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Abstract

Sintering behaviors and microstructural characteristics in solid solutions of Ba[M@,aTau-.y4)25]03 (BMN, T4, x=0, 1, 2, 3 and
4) were investigated by X-ray diffraction, SEM and TEM. Microwave dielectric properties, such as the relative permitfivieydlity
factor (Q) value and temperature coefficient of resonator frequengywWere also measured. The excellent microwave dielectric property
of Ba(Mgy3Tap3)Os (BMT) sample imply the necessity to sinter at higher temperature (A€band to use longer soaking times (9 h), but
not for Ba(Mg/3Tag3)O3 (BMN). The 1:2 B-site ordering was maintained at all Nb substitution contents and the 1:2 B-site ordering existed
in the grains with antiphase domain boundaries (APBs). The Bafiib:/4Tas/4)2/3]O3 specimen exhibited excellent microwave dielectric
propertiesg, = 25.534,0f= 140 666 GHz, and; =4.8 (ppm/C). The excellent microwave dielectric property is due to the improvement of
sintering property by appropriate Nb atoms substitution in the BMT matrix and the maintaining of 1:2 ordering in th& BMs¢ries.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in accordance with the volume mixture rule of the existing
phases.

The demands for microwave dielectric resonators are  One of the superior microwave dielectrics is the com-
rapidly rising as communication systems depend more andplex perovskite ceramic Ba(MgTag/3)O3, which has a high
more on microwave technology. The three key requirements unloaded quality factord@f=300 000 GHz), high dielectric
for a dielectric resonator are a high relative permittivity) ( constant4, = 25), and small TCF (<5 ppfi). Although this
for possible miniaturization (because the size of a dielectric material has excellent microwave dielectric properties, the
resonatorx 1/e,12), a high unloaded quality facto@) for a high sintering temperature (1600-16%L) and long soaking
stable resonant frequency, and a near-zero temperature coetime[4] (~50 h) due to low sinterability of Ba and Ta atoms is
ficient of frequency %;) for temperature stable circuits. A a problem. Barium magnesium niobate, Baghjb,/3)O3
complex perovskite ceramic AgBsBY, /3)03, which was first (BMN), a complex perovskite compound is known to possess
reported by Kawashima et 1], is known to be excellentfor  high &(=32) andQ value Qf=56 000 GHz)[5]. However,
the dielectric resonator and is used widely. One of the most BMN has relative positivers compared with that of other
important factors for improving the unloadédof the per- complex perovskite. Except for the similar crystal struc-
ovskite A(B;L/3B/2/3)O3 ceramics is the ordering of B-site in  ture between BMN and BMT, the Nb and T&* ions also
A(B1/3BY/3)03 [2,3]. TheQ value increases with the B-site have a similar ionic radius (radius of Rband T&* ions
ordering. Thers of a microwave dielectric can be controlled are 0.69 and 0.68). The Ba[Mai/3(Nby4Taa—4)2/3]03

microwave ceramic were initially investigated by Thiru-
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structure. However the relative investigation on the order-  The relative permittivitys, and Q value were measured
ing structure was deficient. The main purpose of this study using a Tk11 resonator frequency peak by placing the sam-
includes two parts: (1) the crystal structure, microstruc- ple in a metal cavity. The; was measured using the Hakki
ture, the degree of B-site ordering and the microwave and Coleman method0]. The s was obtained by measur-
dielectric properties of the BMT and BMN at various sin- ing TEg11 resonator frequency in the temperature range of
tering conditions are investigated; (2) the properties of 30—80°C. The relationship betweenand dielectric constant
microstructures Ba[Mgs(NbyaTas—y)4)2/3]03 (simplified was represented by = —a — 1./2, wherea is the thermal

as BMN, T4_,) with various Nb substitution content are also expansion coefficient. In materials with the perovskite struc-
discussed. ture, the value o& maintained a constant value of 10 pp@/

[11].

2. Experimental procedure . .
3. Results and discussion
Ba[Mgi/3(NbyaTaa—x)4)2/3]03 (BMN,; T4y, x=0, 1, 2,

3 and 4) were synthesized using a conventional solid-state
reaction method from individual oxide and carbonate pow-
ders: barium carbonate (Ba@Nippon Chemical Industrial ) _ .
Co., Ltd., 99.85%), magnesium oxide (MgO, Fluka, 99.8%), Fig. 1shows X-ray analysis of BMT and BMN specimens
niobium oxide (NbOs, Alfa Aesar, 99.9%) and tantalum sintered at various sintering conditions. BMT and BMN had
oxide (TaOs, Strem Chemicals, 99.8%). The materials were similar X-ray diffraction patterns qnd the diffraction peaks
weighed in the appropriate molar ratio and mixed by grind- all be'Ionged to the same diffraction planes except for the
ing with ZrO, balls in the ethanol media for 24 h. The slurry two highest angle peak#2 64.53 and 73.28. The peaks
was dried in a rotary evaporator (Heidolph 2011, Germany). (100), (111), (200), (112) and (103) marked by aster-

After grinding and sieving with 100 mesh, the powders were isk indicated the superlattice reflection as mentioned by Ra
calcined at 1100C for 3h in air. The calcined powders were and Phué[12] and Hu et al[13] and the superlattice reflec-

mixed and ground with the PVA binder additive in & tions of_BMT were ob\_/iously stronger than BMN. '_rhe X-ray
mortar and then sieved with 45 mesh. The mixed powders results indicate that sintered BMT and BMN specimens have
were uniaxially pressed into pellets under the pressure ofthe same crystal structure and no apparent second phase are

100 MPa with 9mm in diameter and 5mm in height. The Produced atvarious sintering conditions.

pellets were then cold isostatic pressed (CIP) at the pressure Table 1shows the densities, thé160//110,102obs INten-
of 200 MPa. The pellets were sintered at 1600—1&50or sity ratios, ordering factor and microwave properties of BMT
6-9 h in air. and BMN specimens at various sintering conditions. The rel-

The bulk densities of sintered specimens were measuredﬁf[ivhe det:lsity OI sin;ereﬁl BMB anq BN][N specirr:jens were
by the Archimedes method. The crystal structures of sin- igher than 98% (the theory density of BMT and BMN is

tered samples were analyzed by X-ray diffractometer (Rigaku /-6°7 and 6.236 g/cPy [14] at various sintering conditions.
D/max-IV, Japan). The microstructures of samples were FT0M the X-ray data, théf{oo7110,1030bs intensity ratios
observed by scanning electron microscopy (SEM, Philips
XL-40PEG, Holland). The samples were polished jom,
thermally etched at 140@ for 30 min, and coated with Pt
before SEM examination. The more detail microstructure and
crystal structure of sintered samples were analyzed by trans-
mission electron microscopy (TEM, JEOL 3010, USA). Thin
foils for the TEM investigations were prepared by mechani-
cally grinding the ceramic pellets to a thickness of 2080
The samples were mounted on copper aperture grids, and a
final thinning was conducted via argon-ion milling (Gatan
Model 600 Dual lon Mill, CA).

To treat the B-site ordering quantitatively, an
ordering factor S is defined as follows [8,9]:S = AT 1650°C G

/ (1100/1110102)gpbs : :
(1100/111(1102)ordervw‘lere (100”110’1020“ is the ratio - oz h Aerer.. BMT 1600°C 90

of the observed intensities of the superlattice reflection T S A U S R R
(100) from (110) and (102) of the XRD patterns. For a 0 10 20 30 40 50 60 70 80 90
completely ordered BMT and BMN structure, the intensity 2 Theta

ratio of (l100//110,102order are calculated to be 8.3/100 and (g 1. x.ray diffraction patterns of BMT and BMN specimens sintered at
3.16/100. various sintering conditions.

3.1. Sintering behaviors of Ba(Mgj,3Taz/3)03 (BMT)
and Ba(Mg3Nb2s3)03 (BMN) specimens
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The densities, the{o0/I110,1090bs iNtensity ratios and microwave dielectric properties of BMT and BMN specimens at various sintering conditions

Density (g/crﬁ) (I1001110,1090bs Ordering factor (S) Dielectric constant) Of value
BMT 1600°C -6 h 7.5094 (98.07%) 0.0542 0.808 24.469 49559 (8.242 GHz)
BMT 1650°C-6h 7.6017 (99.28%) 0.0618 0.863 24.748 70958 (8.257 GHz)
BMT 1650°C-9h 7.5258 (98.29%) 0.0698 0.917 24.451 100042 (8.166 GHz)
BMN 1600°C-6h 6.1170 (98.09%) 0.0306 0.984 31.602 83439 (7.286 GHz)
BMN 1650°C-6 h 6.1262 (98.24%) 0.0303 0.979 31.771 85154 (7.183 GHz)
BMN 1650°C-9h 6.1638 (98.84%) 0.0286 0.951 31.932 92060 (7.27 GHz)

of the BMT specimens increased from 0.0542 to 0.0698 soaking time. Nevertheless, th@f value of BMN only
with increasing sintering temperature and time, but slightly slightly increased from 83439 to 92 060 GHz at elevated sin-
decreased from 0.0306 to 0.0286 for BMN specimens. The tering temperature and longer soaking time. Thevalue
(I100/l110,1090bs iNtensity ratios of BMT ceramics were of BMT was improved doubly with elevated sintering tem-
apparently larger than those of BMN ceramics. By further perature and longer soaking time. T@gvalue of BMT was
precise calculation of ordering factor, it was indicated that improved obviously due to the increase of the degree of order-
the ordering factor of BMT ceramic was improved from ing degree. Yoon et a[19] reported that one of the most
0.808 to 0.917 with increasing sintering temperature and important factors for improving the quality factor of the com-
soaking time, but the ordering factor of BMN ceramics were plex perovskite A(B/3B /3)03 ceramics is the ordering of
in the range 0.951-0.984 and not influenced obviously by B-sites in A(B_L/3Bz 3)O0s. As the B-site ordering increases,
sintering temperature and soaking time. On the contrary, thethe Qf value increases. Thgf value of BMN was approx-
ordering degree of BMN ceramics was higher than which of imate and only slightly improved due to small increase of
BMT ceramics at the same sintering condition. As mentioned the degree of ordering at elevated sintering temperature and
by Cullity and Stock[15], the intensity of X-ray diffrac-  longer soaking time. For reaching the excellent microwave
tion are proportional to the atomic number, so the lower dielectric property of BMT it is necessary to sinter at high
(I100/1110,109calc values of BMN ceramics (equal to 0.0316 temperature and long soaking time to overcome the sintering
[9]) compared to BMT ceramics (equal to 0.083) were  difficulty of Ta atom and to obtain the higher degree of B-site
contributed by the lower atomic number of Nb than Ta. The ordering. Comparing with Ta, Nb has a lower atomic number
lower intensity ratio of {1 00//110,1020bs for BMN ceram- (Ta: 73, Nb: 41), so BMN can be easily sintered completely
ics compared to BMT ceramics could also explained by the and has high a degree of B-site ordering.
lower atomic number of Nb. In the research of Hughes et al.
[16], they also mentioned that the scattering powder differ-
ence between ZA/Nb°* is lower than for ZA*/Ta®* due to
the lower atomic number of niobium and results in the fact
that the ordering in BZN based materials is more difficult to
observe by X-ray diffraction than in BZT. The characteristic
of the ordering factor for BMT at various sintering condition
reveals that the BMT was difficult to sinter unless at elevated
temperature and longer soaking time, but not for BMN.

The relative permittivity of BMT was in the range . .
24.451-24.748 and 31.602-31.932 for BMN at various sin- 9I€1€Ctiic property. L . .
tering conditions. The relative permittivity increased with Fig. 2shows the X-ray diffraction analysis of BMNT series

L : . ; hich were sintered at 165 for 9 h. The results indicate
the sintering density. Kolodiazhnyi et &l.7] reported that w o
the dependence of the dielectric constant on the IOOrOS_that the BMNT have the same crystal structure with differ-

ity of BMT ceramics obeys the Maxwell-Wagner relation gnt amount Nb substitutioq a_nd no apparfant secondary phase
L 3y(e)—e)) ;o is produced due to the similar ion radii between Nb and

[18]:¢" = &1 {1+ 21, }Whereel = 25 for completely 14 (radius of NB* and T&* are 0.69 and 0.68) and the

dense BMT ceramics; is the permittivity of vacuum, and  same crystal structure (as showedFiig. 1). However, the

y the porosity of ceramics. Sinag = ¢/ is negative, the intensity of superlattice diffraction peaks was lowered by the

dielectric constant increases with the decrease in porosity. ItNb substitutionFig. 3shows thefi 0o/I1 10,1 0 dobsintensity

was suggested that the enhancement of dielectric constants ofatios of BMNT serious calculated from the X-ray diffrac-

BMT and BMN were due to the lower porosity with increas- tion patterns Fig. 2) at various Nb substitution contents.

ing sintering density. The intensity ratio decreased from 0.06977 (BM¥.O0) to
The Qf value of BMT increased obviously from 49559 0.02864 (BMN,x=4). In the Ba(Mg;3sNby/3)O3—BaZrQ;

to 100 042 GHz at elevated sintering temperature and longersysteni20] and the Ba(Mg/3Tap/3)O3—BaSnQ systeni21],

3.2. Ba[Mgi/3(NbxuTaq x)4)2/3]03 series (BMN Tj )
with various Nb substitution contents

To understand the influences of Nb substitution for Ta in
BMT, Ba[Mg1/3(NbyaTaa—x)4)2/3]03 (BMN, T4, x=0, 1,
2, 3, and 4) were synthesized by solid-state reactive method.
The samples were sintered at 1680 for 9h and then
analyzed by X-ray diffraction, SEM, TEM and microwave
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Fig. 2. X-ray diffraction patterns of BMNT series at various Nb substitution
contents. The samples were sintered at T&6r 9 h.

the substitution of Zr and Sn for Nb and Ta also resulted
in a weaker intensity of superlattice diffraction peaks. As
described inFig. 1 and Table 1 the BMN specimens
show lowerlo¢/I110,102ratio than BMT due to the lower
atomic number of Nb, so the superlattice diffraction inten-
sity of BMNT were lower with increasing the Nb substitu-
tion contents. But the ordering behavior of the B-site atom
could not be described completely by the X-ray diffrac-
tion analysis. A more detailed analysis will be given later
by TEM.

321

8.0

—=&—Apparent density

76 —e—Theoretical density

e 72f .
s
g \
g 0.
S 68 \
c
[
(a] ®,
6.4 - \
®
"
60 Il " 1 L 1 L 1 1
0 1 2 3 4

Nb Cotent (x)

Ba[Mgw(meTa( 0]

4—)()/4)2/3] 3

Fig. 4. Apparent and theoretical densities of BMNT series at various Nb
substitution contents. The samples were sintered at 1636r 9 h.

Nb substitution content and matched with the trend of the the-
oretical density. The results mean that the lighter Nb atoms
were entirely replaced the heavier Ta atoms. As a result, the
relative densities of BMNT were all larger than 98.

Fig. 5shows the SEM micrographs and average grain sizes
of BMNT series at various Nb substitution contents after ther-
mal etching. The crystal grain structures of BMT and BMN
both belonged to a round shape grain structure which con-
sisted with big grains (3—-4m) and small grains (<m),
but BMN displayed generally larger grain sizes than BMT.

Fig. 4 shows the apparent and theoretical densities of The larger grain size of BMN than BMT was due to the high
the BMNT series at various Nb substitution contents. The mobility and the lower atomic number of Nb, so the grain

theoretical densities were calculated by the mixing rule
according to the molar ratio witBgyt = 7.657 g/cmd and
Dgmn = 6.236 g/cri [14]. The apparent density of BMNT
decreased from 7.53 g/énfix = 0) to 6.16 g/crd (x = 4) with

(100110.102)0bs

Full ordered BMN|

0 1 2 3 4
Nb Cotent (x)
\f:Arial( Ba[Mg)1/3(meTa(“)/4)2,3]03

Fig. 3. The (100/I110,1020bsintensity ratios of BMNT series at various Nb
substitution contents.

growth of BMN could proceed easier than BMT in the sin-
tering process. As the Ta atoms were replaced by Nb atoms
(x=1, 2, and 3), the microstructures were similar as BMT
and BMN, but the grain size of the BMNT series was smaller
than BMT and BMN for the big as well as for the small
grains Fig. 5b)). The values of the average grain sizes of
BMT (2.140um, Fig. 5a)) and BMN (2.203wum, Fig. 5c))
were approximate, but the average grain size of BVIN
(1.563m, Fig. 5b)) was obviously smaller than in BMT
and BMN. In the sintering process, more nucleation sites in
the initial stage, lower energy sintering condition (lower sin-
tering temperature, shorter soaking time) and the appearance
of second phase in grain growth stage also could result in the
decrease of grain size. It is suggested that the smaller grain
size ofthe BMNT seriesis due to anincrease of the nucleation
sites with Nb substitution.

Fig. 6 shows the [110] zone axis electron diffraction
patterns of a BMNT3 (x=1) specimen. The other Nb sub-
stitution contentsx =2 and 3) led to similar results. The
pattern was indexed and based on the simple cubic perovskite
unit cell for better understanding. The superlattice reflec-
tions of the 1:2 ordering are characterized by the presence of
+1/3[1 1 1]-type reflections as indicated by arrows-ig. 6.
Kolodiazhnyi et al[17] and Kim et al[22] reported that the
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Fig. 6. [110] zone axis electron diffraction patterns of BMN (x=1)
specimen.
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Moreover, the APBs are formed by the chemical ordering
of B-site ions[24]. The APBs were also found in BMT
[25] and BMN [26], and it was suggested that the grains
with 1:2 ordering domains were separated by APBs. In a
more detailed TEM research using selective area diffrac-
4um tion (SAD), it is evidenced the superlattice reflection of 1:2
ordering was mainly produced from the crystal grains with
Fig. 5. The SEM micrographs of BMNT series at various Nb substitution APBS.
contents after thermal etching. (a) BMT=0); (b) BMN,T2 (x=2); (c) The [110] zone axis electron diffraction patterns of
BMN (x=4). BMN3T; grains without APBs is shown iRig. 8 The 1:2
superlattice reflection patterns disappear for grains without
APBs, and the grains of BMNT with other Nb substitution
superlattice reflection of 1:2 ordering existed in BMT and contents also displayed similar results. For positions of the
BMN. When the Ta atoms were replaced by the Nb atoms, grains far away from the APBs, the 1:2 superlattice reflec-
the 1:2 ordering could still be maintained in spite of the Nb tions were not produced in the [110] zone axis pattern. In
substitution content. the previous study of Ba(4mTap/3)O3—BaZrG; perovskite
In the previous researches of the Ba{giay/3)Os— microwave dielectric$23], the authors suggested that low
BaZr(s[23] and Ba(Mg/3Nby/3)O3—BazZr(Gs[20] series losses of the 1:2 ceramics were derived from the stabilization
ceramics, small BaZr® substitution 5mol) could of the ordering-induced domain boundaries (such as APBs)
introduce an ordering transformation from 1:2 to 1:1 viaa partial segregation of Zr cations. As a result, it was sug-
ordering. The ordering transformation was suggested to gested that the existence of APBs is strongly related to the
be related to the degeneracy of the quality factor. The ordering in BMNT ceramics.
maintenance of 1:2 ordering in BMNT series is suggested  Fig. 9shows the microwave dielectric properties of BMNT
to be related with the similar ionic radii of the Nb and Ta series with various Nb substitution content. The relative
atoms. permittivity of BMNT (Fig. 9a)) increased from 24.451
Fig. 7 shows the TEM micrographs of BM¥;. (x=0) to 31.932 £=4) with Nb substitution contents, but
Antiphase domain boundaries (APBs) (indicated by arrow- the resonant frequency decreased form 8.166 to 7.270 GHz.
heads) were found in the grains of BN, specimens. The  The elevated relative permittivity of the BMNT series with
APBs were also formed in BMNT samples with other Nb increasing Nb substitution content is due to the formation
substitution contents. The APBs are not confined crystallo- of a Ba[Mai/3(NbyaTa—x)4)2/3]03 solid solution and also
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(a)

(b)

500 nm

Fig. 7. TEM micrographs of BMAT1 (x=3) sample illustrate the APB
(indicated by arrowheads). (a) Bright field (BF); (b) dark field (DF).

indicated that the substitution of lower atomic number Nb
can results in the increase of relative permittivity. In the pre-
vious research of BaNg ) Smp, TisO14 microwave dielec-
tric ceramicq27], the substitution of lower atomic number
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Fig. 8. [110] zone axis electron diffraction pattern of B&N (x=3) grain
without APB.

the dielectric response of the system for a small increase
in the electronic polarizability of the ion occupying the
site.

The Qf value of the BMNT series increased from
99963 GHz atx=0 to the maximum value 1406 666 GHz
atx=1 and then remained in the range between 92 060 and
109 756. It is suggested that the excellg@ftvalue atx=1
is due to the improvement of sintering property by appropri-
ate Nb atom substitution in the BMT matrix. For 2—4, the
BMNT series could be seen as mainly a BMN matrix with
Ta atom substitution. As shown ifable 1, the microwave
dielectric properties of BMN were not affected by the ele-
vated sintering temperature and long soaking time, so it is
suggested that th@f value of BMNT for thex=2-4 series
could not be improved by Nb substitution. In lanthanum-
substituted Ba(Mg3Tayp/3)O3 ceramics[28], both 1:2 and
1:1 ordered structure were formed and it was suggested
that the increase-and-decrease behavior of the quality fac-
tor is attributed to a variation in the ordered structure. In the
Ba(Zny3Tap/3)O3—BaZrG; solid solution, Davies et aJ23]
presumed thatthe low losses of the 1:2 ordered ceramics were
derived from the stabilization of the ordering-induced domain
boundaries via the segregation of the Zr cations. In addition
to the improvement of the sintering process and the mainte-
nance of 1:2 ordering in the BMNT series, the stabilization
of the ordering-induced domain boundaries via segregation

Nd atom also resulted in an elevated value of the dielectric of Nb cations was suggested to be the main factor that the

constant. Higher electronic polarizability will cause higher
values ofe; as Nd occupies a site which will enhance

BMN1T3 ceramics have bettgdf value than the BMT and
BMN ceramics.
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Fig. 9. The microwave properties of BMNT series at various Nb substitution
content. (a) Dielectric constant and resonant frequencyQfbjalue and
temperature coefficient of resonant frequency.

The 75 of BMNT series increased slowly from 4 ppi/
(x=0) to 6.7 ppnT/C (x=2) and then drastically increased
to 34ppm/C (x=4). The drastic increases of BMNT
is contributed by the highz; value of the BMN
matrix. For the BMNT4_, series atc=1, which exhibits
excellent microwave dielectric properties;; =25.534,
Qf=140666 GHz, and; =4.8 ppm{C.

4. Conclusion

For BMT and BMN, reaching excellent microwave dielec-
tric properties of BMT itis necessary to sinter at high temper-
ature and to use long soaking times to overcome the sinterin
difficulty of Ta atoms. However, the microwave dielectric
properties of BMN are not strongly affected by the sintering
condition due to the lower atomic number Nb.

For the Ba[Mqlg(Nbx/4Ta(4,x)/4)2/3]03 series (BMN
T4—y), excellent solid solutions are formed at all Nb sub-
stitution contentsx(=0, 1, 2, 3, and 4) due to the similar
ionic radii of Ta and Nb. From SEM observation, smaller
grain sizes of BMNT are formed with Nb substitution due

Compounds 407 (2006) 318-325

to heterogeneous nucleation. From TEM analysis, the 1:2
B-site ordering of BMNT series is maintained at all Nb sub-
stitution contents and the 1:2 B-site ordering mainly exists
in the grain with APBs. For the BMN4_, series atc=1,
which exhibits excellent microwave dielectric properties,
£=25.534,0f=140666 GHz, and; =4.8 ppm?C. It is sug-
gested that the excellent microwave dielectric properties are
due to the improvement during sintering by an appropriate
Nb atom substitution in the BMT matrix, preservation of
1:2 ordering in the BMNT series and stabilization of the
ordering-induced domain boundaries via the segregation of
Nb cations.
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