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Abstract

Pb(May,3Nb,,3)O3 and Pb(ln,2Nb,2)Os ceramics were synthesized by b-site precursor method which is widely used for making Pb-related
complex perovskite materials. The intermediate phases formed during the heating process were analyzed, and the mechanism of the perovskite
formation was discussed. The cubic pyrochlore phasgNBi®;3) was formed at approximately 60C but had almost disappeared at
temperature over 65 in the case of 3PbO-MgNB®s mixture. In contrast, it was formed around 6@ without the formation of the
perovskite phase and remained even at temperature as high & 80the case of the 2PbO-InNh@nixture. These differences were
attributed to the shorter bond length and the small electronegativity difference in the In-O bond in liffdb@hose of the Mg—O bond in
MgNb,Og, which means that InNbghas a relatively lower structural stability.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction phase was successfully synthesized suppressing the cu-
bic pyrochlore phas¢7—9]. This method has two advan-
Pb(Ma/3Nb2/3)O3, one of the most popular Pb-related tages: one is that MgO and NBs are well-dispersed in
relaxor ferroelectric materials, first reported by Smolensky MgNb,Os, and the other is that the low decomposition
in 1960, has been widely investigated due to its high dielec- rate of MgNBOg prevents the formation of the cubic py-
tric constant and low sintering temperatyie2]. Because  rochlore phasd10]. The b-site precursor method is also
the conventional mixed-oxide method has not succeeded insuccessful in synthesizing other various complex per-
removing all the cubic pyrochlore (RNb;013), which de- ovskites such as Pb(MgTap/3)Os, Pb(Ni/3Nby/3)0s,
grades the dielectric properties, the reaction mechanism anq3b(8q/2Ta1/2)03, etc. However, it was partially suc-
the kinetics of the perovskite formation have attracted special cessful in synthesizing Pb@mNb;,/2)03 and unsuccess-
interest from researchers, and many types of synthetic meth-fy| in the Pb(Zn,3Nby/3)0s, Pb(Cd/2Nby/2)0s, and
ods (repeated calcination, addition of excess PbO and/orpb(zm/3TaQ/3)o3 systems.
MgO, control of the increasing temperature rate, sol-gel pro-  |n order to obtain the pure perovskite phase of
cess, etc.) has been repor{8d6]. However, these methods Pb(In,2Nby,2)O3, Park et al. suggested the two-step cal-
have some disadvantages such as a difficulty in obtaining acination method with the addition of 2 wt.% excessQ@s,
stoichiometric composition, the high cost of raw materials, and Alberta et al. reported that calcination under oxygen
etc. atmosphere with the addition of €03 and excess W03
After it was reported that the formation of the cu- enhanced the formation of the perovskite phfkk 12]
bic pyrochlore phase in Pb(MRNby/3)Os is due to the  According to Cho et al[13], Ba is the most effective sub-
low reactivity of MgO, Swartz and Shrout suggested the stituent for Pb in perovskite formation. However, the reason
b-site precursor (MgNiDs) method where the perovskite why the pure Pb(lfy2Nby/2)Os cannot be obtained by the
b-site precursor method is unclear.

* Corresponding author. Tekt82-2-880-7158; fax:+82-2-884-1413. This study was highlighted on the reason why pure
E-mail address: hwan94@snu.ac.kr (H. Kim). Pb(Im/2Nby/2)03 was difficult to be obtained by b-site

0272-8842/$30.00 © 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
doi:10.1016/j.ceramint.2003.10.024



1036 K.-H. Lee et al./Ceramics International 30 (2004) 1035-1039

precursor method. The intermediate phases during the *
heating of 3PbO-MgNiDg and 2PbO-InNb@were com-

pared, and the differences in their reaction sequences were

explained in view of the crystal structure and bond strength P

of the b-site precursors.

L 4
2. Experimental procedure v
°
T=600°C
2.1. Yynthesis of Pb(Mg]_/3Nb2/3)03 and b
Pb(l nl/szl/z)Og T=650°C L
PbO (99.9%, Aldrich, USA), MgO (99.99%, High Pu- 25 ' 30 ' 35 ' 20

rity Chem. Co., Japan), N5 (99.9%, Aldrich) and 103 Cu Ka 26

(99.9%, High Purity Chem. Co.) were used to synthesize
Pb(lnl/szl/z)Og. The weight loss of IgO3 and MgO (0.4 Fig. 1. XRD patterns of the powders calcined at each temperature using
and 2.2 wt.%, respectively, at 900, which were measured ~ 3PPO-MgNROs mixture: (#) Pb(Mgy/sNb2/3)Os, (@) PLsNb4Oss, and

T . ’ . ’ . (V) Mngzoe.
by thermogravitational analysis) were taken into account
when they were weighed. In order to prepare the Mg
and InNbQ precursors, the MgO—NIDs and I O3—Nb,O5 shrank slowly over 700C. The maximum linear expansion
mixtures were ball-milled in ethyl alcohol for 24 h and heat rate was approximately 14%, i.e. approximately 50% of the
treated at 1000C for 24 h. Subsequently, the mixture of Vvolume expansion. The dotted curve of the differentiated
PbO and the b-site precursor was ball-milled again, and re-expansion/shrinkage curve showed that the temperature of

acted at various temperatures at a heating rate® Gfi&in. the most rapid expansion was about 6680 Compared to
the XRD results shown iifrig. 1, this temperature implies
2.2. Measurements that of the perovskite Pb(MgsNby,3)Os formation. Shrout

et al. [15] also observed the linear expansion behavior in
The expansion/shrinkage behavior of the disk-type pel- the formation of the other perovskite systems, e.g. PBTiO
lets of 3PbO-MgNpOs and 2PbO—-INNb@was measured  PbZrQ;, Pb(Ti, Zr)G;, which was attributed to PbO dif-
using dilatometry (DIL 402C; Netsch, Germany). The tem- fusion into the other oxide particles uniaxially with the
perature at which the perovskite phase began to appear wagriginal PbO sites vacant with the formed layer having a
measured using differential temperature analysis (DTA, DSC different molar volume to that of the starting powders.
910S; Du Pont, USA). In addition, the reaction sequences
were investigated with the heat-treated samples using X-ray3.2. Synthesis of Pb(Iny/2Nbs,2)O3
diffractometer (XRD; M18XHF-SRA; MacScience, Japan).
According toFig. 3, which shows the DTA result of the
. ) 2PbO-InNbQ mixture, the shape of the curve was similar
3. Results and discussion to that of the 3PbO-MgNIDg mixture[9]. The exothermal
3.1 Synthesis of Pb(Mgy/3Nbz,3)03 peak around 295C means the combustion of the remaining

Swartz et al[9] reported the formation of Pb(MgNb,,3) [
O3 using the b-site precursor (columbite) method as follows: 2

3PbO+ MgNb,0p — 3PMg; 3Nby/3)03 1)

12 -

According to this reaction, the almost pure perovskite phase
was obtained without the remaining cubic pyrochlore phase,
while only the 70% perovskite phase was obtained using the 5
conventional oxide mixing method. However, Sreedhar and
Mitra [14] showed that the intermediate cubic pyrochlore s Let derivative
phase appeared around 6@) and this study obtained the - Y |
same results, as shown Fg. 1 This means that a small |
portion of MgNk»Og was decomposed and reacted with PbO s s s

to form cubic pyrochlore. 200 R 600 G 1000

Fig. 2 shows the thermal linear expansion/shrinkage Temp (°C).

behavior of the disk-type pellet of the 3PbO-Mgilg Fig. 2. Linear expansion/shrinkage behavior of the 3PbO—M@hmix-
mixture that expanded rapidly at 600—7@ and then ture as a function of temperature (heating rateChnin).
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Fig. 3. DTA curve of 2PbO-InNb@mixture for the Pb(ln2Nby,2)O3

preparation (a) 270C, (b) 858°C, and (c) 868C.
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ethyl alcohol and organics, and the endothermic peak atrig. 4. XRD patterns of the powders calcined at each temperature using
approximately 870C indicates the fusion temperature of the 2PbO-InNb@ mixture: @) Pb(Ir2Nby,2)O3, (@) PlsNbsOy3, and
Pb(In2Nby/2)O3 has been reached. The broad exother- (¥) INNbOs, (O) PbO, (x) PbyO4 and @) In20s.

mal peak of the perovskite formation is found at about

680°C.

Fig. 5. Crystal structure of (a) MgNBs and (b) InNbQ.
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The XRD results of the heat-treated samples at the var-
ious temperatures are shownhig. 4. At 530°C, PbO and
INNbO,4 were still observed, but a small portion of the PbO
was oxidized to P§0,4. As the temperature was increased
to 635°C, PbO and InNb@were reacted to form the cubic
pyrochlore phase, and a small amount 0$Qg existed,
which ensures the decomposition of InNpOn addition,
the main phase at 63& was the cubic pyrochlore phase
with a small amount of perovskite, which is differently
from the case of 3PbO-MgNBs where the main phase
at 600°C was the perovskite phase. The perovskite phase
began to form at 750C where PbO and kD3 were still
present, and became the main phase at°80MHowever,

a considerable amount of cubic pyrochlore still remained
even at 800C. Based on these reaction sequences, the
Pb(Im2Nby/2)O3 appeared to form from the reaction be-
tween PbO, 1pO3 and cubic pyrochlore, and the remaining
of cubic pyrochlore was attributed to the small diffusivity of
In203.

The difficulty in obtaining pure Pb(lnoNby/2)O3 has
been explained simply by its small tolerance factor and elec-
tronegativity difference, which lowers the phase stability of
Pb(Im,/2Nby/2)O3. However, according td-ig. 4, the de-
composition of INNb@ enhanced the formation of the cu-
bic pyrochlore phase, of which the reason should be found
in the structural properties of the b-site precursor, InbibO
rather than those of Pb@pNby,2)Os. In addition, a com-
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Fig. 6. Linear expansion/shrinkage behavior of the 2PbO-InNin3ture
as a function of temperature (heating ratéCamin).

4. Conclusion

The reaction sequences of Pb(iNby/3)03 and
Pb(lm,>Nby,2)O3 formation were investigated. Pb(g
Nby,3)O3 was synthesized by a reaction between PbO and
MgNb,Os, while Pb(In2Nby,2)O3 was synthesized by a
reaction between PbO, 403 and cubic pyrochlore, which
had been formed by the decomposition of InNbThe easy
decomposition behavior of InNhOcan be explained by

parison with Pb(Mg3Nbs,3)Os suggests that the degree of  the structural differences between Mgl and InNbQ:
decomposition can be explained by the structural differencesthe longer bond length and the smaller electronegativity

between MgNbOg and InNbQ.

Fig. 5 shows the crystal structure of Mgh®s and
INNbO4 [16,17] For the formation of cubic pyrochloro
phase, the bonds of O1 and O2 that connect the d\do@l
MgOsg octahedra or the Nb§and InG; octahedra should
be broken. The average bonding length of Mg—-O in the
Mg—O-Nb bond, 2.12 A, is shorter than that of In-O in
the In-O-Nb bond, 2.16 A. Moreover, MghlBg has the
Nb—O-Nb bond, which is stronger than the Mg-O-Nb
bond, and is believed to prevent decomposition, while
INNbOg does not have the Nb—O-Nb bond. The elec-
tronegativity difference, which is a measure of the covalent
bonding and the force on the electron pair, of the Mg—O
bond is 2.3, which is greater than that of the In-O bond
is 1.9. This means that the In-O-Nb bond is relatively

easier to be broken and the cubic pyrochlore phase easily

forms.

Fig. 6 shows the linear expansion/shrinkage behavior in
the disk-type pellet of the 2PbO-InNROnixture. At the
temperature range of 600—700, the expansion rate was
approximately 15%, which is due to the uniaxial diffu-
sion of PbO. However, the results of the diffusion between
3PbO-MgNbOg and 2PbO-InNgOg were different result-
ing in the formation of the perovskite and cubic pyrochlore
phase, respectively. The 2PbO-InNp@ample rapidly
shrank at temperatures over 8@) which is attributed to
the perovskite formation of Pb(ipNby/2)Os.

difference in the In—O bond than those of the Nb—O bond.
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