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Abstract

Powders of the Pb(Mg;,3Nb,/3)03-Bi(Mgy/3Nby/3)03 (PMN-BMN) system with PbTiO3 (PT) substitution levels of 20 and 30 mol% were
prepared by a B-site precursor method. Phase development as well as dielectric properties were examined. Two major phases, i.e., MgNb,O¢ and
[(Mg/3Nby3)12Ti12]O, (with small fractions of MgyNb,Oy), developed in the B-site precursor compositions, whereas only monophasic
perovskite formed after the addition of PbO/Bi,O3. Maximum dielectric constant values of the two systems decreased rapidly with increasing
BMN concentration, but corresponding temperatures were lowest at intermediate compositions.
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1. Introduction

Lead magnesium niobate Pb(Mg;;3Nb,,3)O5 is a widely
investigated relaxor of a complex-perovskite structure. Char-
acteristic features of PMN include very high maximum
dielectric constants (as high as 20,000 at slightly below room
temperature) with diffuse phase transition [1-3]. Lead titanate
PbTiO; is also a perovskite compound, but with sharp phase
transition modes and very high Curie temperature of 490 °C.
The two compounds had been synthesized readily to a
perovskite structure by the columbite process [4,5] and one-
step solid-state reactions, respectively.

To the authors’ knowledge, however, perovskite bismuth
magnesium niobate Bi(Mg,,3Nb;,3)O3 has not been synthesized
so far, even though the electron configurations of Bi** and Pb**
are identical: [Xe]4f'*5d'°6s?. In addition, Bi(Mg,/3Nb,3)0; is
similar to Pb(Mg;,3Nb,,3)O5 in stoichiometry, except for the
alteration in the Mg:Nb ratio of 1:2 (in PMN) to 2:1 to
compensate for the charge difference between Pb** and Bi**.
The inability of perovskite formation in BMN may be attributed
to the somewhat small size of Bi [6] to fit in the 12-fold cubo-
octahedral sites of the perovskite structure. The failure may also
be attributed to the comparatively strong covalent coupling of
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Bi-O [7], which may arise from a smaller electronegativity
difference than the Pb-compound.

Preparation of PMN-BMN [8] as well as the system with
10 mol% PT substitution [9] has been attempted, where the
maximum dielectric constant values decreased sharply with
increasing BMN concentration. In the present study, therefore,
the substitution level of PT was further increased to 20 and
30 mol%. Changes in the dielectric properties were investi-
gated and the results are compared with the previous data. In
order to promote the perovskite formation in the present BMN-
containing compositions, ceramic powders were prepared by a
B-site precursor method [10,11], which is conceptually
identical to the columbite process.

2. Experimental

The two investigated systems of PMN-BMN, with 20 and
30 mol% PT substitution, are (0.8 — x)PMN-xBMN-0.2PT
and (0.7 — y)PMN-yBMN-0.3PT, i.e., (Pby_,Bi,)(Mg.8+xy3-
Nb, . . Tig2)O; and (Pby_yBiy)(Mg(.74yy3Nb1.4—y)3Ti03)03
(Systems I and II), respectively. The values of x and y (BMN
concentration) in the two systems ranged from 0.0 to 0.3 at
regular intervals of 0.1. Raw materials used were oxide
chemicals of 99.9% purity, except for PbO of >99.5%. In order
to maintain the stoichiometries as close to the nominal values as

possible, the moisture contents of the raw chemicals and of the
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prepared precursors were measured and introduced into the
batch calculations.

B-site precursor powders were separately prepared using
oxide chemicals in appropriate proportions (Egs. (1a) and (1b)).
Powder batches were wet-milled (using ZrO, media) under
alcohol for 24 h, dried overnight, and calcined at 1050-1200
and 1100-1200 °C in Systems I and II, respectively. PbO and
Bi,O5; were then added to the synthesized powders also in
stoichiometric ratios (Egs. (2a) and (2b)) and the total batches
were wet-milled, dried, and reacted at 800-850 °C for both
systems. Phases formed after the calcination procedures were
examined by X-ray diffraction (XRD, Cu Ka). After the
addition of a polyvinyl alcohol binder (2 wt.% aqueous
solution), the powders were uniaxially-formed into pellets,
followed by further isostatic compaction. The preforms were
fired for 2 h at 1000-1200 °C (System I) and 1000-1150 °C
(System II), with intermediate binder burnout stage at 600 °C
for 1 h. In order to suppress the evaporation of PbO and/or
Bi,03 at high temperatures, the firing procedures were carried
out using a multiple-enclosure crucible setup [12], where the
pellets were embedded in identical composition powders.
Sintered pellets were ground/polished to attain parallel sides
and gold-sputtered for electrical contacts. Dielectric constant
and loss values were determined on cooling using an impedance
analyzer under the conditions of ~1V,,¢/mm and 1-1000 kHz:

(0.8 —x) (Mg1/3Nb2/3)02 +X(Mg2/3Nb1/3)01,5 + 0.2Ti0,
— (Mg(0.8+x)/3Nb(1.6-x)/3Ti0.2)O02—x/2 (1a)

(07 — y) (Mg1/3Nb2/3)02 —|—y(Mg2/3Nb]/3)01.5 + 0.3TiO,
— (Mg(0.74)/3Nb(1.4-y)/3Ti03) 02y /2 (1b)

(1 —x)PbO + (x/2)B1203
+ (Mg(0.84x)/3Nb(1.6-x)/3Ti0.2)O2—x/2
— (Pby_Biy)(Mg(0.8+x)/3Nb(1.6-x)/3Ti0.2)O3 (2a)

(1 —=y)PbO + (y/2)Bi;03
+ (Mg(0.74y)/3Nb(1.4-)/3Ti0.3) 02y 2
— (Pby—yBiy)(Mg(0.7+4y)/3Nb(1.4y)/3Ti03) O3 (2b)

3. Results and discussion

Room-temperature XRD results in the two B-site precursor
composition sets are compared in Figs. 1(a) and (b), where two
major phases of Mng206 and [(Mg|/3Nb2/3)]/2Ti1/2]02
(columbite and rutile structures of ICDD Nos. 33-875 and
40-366, respectively) were identified. MgNb,Og was the
predominant phase throughout the compositions in Fig. 1(a),
whereas fractions of [(Mg;,3Nby/3)12Ti1,2]O, were negligible
to substantial. In Fig. 1(b), by contrast, intensities of the rutile
were greater at y = 0.0-0.2, but those of the columbite were
again higher at y=0.3. Meanwhile (Mg,;3Nb;/3)0;5 (i.e.,
Mg4Nb,Og of a corundum structure, ICDD No. 38-1459) was
also detected at x,y = 0.1-0.3, though in small fractions.
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Fig. 1. X-ray traces in the B-site precursor compositions of: (a) (0.8 — x)(Mg3-
Nb/3)O02-x(Mg2/3Nby3)0; 5-0.2TiO; and (b) (0.7 — y)(Mg;3Nb2/3)02-y(Mgo,
3Nb;/3)0; 5-0.3TiO,. ([J) MgNb,Og, (A) [(Mgi3Nby3)12Ti112]10,, and (O)
Mg, Nb,Oo.

The phases developed in Systems I and II are contrasted in
Figs. 2(a) and (b). In both systems, only typical patterns of a
perovskite structure were observable without any trace of the
parasitic pyrochlore, presence of which (even in small
fractions) has been reported to be quite detrimental to dielectric
properties [13—15]. The & k [ indices are marked based upon the
(pseudo)cubic symmetry of the perovskite structure. Extra-
neous peaks, associated with the formation of a perovskite
superstructure, were not detected either, indicating absence of
any long-range structural ordering (at least in the macroscopic
scale) among the six-fold octahedral cation species of Mg, Nb,
and Ti. Relative densities of the sintered ceramics were 92-93%
of theoretical (x,y=0.0) and 95-97% (x,y=0.1-0.3), as
determined using the perovskite lattice parameters.

Dielectric constant values of x = 0.1 (System I) and y =0.1
(System II) are displayed in Fig. 3, where frequency dispersion
of the dielectric maxima are well demonstrated. Numerical
values of the maximum dielectric constant (K., and
corresponding temperatures (7y,.x) are listed in Table 1, as a
function of measurement frequency. Meanwhile, values of the
dielectric loss (tan §) were 10%, 11.5%, 13%, and 17%
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Fig. 2. Developed structures in the systems of: (a) (0.8 — x)Pb(Mg;,3Nby/3)O03—
xBi(Mg;/3Nb,,3)03-0.2PbTiO3 and (b) (0.7 — y)Pb(Mg,3Nb,/3)O3-yBi(Mgy/3-
Nb,3)03-0.3PbTiOs. (% k I) perovskite.

(x=0.1), and 7.5%, 9%, 11%, and 14% (y=0.1) at
temperatures of 30—40 °C lower than respective Tp,.x values.
Other compositions of the two systems also showed similar
behavior of dielectric relaxation.

Temperature-dependent values of the dielectric constant in
Systems I and IT are shown in Fig. 4. In both systems, magnitudes
of the maximum dielectric constant were highest at compositions
without any BMN introduction: i.e., 29,300 and 25,000 at x = 0.0
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Fig. 3. Frequency-dependent dispersion in the dielectric constant values of
xy=0.1.

Table 1
Frequency-dependent K;,,x and Ty, values of x=0.1 and y =0.1
Frequency x=0.1 y=0.1
Kmax Tmax (OC) Kl‘ﬂil)( Tmax (OC)
1 kHz 6300 41 8050 76
10 kHz 5950 45 7650 33
100 kHz 5600 52 7200 90
1 MHz 5150 64 6650 99
15000 T T &1 T T T 30000
- System 11 SN 1kHz
- xy=00 O @ e o R
S 01 A A ”
£ 10000 - 02 0m y: , - 20000
3 030 R ¥
(&] : .
0
8
o 5000 10000
2
0 0
-100 0 100 200 300

Temperature (°C)

Fig. 4. Variations of the dielectric constant values in the two systems.

and y=0.0, respectively. The maximum values decreased
tremendously to 6300 (System I) and 8050 (System II) at
10 mol% BMN concentration, followed by further decreases to
2350 (x=0.3) and 3750 (y=0.3). Moreover, the dielectric
constant peaks gradually lost the symmetric modes (demon-
strated at x,y = 0.0) with increasing BMN fraction and finally
became almost linear in the paraelectric temperature ranges.
Variations of the maximum dielectric constant and
corresponding temperature with compositional and frequency
changes are plotted in Fig. 5. With increasing BMN
concentration in both systems, the K., values decreased
rapidly in the ranges of x,y =0.0-0.1 then somewhat slowly
afterwards. Therefore, the sharply decreasing trend at the early
stages of the Bi substitution at PMN-10PT [9] was not
alleviated in the present systems, indicating harmful effect of Bi
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Fig. 5. Dependencies of the maximum dielectric constant and corresponding
temperature upon compositional and frequency changes in Systems I and II.



1086 Y.-S. Kim et al./Ceramics International 33 (2007) 1083—1086

on the long-range coupling of oxygen octahedra. Meanwhile,
the values of K.« at x,y = 0.0 were greater in System I, but the
magnitudes immediately became reversed and those of System
IT were greater at 0.1 < x,y.

In contrast, variations of the dielectric maximum tempera-
ture with compositional change were not straightforward,
similar to the trends in 10 mol% PT-substituted case [9].
Instead, the values were lowest at intermediate compositions of
x=0.2 (1 and 10 kHz) and x=0.1 (100 and 1000 kHz), and
y=0.2 (1, 10, and 100 kHz) and y=0.1 (1000 kHz). The
overall results were somewhat contradictory to the reported
increase in Ty,,x With increasing fractions of Bi (replacing Pb)
[16]. The values of AT .« (Tiax.1 Muz — Tmax.1 kHz) Were 6, 21,
43,and 61 °Catx =0.0-0.3,and 1, 23,40, and 57 °Caty = 0.0-
0.3. Tt is interesting to note that the AT,,,« values depended
heavily upon the BMN concentration of x and y, but not as much
on the PT fraction in the two systems. Additionally, differences
between the dielectric maximum temperatures of Systems I and
II (Twax1 — Tmax1) Were rather insensitive to the frequency
change: e.g., 56, 55, 53, and 51 °C in the four frequency
decades at x,y = 0.0. However, the values became progressively
smaller with increasing BMN fraction and finally were 22, 23,
21, and 18 °C at x,y =0.3.

4. Summary

Phases of Mng206 and [(Mg|/3Nb2/3)]/2Ti1/2]02 (along
with small fractions of Mg4Nb,Oy at x,y=0.1-0.3) were
identified in both sets of the B-site precursor compositions. The
former phase was predominant at x=0.0-0.3 and y=0.3,
whereas intensities of the latter were greater at y = 0.0-0.2.
Meanwhile, only typical patterns of a perovskite structure
(without any diffraction peaks by superstructure formation)
were developed in Systems I and II, after the addition of PbO
and Bi,0;. Frequency-dependent dielectric dispersion behavior
was observed throughout the investigated compositions in the
two systems. However, degree of the relaxation became more
pronounced with increasing values of x and y. Magnitudes of
the maximum dielectric constant decreased rapidly then slowly
from 29,300 to 2350 (System I) and from 25,000 to 3750
(System II) at 1 kHz with increasing BMN concentrations. By
contrast, the dielectric maximum temperatures were lowest at
intermediate compositions: e.g., x,y = 0.2 at 1 kHz.
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