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The influence of PhO additive on dielectric properties and sintering bebavior of (PhyCagw) {(FeuaNbiekeSn, 40
ceramics has been investigated. The incorporation of a limited excess PhO (<20 wt. %} in the starting materials is
quite beneficial for densification in the temperature range of 1150~ 1175°C in air. At a small doping level (0.8 wt. %)
the ceramics prepared from powders calcined at 900°C showed the hest dielectric properties. The dielectric constants
(e) and Q - f were found to be 85.5~86.5 and 85308600 GHz, respectively. The temperature coefficient. of resonant,
[requency (1) varied in the range of -2~4 ppm/C. Examination of the microstructure as well as analysis of the
second phases in these materials revealed the presence of the pyrochlore-type phase which is detrimental to the

dielectrics.
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I. Introduction

ecently it has been found that (Pb,,CaX(FeNby),

Bn,t0; eeramics, where 0.5<x<0.55, y=0.05, 0.1,
ghow good microwave characteristics, having relatively
high dieleciric constants (g,=86~90), low dielectric loss
(@ - [=8000 GHz) and & temperature stable resonant
frequency (5,< | 10|ppm/°C}." These ceramies can he
produced at low sintering temperature of 1150°C for 3 h
in air. The v nearly 0 ppm/C was realized at x=0.55.
This materials can bhe used as a resonator component in
microwave devices.* During caleination and sintering
steps of PhO-containing ceramics, care must be taken to
avoid the PbQ loss that is detrimental to electrical
properties.” However, it makes the technological process
more complex and expensive.

It is also difficult to fully density Sn0.-doped materials
without additives if the powder is prepared by a solid
state reaction.” It has been shown for other microwave
dielectrics that the dielectric constant is affected by
density. A higher relalive sintered density resulis in a
higher dielectric constant. The temperature coefficient of
resonant frequency (17} is dependent on composition and
the presence of other phases, The quality factor (Q) is
mostly affected by additives.”

The purpose of present work was to investigate the
influence of ‘excess PbO in the starting (PbysCau){(Fegw
NbizloS0,,10; composilion on dielectric properties of
ceramics sintered at different temperatures in order to
optimize the sintering process.
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II. Experimental Procedure

The powders were prepared by a conventional solid-
state reaction technique as deseribed previously.” Reagent-
grade PbO (High Purity Chemical Lid., 99.9%) CaCQ,, Nb
s, Sn0, (all Aldrich, 99.9%) and Fe,J; (Shinyo Pure Chem-
ical Co. Ltd., 99.9%) were used as starting raw materials.
Experimental results showed that the powder of the
compazition (Ph;Cang) {(FeyxNbyglyeSn, H0; lost 0.8 and
1.1 wt. % of PbO during caleination at 900 and 1000°C
for 4 h, respectively. Two kinds of ceramics with the
above composition doped with 0.8 and 2.0 wt. % of PhO
were prepared. The appropriate materials were mixed
and ground in distilled water for 24 h in a ball mill with
zirconia balls. The mixtures were dried and calcined at
900 and 1000°C for 4 h, then milled again for 12 h. Disks
10 mm in diameter and 5~6 mm thick were pressed hy
isostatic pressing at 200 Mpa. The green pellets were
sintered at differeni temperaiures {1150~1185°C for 3 h)
in air. The bulk densilies of samples were measured
using the Archimedes method. The PhO deliciency of
every pellet was determined from the cumulated weight
losses during calcination and sintering sleps. Sintered
pellets were examined by X-ray diffraction (Philips PW
1820) analysis with CuKuo radiation. The relative amounts
of perovskite and pyrochlore phases were calculated
from the ratio of 1,.{110)/1,{222)+1,..(110}, where I.(110)
and 1.(222) were the diffraction peak intensities of the
perovskite phase (110) and pyrochlore phase (223),
respectively. The polished surfaces of ceramics were also



250 The Korean Journal of Ceramics - Seck-Jin Yoon ef al.

investigated with a scanning electron microscope (JXA-
8600, Jeol), equipped with electron probe microanalyzer
(EPMA).

Dielectric properties at microwave frequencies (5.5~6.0
GHz) were measured by the dielectric rod resonator
method using a network analyzer (HP87200)." The
temperature coefficient of resonant frequency 1, at
microwave frequencies was measured in the temperature
range of -20 to 80°C.

III. Results and Discussion

The properties of ceramics investigated in this work
are summarized in Table 1. The prepared ceramic samples
show a change in color from brown to dark brown with
an increase in PbO additive conteni and sintering
temperature. The PbO additive improves the compaction.
The green density increases with increase in PhQ excess
as shown in Fig. 1. The cumulated PhO weight loss at dif-
ferenl sintering temperature is presented in Fig. 2. The
weight loss steadily increased with increasing tem-
perature from 1150°C to 1185°C. Surprisingly, the PbO
loss for sinterd samples doped with 2.0 wt. % of PbO and
calcined at 1000°C was found to be lower than that for
900°C. On the other hand, the weight loss of samples
containing 2.0 wt. % of PbO and calcined at 1000°C were
about 1.8~2.0 % higher than that of undoped samples
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Fig. 1. Green density as a function of PhO doping amount
for the calcination temperatures.

caleined at 900°C and sintered in the range of 1150~
1185°C. The relative sintered density of ceramics steadily
increased with increasing sintering temperature. In
general, it was easier to densify samples caleined at
900°C than those at 1000°C. The behavior of £ with the
density variation was evaluated at different sintering

Table 1. Dieleciric Properties and Sintering Conditions for Undaped and PhO-doped (Phg.sCas ss{{FersNbs) oS0, 10y Ceramics

No P, wt.% T, °C d,. glem’® T,, 'C D, giem® g, Q- f GHz
1 0 900 4.05 1150 6.09 B2.8 8490
2 1165 6.21 54.7 8470
3 1175 527 85.6 8370
4 1185 5.28 86.0 7540
5 0.8 800 4.07 1150 6.22 85.5 8530
6 1165 6.28 86.3 8600
7 1175 .28 86.5 8530
8 1185 6.31 6.6 8185
9 2.0 900 412 1150 6.28 856.4 8620

10 1165 6.28 85.7 8550
11 1175 6.29 86.0 8505
12 1185 6.20 85.8 8350

13 0 1000 4,02 1150 5.81 77.0 8350

14 1165 6.10 82.8 B66O
15 1175 6.22 84.5 8420
16 1185 6.26 85.4 8170
17 0.8 1000 4.08 1150 5.88 71.9 8450
15 1165 6.14 §3.4 8640
19 1174 6 20 84.6 8520

20 1185 6.22 85.4 8270

21 2.0 1000 4.29 1150 5.94 79.1 8620

22 1165 6.16 34.1 . B700

23 1175 6.21 85.1 8580

24 1185 6.25 85.1 BEOO

P': PhO excess, T, : calcination temperature, d.: green density, T, : sintering temperaiure.
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Fig. 2. PbO deficiency as a function of sintering temperature
for the ceramics calcined at 900 and 1000°C.
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Fig. 3. Dielectric constant of (PbgCag s (FepnNbyelnaSn, JO;
ceramies as a function of bulk density at the different dop-
ing amount.
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temperatures.

The undoped and doped with 0.8 wt. % PbO ceramics
showed nearly linear behavior independent of calcination
temperature (Fig. 3). At the same time, the deviation
from linearity was found for ceramics doped with 2.0 wt.
% of PbO.

Fig. 4 shows £ and Q- f as a function of sintering
temperature for samples calcinad at 900°C for 4 h. It is
seen that e for all samples increases with sintering
temperature despite of the increased PbO loss. This
means that the PbO evaporation mostly takes place from
surface area. PbO additive remarkably improves the
dielectric constants of ceramics prepared at 1150°C.
Highest &, value was obtained in the case of 0.8 wt. % of
Pho excess. This composition is close to the stoichiometric
one after calcination at 900°C. Further increase in Pb0
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Fig. 4. Dielectric properties of (Phby.CagH(Fe:Nbygl o3n,4)
O, ceramics prepared from the powders calcined at 900°C,

g5 . r : . — . . 900
i |
4 g§ - 8800
g |
90 4 o
\A - adap
—o—QfD% \:
Qo8 {8200 o
BE-{ —a&—0f20% _.A741 ] —
- = 1]
v

W //‘
- 8000
] : / —u—e 0%
—e—08% ]
—h—r 20% 7800
a0+

a ]
1 . {7600
| ]
75 ——— ; . r - T , 7400
1150 1160 1170 1180 1150

Sintering temperature (°C)
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cantent produces lower dielectric constants in the whole
temperature range. Significant differences are not
observed in the products @ - { in the range of 1150~
1175°C. The values vary from 8370 to 8600 GHz. The
highest @ - f value was obtained for 0.8 wi. % of PhOQ
daoped sample was found to be above 1175°C.

Fig. 5 shows g, and @ - { as a function of sintering
temperature for samples calcinad at 1000°C. It is worth
noting that the dielectric constants show a similar
saturated behavior with the increase in sintering
temperature but their values are lower as compared
with samples calcined at 900°C. The hest result was
shown by highly doped samples. The variation of @ -
values with sintering temperature were also found to be
low. The product Q - f slightly increases in the range of
1150--1166°C forming maximum then slowly decreases.
The temperature coefficient of resonant frequency for all
ceramics varied in the range of -2~ 4 ppm/C.

To understand the difference in the loss quality of
ceramics sintered at 1185°C the SEM investigation was
undertaken as shown in Fig. 6. The EPMA analysis of
polished section of ceramics prepared revealed a presence
of a pyrochlore phase and other unknown phase enriched
in Ca and Fe in the perovskite matrix. It appears that
for the same sintering temperature, the stahility of the
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perovskite phage is better at Pb{) contents. On the other
hand, the amount of unknown second phase having the
chemical composition of L OF: PRPURNIY ) + RO 1SN | O
Snysr 000755 increase with increasing in PbO excess espe
cially at 1185°C. This composition of the pyrochlore
phase was found to be (Ph, 2i£001C A0 7020 1) By as_o wF @ 1i—o
St e)Ors. The results of EPMA analysis of the
perovskite phase in ceramics obtained at 1185°C are
given in Tahle 2. The comparison of the result shows
that the Ph/Nb and Sn/Nb ratios increase with increase
in PbO excess. The perovskite phase composition for
ceramics doped with 2.0 wt, % of PbO is very close to
stochiometric (Pho.;Ca,i){(FeyNbiw Sty N0, At the
same time for ceramics prepared from the powder
calcinated at 1000°C a smali inerease in Ph/Ca ratic was
detected with increase in PbO doping amount.

For comparison, the X-ray diffraction patterns for
ceramics sintered at 1185°C are shown in Fig. 7. The
results also show that the amount of pyrochlore phase
increases with caleination temperature and decrease
with PbO excess in the starting composition. For example,
the pyrochlore content for undoped composition was
found to be 3.5 and 5% at 900 and 1000°C, respectively.
No pyrochlore phase was detected by X-ray dilfraction in
the sample doped with 2.0 wt. % of PhO. This sugpests

Fig. 6. EPMA photographs of PbO-doped (Phy.Cag ssH{(Fe1:Nbio)eSn, H0; ceramics (A :unknown phase, B : pyrochlore phase, C:

perovskite phase). a) 0%, b) 0.8%, ¢) 2.0 %
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Table 2. EPMA Analysis of the Perovskite Phase for Ceramics Sintered at 1185°C

()
[#5]

Mo Calcinati[mn PhQ excess, Element content, mal.%

temperature, "C wt. % Ph Ca Fe Nb Sn
1 300 0 221 27.2 22.1 240 4.6
2 0.8 22.9 26.6 21.5 239 5.3
3 2.0 23.3 271 21.3 23.1 5.2
4 1000 0 21.6 279 221 245 4.1
5 0.8 23.3 26.9 20.8 24.0 5.0
6 2.0 24,0 26.1 21.4 23.0 h.5
7 22.5 27.5 225 22.5 50

*Caleulated for (PbysCay 55){(F61/2Nb1.,'2)n o515 1 03.

b
- #:Pyrochlore Phase
o g
¥ o
2 N G20
2 g g3
_9 f?; 1 oS
[= b
—é o — A 41{_ f
g A.JLJ A J A . Jll e
£ N
< ..._.__..._.-.._J._JL.A..__,._K_-‘ __.,,.,-_JL\L_*J__ d
] L.
o I — 4}k_ b
|
.____.i..JL* | ! Jj Jlk_ a
i 1 1 1 1 1 1 L 1
7

20 20 40 50 80
20

Fig. 7. X-ray patierns of the polished sections of PbQ-doped
(Pbo sCan s H(FesNbisge 5101005 ceramics calcined at 900°C
[a) 0%, h) 0.8%, ¢) 2.0%] and 1000"C [d) 0%, e) 0.8%, [) 2.0%]
and sinlered at 1185°C.

that Pb0O volatilization promotes the formation of
pyrochlore phase. In fact, it seems reasonable to propose
that the appearance of the pyrochlore phage can increase
the dieleciric losses in our case. This observation is in
agreement with those reported by Kato et al. for other
(Pb,Ca)(Me,Nh)Q; materials.”

IV. Conclusions

The effect of PbO additive on sintering hehavior and
dielectric properties of (Phy.sCagpH(Feu:Nbin)uSn, 1 1)0s
was investigated. Doping with PhO (<2.0 wt. %) improves
the compaction and the green density increase with PbO
concentralion especially in the case of powders calcined
for 4 h at 900°C. The additive is good for densification
purpese in air. The optimum sintering temperature was
found to be 1165°C independent of powder calcination
temperature. At small doping level (0.8 wt. %) the ceramics

prepared from powders calcined at 900°C showed the
best dielectric properties in the sintering range of 1150~
1175°C. The dielectric constanis and products Q - f were
found to be 85.5~86.5 and 85330~ 8600 GHz respectively.
The dielectric constants of undoped and doped with 0.8
wt. % of PbO ceramics shows a linear relation with
density independent of preparation condition. PbO
excess (<2.0 wt. %) does not affect the Q- f value
significantly in the range of 1130~1175°C. PbO loses
bhecomes detrimenial to dielectric properties above
1175°C due to increase in pyrochlore phase content.
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