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Effect of excess Mg and Excess Nb incorporation into the B-site
of pyrochlore in the Pb-Mg-Nb-O system
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i In the Pb-Mg-Nb-O system, excess Mg and excess Nb incorporation into the B-site of PMN pyrochlore were investigated
i along the compositons of Pb, Mg . Nb . O,. .. wherex=0.1,0.2,0.3,04,0522 and Pb, Mg .. Nb . O o50.1.5 Where x=0.1,
i 0.2, 0.29 respectively. Excess Mg incorporation led to the formation of perovskite and excess Nb resulted in formation of
i Pb,Nb,O, monoclinic pyrochlore. The densities of the PMN pyrochlore-PMN perovskite mixtures decreased with an increa-
i se in Mg ‘concentration. The relative permittivity of the mixtures increased with decreasing pyrochlore content. The effect of

i pyrochlore on the permittivity follows the Weiner’s mixture rule up to a pyrochlore content of 50 vol%.
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Efectos del exceso de Mg y exceso de incorporacion de Nb en posicion B de pirocloro en el sistema Pb-Mg-Nb-O

i Se investigo la incorporacion en lugares B de pirocloro PMN de un exceso de
i Mgy un exceso de Nb. En el sistema Pb-Mg-Nb-O2 las composiciones analizadas fueron Pb, Mg ., Nb _ O . donde i
i x=0.1,02,0.3,04, 0522 y en Pb, Mg , Nb . O, . donde x= 0.1, 0.2,0.29. El exceso de Mg condujo a la formacién de
perovsklta y el exceso de Nb resulté en la formacién del pirocloro monohmco Pb2Nb207. La densidad de la mezcla de PMN
i pirocloro-perovskita dismunuye con el aumento de la concentracion de Mg. La permitividad dieléctrica de las mezclas

i aumenta con la disminucién del contenido de pirocloro. El efecto del pirocloro sobre la permitividad sigue la regla de mez-

i clas de Weiner hasta conenidos de pirocloro del 50%.

Palabras clave: Pirocloro, niobato de magnesio y plomo, propiedades dieléctricas.

1. INTRODUCTION

The crystal structure of mineral pyrochlore, (Ca, Na),(Nb,
Ta),(OH, F),, was first determined by von Gaertner (1) to
belong to the space group Fd3m (No. 227). The simple
pyrochlore structure is face centred cubic and there are eight
molecules per unit cell. For a stoichiometric pyrochlore struc-
ture (A,BX.Z where A and B are cations and X and Z are
anions) there are 88 atoms in a unit cell: 16 A cations in posi-
tion (c), 16 B cations in position (d), 8 Z anions in position (a),
and the remaining 48 X anions in position (f).

Pyrochlore crystal structures can be classified as normal
and defect types. Pyrochlores are not limited to the ideal
A BX.Z stoichiometry and by removing combinations of A
and Z ions, a variety of defect structures can be produced
with the general formula A ,B,XZ  (such as A,B X, ABX).
Defect pyrochlore oxides, e.g. MSbTeO (M=K, Rb, Cs, TI, Ag)
and TI(NbTe)O,, are of great interest because of their potential
as ionic conductors (2).

Single phase pyrochlores have a wide range of possible
applications due to their various electrical, magnetic, dielectric,
optical and catalytic properties (3). Pyrochlore oxides can be
used as electronic materials since their electronic behaviour
varies widely from insulating through semiconducting to meta-
llic with a few compounds exhibiting a semiconductor-to-metal
transition (4, 5, 6). Pyrochlores can be used in solid state devices

Bol. Soc. Esp. Ceram. Vidrio, 41 [6] 545-551 (2002)

such as high permittivity ceramics (Cd ,Nb,O,, Ln,Ti,O,), ther-
mistors (Bi,Ru,O,), thick film resistors and materials for screen
printing (many Pb and Bi containing precious metal pyrochlo-
res) and switching elements (Cd,0s,0,, Ca,0s,0,) (3). In addi-
tion, some nonferroelectric pyrochlores may serve as technolo-
gically useful dielectrics in applications such as temperature-
stable and temperature-compensating dielectrics or microwave
dielectrics. For example; Pb(Cd)BiM"'SbO, (where MV'=Ti, Zr,
Sn) (7), pyrochlore compounds in the Bi,0,-ZnO-Nb,O, system
(8, 9) and lead based non-ferroelectric pyrochlores
(Pbl.&zMgo 29Nb 1 7106 39 and szFewoé.s) (10).

On the other hand, pyrochlore phases occur intergranu-
larly or as isolated grains in many electrical ceramic micros-
tructures and often degrade the desired properties of the cera-
mics. One of these electrical ceramics is Pb(Mg, /szz /0, rela-
xor ferroelectric. The formation of lead magnesium niobate
perovskite is often accompanied by the occurence of a secon-
dary pyrochlore phase (11, 12). PMN pyrochlore phase exhibit
a low dielectric constant (around 130) (13) and it is commonly
believed that the presence of such pyrochlore phase signifi-
cantly degrades the dielectric properties of PMN-based cera-
mics. Several innovative techniques have been developed to
produce pyrochlore free PMN ferroelectrics such as columbi-

te method and chemical processing routes (11, 14).
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Perovskite-pyrochlore diphasic mixtures containing diffe-
rent amounts of pyrochlore were produced by Chen and
Harmer (15) and their dielectric properties were studied. They
controlled the amount of pyrochlore second phase by chan-
ging the Mg/Nb ratio (specifically changing the Nb concen-
tration), from near pure PMN perovskite to near pure pyroch-
lore. As the Nb content increases, PbS(Mg(l,X)Nb(M))O9+3X P x=0
to 0.625), the pyrochlore phase increases linearly up to 100%
pyrochlore and the maximum dielectric constant of PMN
decreases continously. The intrinsic effect of isolated pyroch-
lore phase on the dielectric properties of PMN can be descri-
bed by the isolated Wiener’s mixture rule even for amounts
up to 18 vol%. Chen and Harmer (15) concluded that other
factors such as lattice impurities and intergranular phases
could be considered besides the presence of pyrochlore phase
since isolated grains of pyrochlore alone cannot acount for the
low values of dielectric constant.

The present work investigates dielectric properties of
pyrochlore-perovskite diphasic mixtures, which were obtai-
ned by incorporating Mg into the B-site of pyrochlore while
simultaneously decreasing Nb on this site. The density rela-
tions of pyrochlore-perovskite diphasic mixtures with Mg
incorporation and sintering temperature were studied. In
addition, the dielectric properties of the pyrochlore-perovski-
te mixtures were also investigated. Moreover, the incorpora-
tion of Nb?* cation into the B-site of pyrochlore was exami-
ned along with a composition expressed by Pbq g3Mgq og_
NP1 71:506.3941.5¢ Where 0.1 < x £0.29 using XRD.

2. EXPERIMENTAL

In the Pb-Mg-Nb-O system, Pb, Mg  Nb O, .
where x=0.1, 0.2, 0.3, 0.4, 0.522 and Pb, Mg . Nb . O, .
where x=0.1, 0.2, 0.29 compositions were produced using con-
ventional solid state reaction of PbO (99.9%), Nb,O, (99.5%)
and MgO (99%) powders, supplied from Aldrich Chemical
Company Ltd., UK. The details of sample preparation techni-
ques have been described in earlier work (16). Calcined pow-
ders were sintered at temperatures of between 1150-1300°C
for 2 h with a heating and cooling rate of 5 K min™. Densities
of the sintered pellets were measured by a mercury displace-
ment method based on Archimeds principle.

Sintered pellets were examined using a Philips powder
diffractometer with Cu Ko radiation. Microstructures of sin-
tered pellets were investigated on thermally etched samples
using a scanning electron microscope (SEM, Joel 6400). The
dielectric constant and dissipation factor (tan ) were measu-
red using a HP4284A precision LCR meter. Prior to the dielec-
tric measurements, samples were polished to obtain parallel
surface and electroded with a silver paste, which was sintered
at 550°C for 30 min.

3. RESULTS AND DISCUSSION

3.1 Effect of Excess Mg (Pb, Mg . Nb O . _;
x=0.1, 0.2, 0.3, 0.4, 0.522)

The pyrochlore phase formed in PMN perovskite ceramics
have the formula of Pb, Mg Nb O, (13, 17). Mg incorpo-

17177639
ration into the B-site of PMN pyrochlore instead of Nb led to
formation of PMN perovskite phase (PbMg, Nb, .O,). XRD
analysis of pellets containing different amounts of excess Mg
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sintered at between 1150-1300°C for 2h revealed that both Mg
content and sintering temperature significantly affect the per-
centage of perovskite phase formed within pyrochlore (Figure
D). As the mole percent of excess Mg increases (i.e. as the x
increases in the Pb Mg . Nb _ O, . composition), the
amount of perovskite phase linearly increses finaly reaching
to 100% perovskite phase at x=0.522. This is in aggreement
with the other results obtained in the literature (11, 18, 19).
Excess Mg favours the formation of perovskite, which con-
tains higher Mg concentration than pyrochlore. Table I gives
the percentage of perovskite phase formed within pyrochlore
according to the Mg concentration and sintering temperature.
The values were drived from the XRD data by measuring the
major x-ray peak intensities and using the following equation
(11, 16):

1
%Perovskite = —"—x100 [1]

Pr + IPy

where [_is the relative intensity of (110) of perovskite phase
and I is the relative intensity of (222) of pyrochlore phase.
As can be seen from Table I, sintering temperature also
affect the percentage of perovskite phase formed within
pyrochlore as observed by the previous reseachers (11, 20).
However, Mg concentration has a more pronounced effect on
the formation of perovskite phase. The values in parenthesis
in Table I gives the percentage of perovskite calculated from
the atomic compositions which indicates that both experi-
mental and calculated values are in a good aggrement (16).
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Figure I. XRD of pure and Mg rich PMN pyrochlore sintered for 2h
at 1200°C indicating that as the amount of excess Mg (or x in

Pb, Mg, Nb O, . composition ) increases the amount of
perovskite phase increases. Py=Pyrochlore, Pr=Perovskite.

TABLE 1. PERCENTAGE OF PEROVSKITE PHASE FORMED WITHIN PYROCHLORE
AS A FUNCTION OF MG CONCENTRATION AND SINTERING TEMPERATURE

T, °C X=0.1 x=0.2 x=0.3 x=0.4 x=0.522

Exp | Cal | Exp | Cal | Exp | Cal | Exp | Cal | Exp | Cal

1150 2 - 17 21 44 44 64 67 98 95

1260 5 4 20 27 49 49 71 72 99 100

1300 8 6 28 29 53 51 79 74 100 | 102

(Exp=Experimental, Cal=Calculated).
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3.2 Effect of Excess Nb (Pb, Mg . Nb
x=0.1, 0.2, 0.29)

1.71+x06.39+1.5x’

The solubility of Nb into the B-site of pyrochlore was exa-
mined along the composition expressed by Pb Mg
Nb, .. O, where x=0.1, 0.2, 0.29. XRD patterns of Nb
doped samples indicate that as Nb incorporation into the
pyrochlore increases Pb,Nb,O, (PN) monoclinic pyrochlore
starts to form along with cubic PMN pyrochlore (Figure II). At
x=0.29, at which value the formula becomes Pb, ,Nb.O, ., all
PMN pyrochlore transformed to PN pyrochlore with forma-
tion of a small amount of Nb,O,. From these results it can be
concluded that incorporation of Nb instead of Mg in the PMN
pyrochlore led to formation monoclinic PN pyrochlore. The
other conclusion that can be derived from these results is that
MgO is soluble in the PN pyrochlore on the Nb site as found
by Wakiya et al. (21) who determined that the solubility of
MgO into Pb, Nb,O, , cubic pyrochlore was around x=0.24 in
the composition of Pb, , Mg Nb, O, resulting with a for-
mula of Pb, Mg . Nb

(3+3x)

1.76 6.5

3.3 Densification of PMN Pyrochlore-PMN Perovskite
Mixtures

Theoretical densities of PMN pyrochlore-PMN perovskite
diphasic mixtures formed when x was varied between 0.1-
0.522 in the compositon Pb, Mg .. Nb . O, . were calcu-
lated from their relative amounts obtained from XRD, and
from their theoretical densities by using the following formu-

la (22).
Pro = Vi XPpy +VPy X Ppy [2]

where p_ is the theoretical density of the pyrochlore-perovs-
kite mixture, V|, and V, are volume fractions of the perovski-
te and pyrochlore phases and p,, and Py, are theoretical densi-
ties of perovskite and pyrochlore compounds (7.22 g/cm?® for
pyrochlore and 8.13 g/cm? for perovskite).

In Figures Illa and b calculated theoretical densities of
pyrochlore-perovskite diphasic mixtures for different Mg con-
centrations and sintering temperatures are compared. As the
Mg concentration and sintering temperature increase the cal-
culated theoretical density of the micture increases. This is
due to the increase in the amount of perovskite phase, which
has a larger theoretical density than pyrochlore, at higher Mg
concentrations and sintering temperatures. Comparing
Figures Illa and b it is clear that the slope of the curves in
Figure Illa are larger than in Figure IlIb. This implies that the
theoretical density of the mixture is more dependent on the
Mg concentration than sintering temperature. This is because
Mg concentration is more effective in forming the perovskite
phase.

Relative bulk densities of diphasic pyrochlore-perovskite
mixtures are compared in Figure 4. In general, densities decre-
ase with increasing Mg concentration and increase with sinte-
ring temperature. At a sintering temperature of 1150°C there
is little variation in density with Mg concentration (Figure
IVa). However, at 1260°C and 1300°C relative density is
strongly dependent on the Mg concentration. These results
imply that Mg incorporation by replacing the Nb cation on
the B-site of the PMN pyrochlore reduced densification of the
mixtures. The reason for this is not fully understood but it
may be associated with an increase in PbO evaporation as the
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Figure II. XRD results of Pb, Mg .. Nb _ O, . wherex=0.1,0.2

and 0.29 indicating that Nb incorporation into the B-site of PMN
pyrochlore (P) instead of Mg led to the formation of Pb,Nb,0O,
monoclinic pyrochlore (M). (N=Nb,0O,)
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Figure III. Calculated theoretical density of pyrochlore-perovskite
diphasic mixtures a) for different Mg concentrations, x.and b) at dif-
ferent sintering temperatures.
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Figure IV. % relative densities of pyrochlore-perovskite diphasic
mixtures a) for different Mg concentrations, x.and b) at different sin-
tering temperatures.
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excess MgO concentration increases since excess MgO might
cause nonstoichiometric starting compositions leading to lead
oxide loss causing density decrease. Weight losses in the
pellets with x=0.3 were recorded after sintering and it was
found that there was around 2.55% and 2.81% weight loss at
sintering temperatures of 1260°C and 1300°C respectively.
Ling et al. (23) prepared nonstoichiometric PMN perovskite
compositions which transformed to stoichiometric PMN after
sintering with the excess MgO appearing as inclusions and
evaporation of excess PbO. Lattice parameter measurements
(16) showed that pyrochlore and perovskite compositions
invariably had consistent unit cell values at different Mg
concnetrations and sintering temperatures suggesting that
both phases retain their stoichiometry. Another reason for the
density decrease with Mg concnetration could be the low
reactivity of refractory MgO. As Figure IV indicates at higher
Mg concentrations the mixture density is always lower.

3.4 Phase Distribution in PMN Pyrochlore PMN Perovskite
Mixtures

Microstructural examination of PMN pyrochlore-
PMN perovskite mixtures reveal that when excess Mg content
is low, the perovskite phase is generally exist as isolated
minor phase (Figure Va). Figure Va indicates that perovskite
phase generally dispersed at the pyrochlore grain boundaries
and rarely within the grains. When the amount of excess Mg
increases, the amount of perovskite phase also increases and
becomes interconnected (Figure Vb). When x=0.4
(Pby g3Mg0 29.xNP1 71.x06.39-1.5%), in other words when
the volume percent of perovskite reaches to around 80%, the
pyrochlore phase becomes the minor phase and perovskite
forms the matrix (Figure Vc). At Mg concentration of x=0,522
only single phase perovskite grains were obtained (Figure
Vd). The size of perovskite grains were around 1 pm.

3.5 Dielectric Properties of PMN Pyrochlore-PMN
Perovskite Mixtures

When an electric field is applied across a dielectric mate-
rial, which contains more than one phase, the lines of flux will
tend to concentrate in the phase with the greatest dielectric
permittivity (24). The relative permittivity (dielectric cons-
tant) for such a mixture will depend on the relative permitti-
vities of each phase, the volume fraction of phases, the phase
distribution and the shapes of each component.

The effect of PMN pyrochlore on the dielectric properties
of PMN perovskite was investigated between room tempera-
ture and 120°C. Figure VI shows the relative permittivity and
dissipation factor of these mixtures between 30-120°C.

Figure Vla indicates that at 100 kHz the dielectric constant
of the mixture strongly depends on the amount of pyrochlore.
While pyrochlore content decreases the dielectric constant of
the mixture increases. For example, when x=0.1, i.e. when
there is ~92 vol% of pyrochlore, the relative permittivity has
the lowest values and when x=0.522, i.e. when there is no
detectable pyrochlore within XRD limits, the relative permit-
tivity has the highest values between 30-120°C. This is due to
the low dielectric constant of PMN pyrochlore. The same
result was also observed by Chen and Harmer (15) who mea-
sured dielectric properties of perovskite-pyrochlore mixtures
at temperatures of between -150°C and 150°C and observed
that increasing the pyrochlore concentration in a perovskite
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Figure V. Secondary electron image of Pb, Mg ,Nb O,  with a)
x=0,1, b) x=0,2, ¢) x= 0,4 and d) x=0,522 which sintered 2h at 1300°C
and reveal that perovskite is a minor phase at x=0,1 and becomes

single phase at x=0,522. (p=pyrochlore, r=perovskite).
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Figure VI. Dielectric properties of pyrochlore-perovskite diphasic mixtures and pure PMN perovskite (x=0.522) as a function of temperature at

100 kHz a) relative permittivity and b) dissipation factor.

matrix decreased the maximum dielectric constant (K, of
the mixture. In addition, Yan et al. (25) established a correla-
tion between decrease in dielectric constant and presence of
pyrochlore using dielectric and XRD data and concluded that
residual pyrochlore phase can significantly reduce the dielec-
tric constant of PMN perovskite.

In Figure VIb the dielectric loss of pyrochlore-perovskite
mixtures is variable between 30-120°C at 100 kHz but it is
smaller than 0.016 for all mixtures. Increasing perovskite per-
centage (going from x=0.1 to x=0.522) decreased the dielectric
loss so that as for x=0.522 tand was lower than 0.001. The low
dielectric loss is typical of PMN perovskites above 20-30°C
(10, 26, 27).

The effect of pyrochlore on dielectric properties can be pre-
dicted using a mixture rule. In this study, two mixture rules
developed by Wiener (24, 28) and Lichtenecker (15, 24) were
applied to pyrochlore-perovskite mixtures. Wiener’s mixture
rule can be applied using the following formulae for a dipha-
sic solid containing an isolated spheroidal minor phase :

K= 202 (e, << v 3]
Py

_ 2Kp (1= Vi)
" 2+ Vp,

(for Vy, >> V) [4]

where K, is the dielectric constant of the mixture, Kp,. is the
dielectric constant of pure PMN perovskite (taken as 7595 in
this study), Kpy, is the dielectric constant of the pure PMN
pyrochlore phase (taken as 130) and Vp,. and Vp,, are volume
fractions of perovskite and pyrochlore. Figure \)il shows the
dielectric constant of the mixture plotted as a function of the
percent pyrochlore present with both experimental and
Wiener’s mixing rule. The isolated Wiener’s mixing rule fits
the data well up to 50 vol% of pyrochlore. In addition,
Wiener’s mixing rule also fits the data well for the other end
of the scale (up to 28 vol% of perovskite). This is in agreement
with the SEM observations of minor pyrochlore phase with
x20.4 (high dielectric constant region) and minor perovskite
phase with x=0.1 (low dielectric constant region). Chen and
Harmer (15) applied the same mixture rule for perovskite-
pyrochlore mixtures and determined that it fits the data well
up to a minor phase content of 18 vol%, from both ends of the
scale (i.e. when there is less than 18 vol% of pyrochlore or
perovskite). Although Chen and Harmer (15) used the peak
dielectric constants for the mixtures rules, in the present study
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Figure VII. Dielectric constant of pyrochlore-perovskite mixture as a
function of vol% of pyrochlore; both experimental and theoretical
data calculated using Wiener’s mixture rule are given.

room temperature values were used since the peak dielectric
constants of the mixtures could not be determined.

In Lichteneckers mixture rule it is assumed that compo-
nents in the mixture could be represented by layers of mate-
rial normal and parallel to the applied field or to the capacitor
plates. The following general formula was used for calcula-
tions :

Klnn = Z \11 . K? or K:] = VPrKrl;r + VPyK;y [5]

where V; and K; are the volume fraction and dielectric cons-
tant of each phase i and n is constant and has the values -1 and

549



+1. When n=+1 layers of material are parallel to the applied
field and the structure corresponds to elements of capacitan-
ce in parallel i.e. parellel mixing is applicable and when n=-1
layers of material are normal to the applied field and the
structure corresponds to the capacitance of elements in series
i.e. series mixing is applicable. In any real polycrystalline sys-
tem there is a combination of both parallel and series mixing
(24). For an equal amount of series and parallel mixing i.e. as
n approaches to zero the formula becomes:

logK,, = Z VilogK; [3]

In Figure VIII the predictions for series (n=-1), parellel
(n=+1) mixing and logarithmic mixing (n=0) are compared
and an n value of -0.20 was obtained for a reasonable empiri-
cal fit with the experimental results. Chen and Harmer (15)
also applied this rule for their mixtures and found the best fit
for an n value of 0.25. The difference between these two
results is thought to be due to the different dielectric constants
used for the mixture rules since Chen and Harmer (15) used
peak dielectric constants and room temperature values were
used in this study.

Although these results show that the pyrochlore phase has
a detrimental effect on the dielectric properties of PMN
perovskite, the work done by Chen et al. (28) suggested that
factors other than pyrochlore, such as lattice impurities and
the presence of intergranular second phase may also be
important. They prepared two PMN perovskite compositions
from high purity powders (HPP) and from low purity pow-
ders (LPP) and found that although PMN perovskite prepa-
red from HPP contained a higher amount of pyrochlore than
PMN perovskite prepared from LPP it had a higher dielectric
constant. This is attributed to the intergranular second phases
in the LPP. Minor Mg-rich and Mg-Nb phases were also
observed in the pyrochlore-perovskite mixtures prepared in
the present study using SEM and TEM (16). For example,
MgO has a dielectric constant of 9.7, which is much lower
than the dielectric constant of pyrochlore. Gupta and
Kulkarni (20) reported that phases which have dielectric cons-
tant of lower than the pyrochlore, such as PbO (K~20), will
have higher effect on the dielectric constant of PMN perovs-
kite than the pyrochlore.

4. CONCLUSIONS

1. Mg incorporation into the B-site of PMN pyrochlore led
to the formation perovskite phase and by increasing excess
Mg content from 0.1 to 0.522, diphasic mixtures from near
pure pyrochlore to near pure perovskite were obtained.

2. The density of the mixtures decreased with increasing
Mg content and increased with sintering temperature.

3. Relative permittivity of the mixtures decreased with an
increase in pyrochlore content and dissipattion factor of the
mixtures increased with pyrochlore content.

4. The isolated Wiener’s mixing rule fits the data well up
to 50 vol% of pyrochlore.

5. In Lichteneckers mixture rule, the experimental results
gives reasonable empirical fit at an n value of -0.2.

6. The incorporation of Nb into the B-site of PMN pyroch-
lore instead of Mg resulted in formation of Pb,Nb,O, mono-
clinic pyrochlore and all PMN pyrochlore transformed to
monolcinic pyrochlore at a value of 0.29 with formation of a
small amount of Nb,O,.
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Figure VIII. Dielectric constant of pyrochlore-perovskite mixture at
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mixture rule (n=+1 parellel mixing, n=-1 series mixing and n = 0
logarithmic mixing). A reasonable empirical fit was obtained for an
n value of -0.2.
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