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Preparation of BaO-PbO-NdO,-TiO, Powders by Hydrothermal Synthesis
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Abstract—Homogeneous and nano-sized BPNT [(B4&)Nd,Ti:O,,] powders were prepared under various hydro-
thermal conditions. Crystallinity and homogeneity of the synthetic powders were investigated. The microwave dielectric
properties of the filters prepared with hydrothermal powders were compared with those of the filters prepared with
conventional powders. The microwave dielectric properties of the filter prepared with the hydrothermal powders were
also better than those of the filter manufactured with the conventional powders. The dielectric constant, quality constant
and temperature coefficient of resonance frequency of hydrothermally prepared filter under optimum condition and
measured at 3.5 GHz around were about 93, 6067 and 6Chmedpectively.
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INTRODUCTION EXPERIMENTAL

Microwave dielectric materials used in high frequency rangesl. Powder Preparation
must have a high dielectric constan} (ith a good quality con- Fig. 1 shows the flow diagram of the experiments for the pre-
stant (Q factor) and a low temperature coefficient of resonance freparation of BPNT powders by both the conventional and hydro-
guency t) [Wu and Chen, 1999]. In order to improve these pro-
perties, many researchers have investigated BaQBH#D-ReO:- <Conventional Method >
TiO, (Re: Nd, Sm, La), (Mg, Ca)Tik(Zr, Sn)TIQ, (Ca, Sr, Ba)ZrQ
and the complex perovskite compounds of 88,0, (A=Ba,

<Hydrothermal Synthesis>

| BaTiO3, TiO,, PbO, Nd,0; -Powders

| Pb(NO;); in water solution ‘

Sr, B=Mg, Zn, Mn, Ni, Ca, Co, B'=Nb, Ta) structure [Ploude et Mixing | (at25°C) Mixing | (at25°C)
al., 1975; Kolar et al., 1980; Wu and Chen, 1999]. Among these Ball milling l Ba(OH)-8H;0 in water solution ‘
dielectric materials, BaNi-O,, showed high dielectric constants 24 Hrs, Mixed Powder : D.W. = 1:1 —
. . . . . Mixing (at 25°C)
with satisfactory Q values, but its temperature coefficients were stil

NdCl;-6H;O in water solution
Drying + Ti(OC4Hy)4 in EtOH solution

large. Wakino, et al. investigated a BaO-PbQndiO, (BPNT)
system that was modified from BajNidO,, by substituting Pb for

. . . . . 100°C, 24 Hrs in dry oven . N
Ba in order to improve its dielectric constant and Q value. Notably, — Mixing | (at25°C)
the temperature dependency was close to zero in this substitutic Pulverizing Mineralizer(KOH) in water solution
composition [Wakino et al., 1984]. Calcination Vixine | @250
Typically, BPNT powders are prepared by the solid-state reac: 1,100°C, 1.5 Hrs ; 5°C/min
tion method (referred to as conventional method in this paper). How To append | binder (PVA) Hydrothermal reaction
ever, this powder preparation brings about defects, such as non-ur Reaction temperature: 140 ~200°C
! p ) p p . . g ) - ' . Re-ball milling Reaction pressure: <20 atm
formity of particle size, inclusion of contamination and iNhOMOYe- | 2 Hrs, Mixed Powder : D.W. = 4:6 Reaction time: 6 ~ 48 hours

neous composition of powders during processing. The main advar
tage of hydrothermal method in powder preparation is directly to
synthesize homogeneous, highly fine and narrowly dispersed part Drying / Sieving Washing / Freeze drying
cles more easily with good uniformity in composition [Seo and 1007, 24 }frs in dry oven S0 10":'“""5 Hg
Kong, 2000; Cho and Lee, 2001]. '

In this study, microwave dielectric materials of BaO-PbGad N dli’;::::eand N
TiO, (BPNT) powders (referred to as BPNT in this paper) were pre- )

Pressure: 2 ton/cm’

pared under hydrothermal conditions, and the characteristics of th ,

Cooling (to 25°C)

products were compared with those produced by the convention: Sintering

method. 1280°C, 2.5 Hrs
Polishing

To whom correspondence should be addressed. Microwave characterization

E-mail: kwseo@ajou.ac.kr
This paper is dedicated to Professor Wha Young Lee on the occasiofig. 1. Comparison of experimental procedure between conven-
of his retirement from Seoul National University. tional method and hydrothermal synthesis.
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thermal methods.
1-1. Hydrothermal Method o (Ba, Pb) Nd,Ti,0,,
In preparing BPNT powder, barium hydroxide [Ba(@BH.O,
Shinyo, 97%], lead nitrate [PbN@uksan, 99%], neodymium (II)
chloride hexahydrate [NdE6HO, Aldrich, 99.9%], titanium but-
oxide [Ti(OCH),, Aldrich, 97%] were used as raw materials. The

feedstock solution was prepared to accommodate the molar rati M /j;
of Baand Pbas0.1M,Ndas04Mand Tias1.0Minordertoen & JRe ‘\ ‘

it o M _NrAL A KOHOM
sure the powder composition of (Bl )O-Nd.O,-5TiO,. The pre- E -/ Bne T N \&va\f«\m

pared feedstock solution was put into an autoclave with the addi it
tion of a mineralizer, KOH. Reaction temperatures ranged from 14( Ao ’ KOH 2M
°C to 200°C, and reaction times ranged from 6 to 48 hrs. The min- Y T T e
eralizer was added in amounts ranging from 1.0 M to 4.0 M. After
the reaction was finished, the product was filtered and then washe M
with deionized water, acetic acid and ethanol, and again with de . : . , . : ] ; ;
ionized water successively to remove impurities. Then the synthetic 59 30 40 50 60 70
product was dried in a freeze dryer [Seo and Oh, 2000]. 26 (degree)
1-2. Conventional Method
Microwave dielectric BPNT powders were also prepared by the
conventional method. Commercial-grade BaJioO,, Nd,O; and
PbO powders were used as the starting materials, and the formula
for a result of (BaPh,)O-Nd,O,-5TiO, (same molar ratio of Ba
and Pb) was followed. The formulated powders were ball-milled
for 24 hrs in distilled water with zirconia media and dried. After
that, they were calcined at 1,08Dfor 1.5 hrs with a 8C/min rate
in the air. After organic binder (PVA 5wt% solution) was added,
the calcined powders were re-milled for 2 hrs. The mixtures were
dried, pulverized and sieved. f
Both the conventionally and hydrothermally prepared powders 2
were cold-pressed into disk-shaped pellets (about 15 mm in diame
ter and 7 mm thick) under a pressure of 2.0 toh/morder to re-

move any organic components, the pellets were heated & 550
for 1 hr. The pellets were sintered at 1,Z8®or 2.5 hrs with 5C/ M
min rate in air.
2. Measurements
The crystallinity of the product powders was interpreted by an 140°C

X-ray diffractometer (XRD: MXP3, Mac Science Co.) using a mon- , T ' . . ' . :

ochromatic Cuk radiation, 40 kV, 30 mA. The morphology of the 20 30 40 50 60 70

product particles was observed by using a TEM (CMS, Philips, US) 26 (degree)

and the surface morphology of the disk-shape pellet samples was . )

observed by using an SEM (JEOL, JSM-840A). The dielectric con-'9- 3- XRD patterns of synthetic BPNT powder prepared at dif-
) ferent reaction temperatures for a 24 hours’ reaction with

stant €,) and quality constant (Q factor) of the prepared pellets were 30M KOH.

measured at 3-4 GHz by Hakki and Coleman’s method. The tem-

perature coefficient of resonant frequengywas found to be in

the temperature range fror20°C to 80°C by a resonant cavity  alizer concentration of 3.0 M was used throughout the experiments.

Fig. 2. XRD patterns of synthetic BPNT powder prepared with
various mineralizer concentrations for a 24 hours’ reaction
at 180°C.

e (Ba, Pb) Nd,Ti,O,,

S \ ) o
A I AL y 180°C
- ‘\/// \\\,_. et Y \‘\,\/W\\ jx/ S

i, S

Intensity

method. Fig. 3 shows XRD patterns of BPNT powder prepared in a 24-
hour reaction with 3.0 M mineralizer at different reaction tempera-
RESULTS AND DISCUSSION tures from 140C to 200°C. The crystallite peaks of BPNT powder
were not fully developed at 140, but when the reaction tempera-
1. Hydrothermal Preparation of BPNT ture was over 18, the peaks showed better crystallinity. There-

Fig. 2 shows XRD patterns of BPNT powder prepared in a 24-fore, we fixed the reaction temperature at “@throughout the
hour reaction at 18C by hydrothermal synthesis with different experiments.
concentrations of the mineralizer, KOH. Crystallite peaks of BPNT  Fig. 4 shows TEM micrographs of the synthetic BPNT powders
powder did not appear when the concentration of mineralizer waprepared at 18 with 3.0 M KOH for different reaction times.
at 1.0 M, but we start to observe them at and above 2.0 M KOHWith the reaction time of 12 hours, most of the particles seemed to
At 3.0 M KOH, despite the mineralizer concentration increasing, be amorphous [Fig. 4(A)]. However, when the reaction time was
the crystallinity apparently did not improve. Therefore, the miner- 24 hours, needle-shaped crystal particles were seen [Fig. 4(B)]. Fig.
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.

(B) 24 hours

Fig. 4. TEM micrographs of synthetic BPNT powder prepared for two different reaction times, 12 and 24 hours, at 18D with 3.0 M
KOH.
1.1
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Fig. 5. XRD patterns of synthetic BPNT powder (A) and the fraction of relative intensity based on (151) face for different reamtiper-
iods with 3.0 M KOH at 180°C.
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v Pb0.5Nd0.5Ti03.25

® Nd,Ti,0,,

(e)x=1.0

v
v

= (d)x=0.7
(72}
§ /\/.\/\MA/W\/\/\A/\/W\/WW\
£
. (c)x=0.5
* o ® ee/®, o . .
(b)x=0.3
(a)x=0.0
T T T T T T ¥
20 30 40 50 60
20 (degree)

Fig. 6. XRD patterns of (Ba.,Pb)Nd,Ti;O,, pellets with increas-
ing Pb addition. The pellets were prepared with hydro-
thermall powders sintered at 1,280C for 2.5 hours.

5 shows XRD patterns [Fig. 5(A)] of BPNT powders prepared with
different reaction times, again using the 3.0 M concentration of min-
eralizer, KOH, at 18€C. To quantify the degree of crystallization,
the fraction of relative intensity [Fig. 5(B)] was calculated by using
the intensity (151) peak as its basis. As shown in the figure, by in
creasing the reaction time, the crystallinity of the BPNT powder
was enhanced, up to a 24-hour reaction time at which it was mair
tained. However, the intensity of the crystallite peaks decreased dr:
matically at reaction times over 36 hours. Therefore, the experimen
tal conditions used throughout the experiments were a 24-hour rea
tion at 18C°C with 3 M KOH.

Fig. 6 shows XRD patterns of (B@h)Nd,Ti:O,, pellets with
increasing Pb additions. The pellets were prepared with hydrothet
mally synthesized powders and sintered at T@8or 2.5 hours.
The crystalline phase shown in the figure is the (Ba)Nd,Ti;O,,
with the values of x in the range of 0.0 to 1.0. The figure shows tha
(Ba, Pb)O-NgD,-5TiO, was formed by substituting Pb for Ba in
the range of 0.0 to 0.5. However, the new crystalline phase,of Nd
Ti,O,, or PR Nd, s TIO; .5 was weakly detected when the value of x
was above x=0.7. When the mole fraction of Pb was 1.0 (x=1.0)
the phase was completely transformed to new crystalline PNT, a
shown in Fig. 6 [Kim and Yun, 1996]. Fig. 7 shows SEM micro-

graphs of the above-mentioned pellets when the values of x are 0.. (C)x=1.0(PNT)

(A), 05 (B) and 1.0 (C). As shown in the figure, the grain becomesrig. 7. SEM micrographs of (Ba-,Pb,Nd,Ti:O., pellets with in-
larger and more clearly visible when the Pb mole fraction is 1.0 [Fig. creasing Pb addition. The pellets were prepared with hydro-
7(C)). This figure confirms the results mentioned in the comments thermal powders and sintered at 1,286C for 2.5 hours.
on Fig. 6.

Fig. 8 shows the microwave dielectric property of,(Bd)Nd,

Ti;O,, pellets prepared with hydrothermal powders and sintered atjuency ) of BPNT ceramics measured by the resonant cavity meth-
1,280°C for 2.5 hours. The dielectric constag} &nd quality con-  od in the temperature range fre120°C to 80°C was made to in-
stant (Q) were determined to be 3-4 GHz, using Hakki-Coleman'srease with increasing Pb additions, as shown in Fig. 9. The tem-
method. As the Pb mole ratio increased, the dielectric constant inperature coefficient of the resonant frequency was nearly @@pm/
creased, while the Q value was maximized at x=0.5 due to an inwhen the Ba/Pb mole ratio was 1.0. Table 1 shows the microwave
crease in the PNT phase that results in a high dielectric constautielectric properties of BPNT ceramics with increasing Pb amounts.
and low Q value. The temperature coefficient of the resonant freFrom the above results, shown in (Figs. 6-9), we find that the most
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-300 ; T T ' T ; Fig. 10. XRD patterns of BPNT pellets prepared with both conven-
0.0 02 0.4 08 08 10 tional and hydrothermal powders. The results were com-
Mole fraction of Pb pared before (A) and after (B) sintering at 1,280C for 2.5

) . .- hours.
Fig. 9. The behavior of temperature coefficient of resonant fre-

qguency () of BPNT ceramics with Pb content prepared
under optimum hydrothermal conditions that were sintered Table 1. Microwave dielectric properties of BaO-PbO-NdO,-

at 1,280°C for 2.5 hours. TiO, pellets with increasing Pb addition. The pellets are
prepared with hydrothermal powders
optimum composition of (BaPh)Nd,Ti;O,, is obtained when x Dielectric  Quality Temperature coefficient
is 0.5. Ba/Pb mole ratio constant constant of resonance frequency
2. Comparisons of Product Powders with the Conventionally . Q-f T; (ppm?C)
Prepared Ones BaNdTi.O., 75 1,852 -218

Fig. 1Q(A) shows XRD patterns of BPNT pellets prepared with Ba, Ph NA,Ti.O,, 89 4721 —40

conventional and hydrothermal powders. Hydrothermal powderB )
S asPhysNd,TiO,, 93 6,067 0

was prepared at 180 for 24-hour of reaction time and 3.0 M KOH, Ba,.Ph NA,TI.O 97 5284 57
without calcination. Conventional powders were calcined at 1,050Pb,'\3’l QTi7 o 2eme 105 1’ 404 479
°C for 1.5 hours. As shown in the figure, the XRD patterns of BPNT o ’
powder prepared by the conventional method were conspicuous.
However, the crystallinity of the hydrothermally prepared BPNT a clear distinction of the crystallinity between before and after sinter-
powders was weak and less conspicuous than that of the conveimg for the hydrothermally prepared powders.
tionally prepared powders. The results in Fig. 10(A) may indicate Table 2 shows the measured microwave dielectric properties of
that hydrothermally prepared BPNT powders were not fully crys-the pellets prepared with conventional and hydrothermal powders.
tallized and included some amorphous phases. These two types ©he microwave dielectric properties of the pellets prepared with
powders were pressed to form pellets and sintered at’C,280 the hydrothermal powders were quite better than those of the pellets
2.5 hours. Fig. 10(B) shows XRD patterns of the BPNT pellets aftermade with the conventional powders. We were able to guess the
sintering. As shown in the figure, there was no significant differ- hydrothermally prepared powders had better uniformity of particle
ence in the crystallinity of the two types of pellets, after sintering. size and shape, with less contamination and better homogeneity in
The crystallinity of the pellets was clearly improved after sintering, composition. From this result, we can say that hydrothermal pow-

July, 2002



Preparation of BaO-PbO-Mg.-TiO, Powders by Hydrothermal Synthesis 693

Table 2. Comparison of microwave dielectric properties of the REFERENCES
pellets
Powder Dielectric  Quality ~Temperature coefficient ~Dawson, W. J., “Hydrothermal Synthesis of Advanced Ceramic Pow-
synthesis constant  constant of resonance frequency ders;Ceramic Bulletin67(10), 1673 (1988).
method £ Q-f T, (ppm/C) Hakki, B. W. and Coleman, P. D., “A Dielectric Resonator Method of
Hydrothermal 91-93  5,834-6,067 0+1 Mgasunng Inductive Capacities in the Milimeter Rar&& Trans.
synthesis Microwave Theory Tec8, 402 (1960).
. Kim, B. H. and Yun, Y. H., “Microwave Dielectric Properties of (Ba
C t | 89-92  4,714-4,983 7+2 ! . i '
ot A Pb)O-NdO,-5TiO, CeramicsKor. Ceram. Sog33(12), 1311

(1996).

Kolar, D., Gaberscek, S., Stadler, Z. and Suvorov, D., “High Stability,
ders are shown to ensure better microwave dielectric properties than Low Loss Dielectrics in the System BaO;NgTiO,-Bi,O;, Fer-
conventionally mixed powders, which is essential in improving the  roelectrics27, 269 (1980).

dielectric properties while maintaining a good Q factor in the pro-Ploude, J. K., Linn, D. F., O’'Bryan, H. M. and Thomson, J.,TB&,,

cessed pellets as a Microwave Dielectric Resonatdr;/Am. Ceram. So&8, 418
(1975).
CONCLUSION Seo, K. W,, Cho, S. H. and Lee, S. H., “Preparation of Ferroelectric
Pb(Zgs,Ti,490; Thin Films by Sol-Gel Processingforean J.
The hydrothermally prepared B8k )Nd,TisO,, composite Chem. Eng 18, 75 (2001).
powders have been analyzed and compared with conventionallgeo, K. W. and Kong, H. G., “Low-Temperature Preparation of Hydro-
prepared powders. The results are summarized as follows: thermal Lead Zirconate Titanate Thin Filnk&§rean J. Chem. Eng

17, 455 (2000).

1. The optimum condition for hydrothermal synthesis of BPNT Seo, K. W. and Oh, J. K., “BaTi®articles Formation Mechanism
powders has been found to be a 24-hour reaction 4C1&@h under Hydrothermal Conditions; Ceram. Soc. Jaril0§8), 691
3.0 M KOH. (2000).

2. Among the hydrothermally prepared {B2)Nd,TisO,, com- WU, Y. J. and Chen, X. M., “Modified BaNd;,»Ti;:0s, Microwave
positions, (BaPhNd,TisO,, powders (with a Ba/Pb mole ratio Dielectric Ceramicsy). Eur. Ceram. Socl9, 1123 (1999).
of 1.0) showed superior microwave dielectric properties. The measwakino, K., Minai, K. and Tamura, H. J., “Microwave Characteristics
ured microwave dielectric properties of the pellets prepared with  of (Zr, Sn)TiQ and BaO-PbO-N@,-TiO, Dielectric Resonators;
those powders are=91-93, Q=1,667-1,744 at 3.5GHz around = Am. Ceram. Sob57(4), 278 (1984).
andt,=0x1 ppm{C, which are moderately better than those of the Yamada, A., Utsumi, Y. and Watarai, H., “The Effect of Mn ifdd

conventionally mixed powders. on Dielectric Properties and Microstructure of BaQ@€liO,
Ceramics;Jpn. J. Appl. Phys30(9B), 2350 (1991).
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