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Abstract

Microwave dielectric properties of the Ba2Ti9O20-based ceramics with ZnBO addition up to 3 wt.% and containing ZrO2 were investigated
at the sintering temperatures ranging from 900 to 960◦C. Effects of the ZnBO addition on the bulk density, microstructure, and dielectric
properties of the Ba2Ti9O20-based ceramics at microwave frequency were elucidated. X-ray diffraction (XRD) results show the presence of
fi nBO
a ir at
9 ll
t ed
f om 0.85
( value is
m
©

K

1

t
d
r
m
h
H
e
a
o
a
u

ost
den-
ctric
cted
ent

tion

rro
inly
rial
f
.

ies
-
39.8,
nd 2,
are

0
d

ve crystalline phases, Ba2Ti9O20, BaZr(BO3)2, BaTi4O9, BaZrO3 and Zn2SiO4 in the sintered ceramics, depending upon the amount of Z
ddition. Optimum dielectric properties were obtained for the Ba2Ti9O20-based ceramic with 1 wt.% ZnBO addition and sintered in a
40◦C for 2 h, having the dielectric properties:Q= 1137 (Q× f = 8300),εr value = 27.3, andτ f = 2.5 ppm/◦C. In addition, to understand we

he effect of the BaZr(BO3)2 phase on the dielectric properties of Ba2Ti9O20-based ceramics, the BaZr(BO3)2 composition was synthesis
rom individual BaCO3, ZrO2 and B2O3 powders. Plots of dielectric loss versus sintering temperatures show a linearity, and ranges fr
at 1080◦C) to 0.08 (at 1250◦C). However, the dielectric constant does not increase with increasing sintering temperature, and its
aintained at 11–13.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Many researches have been focusing on developing dielec-
ric materials recently with high quality factor (Q× f), high
ielectric constant (εr) and zero temperature coefficient of
esonant frequency (τf ) for the use of dielectric resonator and
icrowave device substrate.1,2 In general, these dielectrics
ave to be sintered at high temperatures (1300–1650◦C).3,4,5

owever, the sintering temperatures for those microwave di-
lectrics were too high to apply the low melting point of silver
s internal conductors. To reduce the sintering temperature
f dielectric materials, glass addition, chemical processing
nd small particle sizes of the starting materials are generally
seful.6,7 The liquid-phase sintering by adding glass or other

∗ Corresponding author.
E-mail address:y.c.lee@yageo.com (Y.-C. Lee).

low melting point material is generally known to be the m
effective and the least expansive way of achieving high
sity of sintered ceramics. However, the microwave diele
properties of dielectric resonators were also deeply affe
by the liquid sintering temperature due to the developm
of microstructure at low sintering temperature or the reac
between host material and additive.

A commercially available dielectric powder from Fe
America, which, according to the XRD analysis, is ma
composed of the Ba2Ti9O20phase, is used as the host mate
in this study. It was reported that the TiO2-rich compounds o
the barium titanate-based ceramics with Ti/Ba = 4 and 4.5, i.e
BaTi4O9, and Ba2Ti9O20, have superior dielectric propert
for microwave resonator applications.4,6 The dielectric con
stants and quality factors of the two ceramics are 34.6,
and 5720, 8000, with temperature coefficients of 14.2 a
respectively. Typically microwave dielectric resonators
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Table 1
The compositions of host ULF280 ceramic powder

Component TiO2 BaO ZrO2 ZnO SrO HfO2 B2O3 SiO2

Content (wt.%) 49.9 27.8 12.0 5.0 0.07 0.18 1.5 3.5

required to have a high dielectric constant (εr) >35, a low-
dielectric loss or high quality factorQ (1/tanδ) >3000, and a
near-zero temperature coefficient of resonant frequency (τf ).8

According to this powder compositions, 12 wt.% ZrO2 con-
tent was found by XRF analyzing asTable 1listed. As in
the case of pure BaTiO3, three ferroelectric phase transitions
can also be observed in Ba(Ti1−yZry)O3 solid solutions for Zr
concentrationsy< 0.13: (1) rhombohedral–orthorhombic, (2)
orthorhombic–tetragonal, and (3) tetragona–cubic.9 It was
reported that the increasing of Zr results in reducing the av-
erage grain size, decreasing of the dielectric constant (εr)
and also maintaining low and stable leakage current. This
is because Zr4+ ion (0.087 nm) has larger ionic size than
Ti4+ (0.068 nm),10 and Zr4+ is chemically more stable than
Ti4+.11,12

In this paper, the Ba2Ti9O20-based ceramics with ZnBO
addition is reported. The dielectric properties of Ba2Ti9O20-
based ceramics were characterised. The relation between
crystalline phases and microstructures of Ba2Ti9O20-based
ceramics was also investigated. In addition, the dielectric
properties of the BaZr(BO3)2 ceramics also was studied, it
was synthesised by conventional solid-state methods from
individual BaCO3, ZrO2 and B2O3 powders.
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2.2. The preparation of BaZr(BO3)2 ceramic

Samples of BaZr(BO3)2 were prepared by conventional
solid-state methods from individual high-purity oxide pow-
der (>99.9%): BaCO3 (Hayashi Chemical Industries, Japan),
ZrO2 (Janssen Chemica, Japan), and B2O3 (Fluka Chemicals
Inc., Germany). The starting materials were mixed according
to the desired stoichiometry and ground in deionised water
for 6 h in a ball-mill withφ 2 mm zirconia balls, and the mean
particle size (D50) is 0.5�m. The powders were calcined in
air at 900◦C for 3 h after milling. Then the calcined powders
were milled again for 6 h. The mean particle size is about
0.4�m. After drying, the powders were pressed uniaxially
into pellets in a steel die. Sintering of these pellets were car-
ried out at temperatures between 1080◦C and 1250◦C for a
period of 2 h.

2.3. Characteristics analysis

The crystalline phases of the sintered ceramics were iden-
tified by X-ray diffraction pattern analysis (XRD, Philips
X’Pert-MPD) using Cu K� radiation for 2θ from 10◦
to 60◦. The diffraction spectra were collected at a scan
rate of 2.5◦/min. Microstructural observation of the sin-
tered ceramics was performed by scanning electron mi-
croscopy (SEM, Jeol. JEL-6400 Japan) equipped with
e nsity
o edes
m size
a ring
s g rate
o A,
N ris-
t ea-
s hod,
w be-
t ed
f per-
t
o d
f -
q der
w en in
T

3

3
c

te
p
p re-
p
t rent
. Experimental procedures

.1. The preparation of Ba2Ti9O20-based ceramic with
ZnO–B2O3 glass addition

The starting materials contain the ULF280 powder
eived from the Ferro America and the 3ZnO–B2O3 glass
hey are mixed and ball-milled in deionised water witφ
mm zirconia balls for 10 h. The 3ZnO–B2O3 glass wa
repared by weighing the starting materials of ZnO
2O3 (Fluka Chemicals Inc. Germany) as well as mix

hem for 1 h in a polyethylene pot mill using agate ba
he mixed powders were calcined in a platinum cruc
t 940◦C for 1 h. The calcined powders were pulveri
ith deionised water in the ball mill for 8 h (D50∼= 0.6�m),
ried and screened through a 100 mesh sieve. The m
oint of the 3ZnO–B2O3 phase is 957◦C, as given by th
hase diagram from Yu and Leonov,13 and it was added int

he ULF280 powder by the amounts of 1 wt.%, 2 wt.%,
wt.%, respectively. After drying, the ball-milled powd
ere pressed uniaxially into pellets in a steel die. Sinte
f the pellets was carried out in air at temperatures ran

rom 900◦C to 960◦C for a period of 2 h.
nergy-dispersive spectroscopy (EDS). The bulk de
f the sintered pellets were measured by the Archim
ethod. The particle size was measured by particle
nalyzer (Malvern, Mastersizer 2000, UK). The sinte
hrinkage of these samples was measured at a heatin
f 5◦C/min in air by a thermo-mechanical analyzer (TM
etzsch DIL 402C, Germany). The dielectric characte

ics at microwave frequencies (7.25–9.31 GHz) were m
ured by the Hakki–Coleman dielectric resonator met
here a cylindrically shaped specimen is positioned

ween two plates.14 An HP8719C network analyzer was us
or the microwave measuring system. The dielectric pro
ies were calculated from the frequency of the TE0 1 1 res-
nant mode. For convenience, theQ × f factor was use

or evaluating the loss quality, wheref is the resonant fre
uency. Composition of the host ULF280 ceramic pow
as analysed by X-ray fluorescence and the result is giv
able 1.

. Results and discussion

.1. Phase evolution in the sintered Ba2Ti9O20-based
eramics

In the BaO–TiO2 binary system, many intermedia
hases, BaTi3O7, BaTi5O11, BaTi4O9, and Ba2Ti9O20, are
resent in the TiO2-rich side of the phase diagram, as
orted by Rase and Roy.15 The X-ray diffraction spectra from

he as-sintered host ULF280 ceramic and those with diffe



Y.-C. Lee et al. / Journal of the European Ceramic Society 25 (2005) 3459–3468 3461

Fig. 1. X-ray diffraction spectra of (a) the host ULF280 ceramic and the ceramics with (b) 1 wt.%, (c) 2 wt.%, and (d) 3 wt.% additions and sintered at 940◦C
for 2 h.

amounts of ZnBO addition are given inFig. 1. For the host
ceramic sintered at 940◦C shown inFig. 1(a), it is obtained
that there are three crystalline phases, Ba2Ti9O20, BaTi4O9,
BaZrO3 present in the specimen. Among them, it has been re-
ported that the Ba2Ti9O20 and BaTi4O9 phases have high di-
electric constants, low-dielectric losses, and low-temperature
coefficients of resonant frequency,4,8,16and are considered to
be the potential ceramic materials suitable for dielectric res-
onators at microwave frequency.

The XRD spectra for the ULF280 ceramics with 1 wt.%,
2 wt.% and 3 wt.% ZnBO additions sintered at 940◦C are
shown inFig. 1(b)–(d), respectively. Compared with the host
material, it is noted that the intensity of the Ba2Ti9O20 phase
decreases, and the BaTi4O9 and BaZrO3 phases are nearly
disappeared in the sintered ceramic with 1 wt.% ZnBO ad-
dition. On the contrary, the BaZr(BO3)2 phase increases and
a new phase, Zn2SiO4, is observed in the specimen. As the
amounts of ZnBO addition increase above 2 wt.%, the con-

ature o
Fig. 2. Bulk density vs. sintering temper
 f the ULF280 ceramics with ZnBO additions.
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tent of the two crystalline phases, BaZr(BO3)2 and Zn2SiO4,
is increased noticeably. As indicated in the XRD spectra of
Fig. 1, the (1 0 4) peak of the BaZr(BO3)2 phase at 28.5◦ is
very strong for the ceramics with 3 wt.% ZnBO addition. The
results suggest that the addition of ZnBO glass phase has en-
hanced the formation of BaZr(BO3)2 and Zn2SiO4 phases in
the Ba2Ti9O20-based ceramics.

3.2. Physical properties of the sintered Ba2Ti9O20-based
ceramics

As described in the experimental, the ULF280 ceram-
ics with different amounts of ZnBO addition were sintered
in air at temperatures ranging from 900◦C to 960◦C for
2 h, and the particle size of the starting powder was con-
trolled at 0.5± 0.1�m. Fig. 2 shows the bulk density of
the ULF280 ceramic pellets as a function of the sintering
temperature. It can be seen that in general the density of
the sintered ceramics increases with the sintering tempera-
ture. The extent of the increasing rate, however, depends on
the amount of the ZnBO additions. Theoretical density of
the Ba2Ti9O20 ceramic is reported to be 4.61 g/cm3.17 The
ULF280 ceramics with 1 wt.% ZnBO addition can be sin-
tered to over 96% of the theoretical density, i.e. 4.43 g/cm3,
at 940◦C for 2 h in air. The bulk density remains much
the same as the sintering temperature is further increased,
e
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Fig. 3. SEM micrographs of the ULF280 ceramics with (a) 1 wt.%, (b)
2 wt.%, and (c) 3 wt.% ZnBO additions and sintered at 940◦C for 2 h.

gies of the BaL lines and TiK lines are superimposed.
The X-ray diffraction analysis in the previous section has
clearly shown that higher ZnBO addition has enhanced
the formation of the BaZr(BO3)2 phase. It is therefore
believed that the dendrites are composed of BaZr(BO3)2
phase, in which it may surrounded by the Zn2SiO4 phase.
Further study of the microstructure using transmission
electron microscopy would be useful to figure out the
issue.
.g. 960◦C.
The influence of the sintering temperature on the bulk

ity of the ULF280 ceramics is, however, dependent u
he amounts of the ZnBO addition. For example, the
ration temperature, at which the bulk density of the

ered ceramics reaches 93% of the theoretical value
he 2 wt.% and 3 wt.% ZnBO added ceramics is lowere
20◦C. Similar results are reported by other investigato18

hat the ZnBO glass phase assists in the densification o
a2Ti9O20 dielectrics through liquid-phase sintering. It
lso interesting to note that the sintered ceramic with h
st bulk density is not associated with the ceramic ha
ighest ZnBO addition. In fact, the addition of 1 wt.% Zn

o the ULF280 ceramics that were sintered at 940◦C and
60◦C has resulted in the highest density among the sin
pecimens.

SEM micrographs of the ZnBO added specimens
ered at 940◦C are shown inFig. 3(a)–(c), for the amoun
f 1 wt.%, 2 wt.%, and 3 wt.% ZnBO addition, resp

ively. The microstructure of the sintered ceramics sh
lot of change, in which a dendrite phase was incre
ith ZnBO increasing. According to the XRD spec
f Fig. 1, the composition of dendrite phase should
aZr(BO3)2 since the intensity of BaZr(BO3)2 peak was

ncreased significantly with ZnBO increasing. The d
rite phase was further analysed by energy-dispersive

roscopy (EDS) and the result is given inFig. 4. Com-
ared with the matrix phase, it is obtained that the
rite phase has higher signal intensities in Zr, Ba,
i, along with Si and Zn, in which the X-ray ene
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Fig. 4. Microstructure of the ULF280 ceramic with 3 wt.% ZnBO addition and sintered at 940◦C for 2 h, in which the compositions of (a) dendrites and (b)
the matrix were analysed by energy-dispersive spectroscopy.

Fig. 5 shows the linear dimension change of the sintered
ceramic pellets during the firing process using dilatometric
measurement. Additions of a small amount of the ZnBO glass
result in the dilatational curves that have a lower sintering
temperature and shrinkage rate, as displayed inFig. 5(b)–(d).
The undoped sample shrinks from 926.8◦C as Fig. 5(a)
shows, whereas the ZnBO-doped samples shrunk at a lower
temperature. The 3 wt.% ZnBO-doped sample reached the
onset point of shrinkage at 846.9◦C. Apparently, the ZnBO

formed a liquid phase at low temperature, which promoted
sintering.

3.3. Dielectric properties of the sintered
Ba2Ti9O20-based ceramics

The dielectric constant of the ULF280 ceramics was mea-
sured at 1 MHz, and the result is shown inFig. 6. Similar to
the bulk density versus sintering temperature curves inFig. 2,

cerami
Fig. 5. Dilatometric curves of the ULF280
 cs with different amounts of the ZnBO addition.
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Fig. 6. Dielectric constant versus sintering temperature of the ULF280 ceramics with ZnBO additions.

Fig. 7. The temperature coefficients of resonant frequency,�f , of the ULF280 ceramics as a function of the ZnBO addition.

Fig. 8. TheQ× f values of the ULF280 ceramics as a function of the ZnBO addition.
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the dielectric constant of the ULF280 ceramics increases with
the sintering temperature. Theεr value of the ULF280 ce-
ramic without ZnBO addition spans from 16.1 (900◦C) to
28.3 (960◦C). For this class of ceramics, it is possible to ob-
tain high dielectric constant, e.g.εr > 24, only by raising the
sintering temperature above 940◦C. The sintering tempera-
ture can be lowered down to 920◦C by an addition of 1 wt.%
or 2 wt.% of ZnBO glass to the ceramics. Further increase of
the ZnBO content up to 3 wt.%, highεr value can be achieved
at 900◦C. Therefore, it can be concluded that the ZnBO glass
phase is very effective in lowering the sintering temperature
of the ULF280 ceramics having high dielectric constant.

A close look of the dielectric constant of the ULF280 ce-
ramics with 3 wt.% ZnBO addition reveals that the value
slightly decreases with the sintering temperature at above
920◦C, a result very similar to the the bulk density versus
sintering temperature curves inFig. 2. This observation sug-
gests that the bulk density of the sintered ceramics determine,
to a large extent, the dielectric constant of the sintered ceram-
ics. Kanai et al.7 has suggested that second phases such as
BaZr(BO3)2 and Zn2SiO4, and the grain size of the sintered
ceramics could have strong effects on the dielectric constant
of the sintered ceramics. Nevertheless, the experimental re-
sults of this study seem to suggest that the dielectric constant
of the ULF280 ceramics is mainly controlled by the bulk
density of the sintered ceramics.

fre-
q O
a with
1 .
2 ave
d

cs
s d-

Fig. 9. X-ray diffraction spectra of the BaZr(BO3)2 ceramics sintered at (a)
1080◦C, (b) 1180◦C and (c) 1250◦C for 2 h.

dition. In contrast to those with 3 wt.% ZnBO addition, the
Q× f values of the ULF280 ceramics with less than 2 wt.%
ZnBO additions and sintered at 960◦C are higher than the cor-
responding ceramics and sintered at 940◦C. In practice, sin-
tering at 940◦C is preferred although theQ× f value (8300)
of the ceramic is slightly lower than that (9000) of the ceramic
sintered at 960◦C.

3.4. Phase evolution in the sintered BaZr(BO3)2
ceramics

The X-ray diffraction spectra of the calcined powder and
as-sintered ceramic are given inFig. 9. The XRD spectrum of
the calcined powder at 1100◦C reveals that the BaZr(BO3)2
phase is the main crystalline phase with ZrO2 as a minor

g temp
Fig. 7 shows the temperature coefficient of resonant
uency,τf , at maximumQ value as a function of the ZnB
ddition. It can be easily seen that the ULF280 ceramics
wt.% and 2 wt.% ZnBO additions haveτf close to zero, i.e
.5 and 1.5, which satisfies the requirement for microw
evice applications.

Fig. 8 shows theQ× f values of the ULF280 cerami
intered at 940◦C and 960◦C as a function of the ZnBO a

Fig. 10. Bulk density vs. sinterin
 erature of the BaZr(BO3)2 ceramics.
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Fig. 11. Dielectric constant and dielectric loss of the BaZr(BO3)2 ceramics as a function of the sintering temperature.

phase. On the other hand, the XRD pattern of the sintered
sample consists of mainly the BaZr(BO3)2 crystalline phase
with BaZrO3 and ZrO2 as minor phases. The diffraction peaks
of the BaZrO3 phase increase slightly with increasing sinter-
ing temperature.

3.5. Physical and dielectric properties of the sintered
BaZr(BO3)2 ceramics

The bulk density of the BaZr(BO3)2 ceramics as a
function of sintering temperatures is shown inFig. 10.
Fig. 12. Tc curve of the BaZr(BO3)2 cer
amics with sintering temperature.
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It shows that the density of the sintered ceramics in-
creases approximately linearly with the sintering temper-
ature ranging from 1080◦C to 1250◦C. The bulk density
of the BaZr(BO3)2 ceramic sintered at 1250◦C for 2 h is
4.12 g/cm3.

The dielectric constant and dielectric loss of the
BaZr(BO3)2 ceramics were measured at 1 MHz, and the re-
sults are shown inFig. 11. Theεr of the BaZr(BO3)2 ceramic
ranges from 12.3 (1080◦C) to 11.85 (1250◦C) at 1 MHz. In
contrast to results of density versus sintering temperature, the
dielectric constant of the ceramic does not increase with sin-
tering temperature. The reason could be because the dielec-
tric constant of the BaZr(BO3)2 ceramic saturates at about
11–13. However, the dielectric constant should increase with
increasing sintering temperature which is associated with the
density increase. On the other hand, the dielectric loss is
also decreased with increasing sintering temperature, which
would be accompanied by the decrease in dielectric constant.
By combining the two effects of density and dielectric loss,
the dielectric constant would be nearly independent of the
sintering temperature.

If ∼20 vol.% BaZr(BO3)2 dendrite phase is occupied and
is rather than dispersed in host ceramic for sample with
3 wt.% ZnBO addition (Fig. 3(c)), the dielectric constant of
Ba2Ti9O20-based ceramic is calculated using J. C. Maxwell’s
Eq. (1),19
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This result suggests that the BaZr(BO3)2 phase formed
in Ba2Ti9O20-based ceramics may have detrimental ef-
fects on the high-frequency characteristics of the microwave
ceramics.

Fig. 12 shows theTc (Tε) curves of the BaZr(BO3)2
ceramic at different sintering temperatures ranging from
−30◦C to + 80◦C. At lower sintering temperatures such as
1080◦C, the ceramic exhibits poorTc characteristics, in
which the�C/C value changes from∼−0.5% to∼+0.2%.
On the other hand, the ceramic sintered at 1250◦C shows
very stableTc behavior (∼−0.05% to∼+0.1%). The tem-
perature coefficient of dielectric constant (Tε) is commonly
cited in the literature for capacitor dielectrics. As is well-
known, a small temperature coefficient of the resonant fre-
quency (Tf ) ensures the stability of the microwave compo-
nents at different working temperatures.Tf can be correlated
to Tε by

Tf = −1

2
T� − α

whereα is the linear thermal expansion coefficient of the
dielectric.α is typically in the range of 3–15 ppm/◦C for most
ceramics.Tε is clearly the dominant part inTf . It is easily
understood that the adjustment ofTf toward 0 ppm/◦C can be
achieved by modifying the base composition using materials
o ase
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m = ε2

{
1 + 3Vf (ε1 − ε2)

ε1 + 2ε2 − Vf (ε1 − ε2)

}
(1)

hereVf is the volume fraction occupied by the dispe
hases,ε1 and ε2 are the permittivity of BaZr(BO3)2 and
a2Ti9O20 ceramic, respectively;εm is permittivity of mix-

ures (Ba2Ti9O20-based ceramics). The dielectric constan
he Ba2Ti9O20-based ceramics are estimated from the va
f pure BaZr(BO3)2 ceramics (12.0) and Ba2Ti9O20 ceram-

cs (39.8). The estimated dielectric constants for Ba2Ti9O20-
ased ceramic with 3 wt.% ZnBO addition is 32.9. The
erimentally obtained results give values smaller than
stimated values.

Fig. 11also shows the dielectric loss of the BaZr(BO3)2
eramic as a function of sintering temperature It can
een that the dielectric loss decreases linearly with sint
emperature. Because high-density ceramics can be ob
t higher sintering temperatures (Fig. 10), this means tha

he pores became less in the high-density ceramics. I
onsidered that the high dielectric loss was mainly ca
y insufficient densification of the BaZr(BO3)2 ceramic.6

onetheless, the dielectric loss of the BaZr(BO3)2 ceramic
f about 0.08 is still very high, compared with those
a2Ti9O20 or MgTiO3 materials (tanδ < 0.002).6,20 In ad-
ition, the dielectric loss of the BaZr(BO3)2 ceramic wa
lso measured at the high-frequency range by the

fied Hakki–Coleman dielectric resonator method.14 For
amples sintered at 1250◦C, the dielectric loss of th
aZr(BO3)2 ceramic is about 0.014 (Q= 71) at 11 GHz
f oppositeTε or restraining the unexpected second ph
ormed in the host materials.21

. Conclusions

The phase evolution, physical and dielectric prope
f the Ba2Ti9O20-based ceramics by the addition of ZnB
lass phase have been investigated. It is obtained th
ddition of the ZnBO glass phase in the ceramics ca

ectively lower the sintering temperature, and increase
ulk density and dielectric constant of the sintered ceram
he Ba2Ti9O20-based ceramic with 1 wt.% ZnBO additi
nd sintered at 940◦C in air for 2 h exhibits optimum m
rowave properties ofεr = 27.3,τf = 2.5 ppm/◦C, andQ ×
= 8300. Moreover, the microstructures and dielectric p
rties of BaZr(BO3)2-based ceramics were investigated.
esults of X-ray diffraction (XRD) indicate that it consists
ainly the BaZr(BO3)2 crystalline phase with BaZrO3 and
rO2 as minor phases. The following dielectric propertie
aZr(BO3)2-based ceramics were obtained: (1)K values are
aintained at∼12 for sintering temperatures of 1080◦C to
250◦C; (2) dielectric loss is significantly reduced with
reasing sintering temperature from 0.85 at 1080◦C to 0.08
t 1250◦C; and, (3) insulation resistance increases mark
ith increasing sintering temperature. As is well-known,
factor depends on dielectric loss (Q is given by 1/tanδ); it

herefore showed poor performance at high frequency w
aZr(BO3)2 phase was much formed in the microwave

amics.
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