the mixtures of LTCC powder with 10 wt% Ag
owders are heat-treated at 900 ◦C for 2 h. XRD of the
ixtures is shown in Fig. 13. Since XRD patterns of the
ixtures do not show the formation of secondary phase, it

s considered that the LTCC material has a chemical com-
8070605040302010

2θ (Degree)

ig. 13. X-ray diffraction patterns of LTCC sintered with 10 wt% Ag powder
intered at 900 ◦C for 2 h.
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. Conclusion

In this study, the effects of substitution of (Zn1/3Nb2/3)
or Ti on the sintering behavior and microwave dielectric
roperties of Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (0 ≤ x ≤ 4) ceram-
cs have been investigated. The dielectric constant (εr) and
he temperature coefficient of the resonant frequency (τf)
f Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 ceramics decreased with
ncreasing x. However, the Q × f values increased with the substi-
ution of (Zn1/3Nb2/3) for Ti. It was found that the proper addi-
ions of MC and ZBS glass to Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21
x = 2) ceramics enabled a reduction in sintering temperature
rom 1250 to 900 ◦C. Ba3Ti4−x(Zn1/3Nb2/3)xNb4O21 (x = 2)
eramics with 1 wt% MC and 1 wt% ZBS sintered at 900 ◦C for
h had a dense structure and showed good dielectric properties:

r = 53, Q × f = 14,600 GHz, τf = 6 ppm/◦C. Also, this material
as compatible with Ag electrodes, which made it as a promising
aterial for LTCC application.
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