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Abstract

Lead magnesium niobate-lead iron niobate [(1 —x)Pb(Mg;;3Nb,/3)O03—xPb(Fe;,Nby2)0s, (1 —x)PMN—-xPFEN] system, where x=0.0-1.0, was
prepared using sol-gel synthesis by mixing acetates Pb, Mg and Fe with Nb-ethylene glycol-tartarate complex at 80 °C. Single pyrochlore phase
(Pb;.83Mgp20Nb; 71 Og39 or PbsNbsO43) was formed by the calcination of gels at 600 °C. Average particle sizes of pure PMN and PFN powders
were ~80 and 150 nm. The pyrochlore phases were partially decomposed to perovskite phase at sintering temperatures of 1150 and 1250 °C. The
maximum bulk density in ceramic samples increased with both sintering temperature and the content of PFN phase in samples but despite these
facts—the volume fractions of porosity were too high in all prepared samples. From the point of view of perovskite phase content, the optimum
sintering temperature of PMN-PFN is shifted from 1200 to 1150 °C in comparison with the sample with PMN stoichiometry. Low values of ¢, were
measured in low density samples with high pyrochlore content and this characteristic is probably the main factor affecting ¢, in prepared ceramics.
In microstructures of PMN-PFN ceramics sintered at 1150 °C at different times, the bimodal grain size distribution was observed with small grains
of globular shape and larger grains of regular or octahedral shape. The results of EDX and XRD analysis showed that the more complex types of

pyrochlore phases were present in ceramics.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Sol-gel; Sintering; Dielectric properties

1. Introduction

Lead based complex perovskites with the general for-
mula A(B'B”)O3 such as Pb(Mgi;3Nby;3)O3 (PMN) and
Pb(Fe|»Nby2)O3 (PFN) have received considerable attention
since the late 1970s and have been applied recently in multilayer
ceramic capacitors (MLCCs) and electrostrictive actuators.!™*
Lead magnesium niobates are the most promising and the best
known lead based ferroelectric relaxor materials. One of the
Soviet groups as the first developed these materials in the late
1950s. Lead iron niobate is interesting as a component in com-
mercial electroceramic materials.

It is very difficult to fabricate the pure perovskite ABO3
(pv) PMN and PFN phases without the formation of the
undesirable pyrochlore A>B>Og (py) phase, which degrades
the dielectric properties of ceramics. To obtain single-phase
PMN, four various synthesis techniques: basic process (con-
ventional techniques),® double-step method (columbite’ and
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wolframite®), wet chemical route,® and salt-based method.!° In
the conventional method (solid state reaction) the oxides (PbO,
MgO and Nb;,Os) are weighted and mixed under dry or wet con-
ditions. The powder is calcined at 800 °C and after calcination
pellets fired at 900 °C. The pyrochlore phase is formed during the
synthesis of PMN powder by mixed oxide route. Lejeune and
Boilot® have reported the formation of three types pyrochlore
Pb3;Nb4sO;3, PbyNb,O7 and PbsNb,Og. Swartz and Shrout’
in two-stage process in columbite route, MgO and Nb,Os are
reacted at 1000 °C to a columbite MgNb,Og phase, which is
then reacted with PbO at 800 °C to PMN powder with ~5%
pyrochlore phase. Swartz et al.* later prepared pyrochlore-free
PMN powder by using excess MgO. Ananta and Thomas'!
developed two-stage mixed oxide synthetic routes for the prepa-
ration of single phases of lead-based complex perovskite PMN
and PFN and two complex perovskite compounds at selected
compositions in the PMN-PFN pseudo-binary system were pre-
pared and characterized'2. PMN is also synthetized by various
wet chemical processing routes such as sol-gel,”!3-1° combus-
tion synthesis,!”"!® coprecipitation,!” molten salt synthesis,?°
citrate gel,>!"*? partial oxalate, >>2* polymerized complex,?*2
citrate complex”® and a niobium tartarate complex?’ meth-
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ods. The combination of the partial oxalate method with the
columbite route and the Pechini method was used to obtain PMN
powder at low temperature.”® The Pechini method is based on
the formation of metallic complexes (Nb complex) with car-
boxylic acid as ligand, normally citric or tartaric acid followed
by a polymerization reaction with a polyalcohol (e.g. ethylene
glycol) generating polyester.

Chaput et al.’ prepared PMN phase by a sol-gel method
using alkoxide precursors. The pyrochlore phase was com-
pletely transformed into PMN pv phase around 700°C. A
colloidal sol-gel route represents the preparation of PMN
and PMN-PFN systems from metal chlorides and nitrates.”
The powder precursors were calcined at 300°C and sin-
tered between 850 and 1100 °C. Besides the sol-gel synthesis,
the calcination temperature and pyrolysis conditions influ-
ence the formation of the final perovskite phase. This
affect densification behaviour, microstructure development and
dielectric properties in ceramic perovskite systems. As the
optimum sintering conditions (temperature and time) using a
mixed oxide route have been recommended for PMN ceram-
ics —1150°C/1h,30 1275°C/2h,313% using a partial oxalate
method —1200°C/2h,3 for the preparation of PEN ceram-
ics lower temperatures of 1175°C/2h** and temperatures of
1050-1200°C/1 h in the case of PMN—PFEN ceramics.’> High
sintering temperature (of up to 1275 and 1175°C for PMN
and PFN, respectively) or a long sintering times up to 6 h were
adopted™.

It known that a stable pyrochlore phases are often formed
in PMN and PFN ceramics. The presence of py phases causes
decrease in the dielectric permitivity. Two types of pyrochlore
phases have been found to co-exist with the major perovskite
phase in the PMN system, i.e. Pbj g3Mgp29Nbj 710639 and
Pb3Nb4O13. In PFN system, PbFegO13, PbyFe; 2Nbp gOs5.5 and
PbsFesNb4O,1 pyrochlore phases were found.3234 The dielec-
tric properties of a material depend on frequency, temperature
at which are measured, pyrochlore phase content, sintering
temperature and time. The maximum of dielectric permitiv-
ity is shifted to higher temperature with the content of PFN
in PMN-PFN ceramics (pure PMN ceramics: &~ 16,000,
T.=—10°C; pure PFN ceramics: & ~ 21,000, T, =110 OC).35
In producing PMN ceramics with high dielectric permitivity,
the formation pyrochlore phase (with low & ~200) is crucial
factor.

The present paper describes the preparation of PMN-PFN
ceramics using the sol—gel synthesis by mixing acetates Pb, Mg
and Fe with Nb-ethylene glycol-tartarate complex. The influ-
ence of sintering temperature and time on the phase composition
and microstructure in the final PMN-PFN ceramics has been
investigated.

2. Experimental

(1 —x)PMN—xPFN precursors, where x=0.0-1.0, were pre-
pared by the sol-gel synthesis according to diagram in
Fig. 1. Lead acetate trihydrate Pb(OAc),-3H,0O, magnesium
hydroxycarbonate 4[MgCO3]-Mg(OH),-5H;0O and iron nitrate
Fe(NO)3-9H,O were mixed in solvent acetic acid (AcOH) at
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Fig. 1. A scheme for preparation of PMN-PEN ceramics by sol—gel synthesis
using Pechini complex.

80°C.3¢ The molar ratio of PMN-PFN/AcOH in the gels was
kept at 1/5. The Nb-tartarate-ethylene glycol (Pechini) com-
plex for PMN-PFN synthesis was formed by a reaction of
Nb,O5-xH,O with tartaric acid (TA) and H>O,. The obtained
solution was dried at 80 °C and dissolved in ethylene glycol
(EG) (the molar ratio of EG/TA =5.5). The acetate solutions
were mixed at 80 °C with the Pechini complex to obtain the
organic mixture ((1 — x)PMN—xPFN stoichiometry which rep-
resents organic sol) with molar ratio of Pb:Mg:Nb=1:1/3:2/3
(PMN) and Pb:Fe:Nb=1:1/2:1/2 (PEN). Viscous PMN-PFN
gels were calcined at 600 °C for 2 h in air after 12 h polyconden-
sation (at 25 °C) followed by drying at 100 °C for 8 h. After an
uniaxial pressing into tablet form, PMN-PFN precursors were
sintered in air in closed crucible at the temperature of 1150 °C
for 2,4 and 6 h, 1200 and 1250 °C for 2 h, respectively. Heating
and cooling rate were £5 °C/min.

The phase composition of PMN-PFN materials was anal-
ysed by the X-ray diffraction technique (XRD, a model Philips
X Pert Pro) using Cu Ka radiation. The volume fraction of the pv
phase in PMN-PEN systems (pv [vol.%]) can be calculated as a
ratio of the intensites of XRD diffraction peaks from the reflec-
tion of (1 10) plane of pv phase (,y), reflection of (22 2) plane
of py phase (I,y) for Pby 83Mgp.29Nb1.7106.39 and Pb3NbsO13,
and reflection of (20 1) plane of py phase (I,y) for PbFegO13
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Table 1
The properties (colors and efficiency w [wt.%]) of the (1 — x)PMN—xPFN powders obtained sol-gel synthesis
Sample X Composition Sol at 80°C Gel at25°C Dried gel at 100°C Powder at 600 °C w* (Wt%)
1 0.0 PMN Brown Brown Brown Yellow 38
2 0.1 0.9PMN-0.1PFN Red Brown Brown Yellow 38
3 0.2 0.8 PMN-0.2PFN Green Green Yellow Orange 37
4 0.5 0.5PMN-0.5PFN Green Brown Yellow Orange 41
5 1.0 PFN Red Orange Green Red 42
2 See text.

according to Eq. (1), respectively.’

I
— P %100

pv% =
Iy + Ipy

ey

The size and shape of powder particles were observed by a
transmission electron microscopy (TEM, a model TESLA BS
500). The microstructures of the ceramic samples were charac-
terized using a scanning electron microscope (SEM, a model
TESLA BS 340) equipped with an energy dispersive X-ray
(EDX) analyser LINK ISIS and by the optical microscopy. The
bulk densities of the final sintered ceramics were measured geo-
metrically after polishing. The relative permitivity of the ceramic
samples were measured using HP 4194A impedance analyser at
room temperature at frequency of 1kHz after coating of both
sides of the samples by Ag paste.

3. Results and discussion

Using the sol-gel synthesis, five different types of
(1 —x)PMN—xPFN systems were prepared by the variation of
x=0.0,0.1,0.2,0.5 and 1.0 (see Table 1). Table 1 summarizes the
properties colors and efficiency of PMN-PFN powder systems
(denoted as 1, 2, 3, 4 and 5), where efficiency w=(x/y) x 100,
x is mass of obtained powder after calcination of gel and y is
theoretical mass of powder according to initial stoichiometry
(1 — x)PMN-xPFN.

XRD diffractograms of calcined PMN-PFN powders (1,
4 and 5) prepared at 600°C are shown in Fig. 2. In
the sample 1 (Fig. 2a), the pure pyrochlore (py) phase
Pb133Nb171Mgp290639 (JCPDS 37-0071, PMN py phase)
was present only. In the sample 4 (Fig. 2b), the mix-
ture of two pyrochlore Pb3NbsO13 (JCPDS 25-443) and
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Fig. 2. XRD diffractograms of the (1 —x)PMN-xPFN powders calcined at
600 °C (a) PMN, (b) 0.5SPMN-0.5PFN, and (c) PEN (samples 1, 4 and 5).

Pb;.33Nb1 71Mgp.2906.39 phases were present. It is very com-
plicated to distinguish and to confirm that the sample 5 (Fig. 2¢)
is composed from single py phase (e.g. Pb3NbsOj3) or more
py phases because of larger half width of peaks in the maxi-
mum (small particle size) in XRD records. Calcined powders
with fine pyrochlore phase were prepared from Nb-ethylene
glycol-tartarate complex with the molar ratio of EG/TA=5.5
and with pure perovskite phase with EG/TA = 12 and molar ratio
TA/Nb>* =2/1.%1* The content of py phase in the PMN calcined
powders prepared by sol—gel process using complex of niobium
with molar ratio EG/TA = 10 decreased from single py phase to

(b)

120 nm

Fig. 3. TEM micrograph of the calcined powder: (a) PMN (sample 1) and (b)
PEN (sample 5).
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Fig. 4. XRD diffractograms of the (1 —x)PMN—xPFN ceramics sintered at
1150°C for 2h: (a) PMN, (b) 0.9PMN-0.1PFN, (c) 0.8PMN-0.2PFN, (d)
0.5PMN-0.5PFN, and (c) PFN (samples 1-5).

~40v0l.%.37 The TEM images of calcined powders (samples
1 and 5) are shown in Fig. 3a and b. The particles have almost
spherical shape with the average particle size of 80—120 nm in
pure PMN and 100-150 nm in pure PFN powders.

XRD diffractograms of the final PMN-PFN ceramics 1-5
after sintering of powder calcined systems at 1150 °C for 2 h are
shown in Fig. 4a—e. In the sample 1 (Fig. 4a), the PMN perovskite
(pv) phase Pb(Mg1,3Nby/3)03 (JCPDS 27-1199) and pyrochlore
Pby33Nb1 71 Mgp2906.39 phase were present. In the samples
2-5 (Fig. 4b—e), the PEN perovskite phase Pb(Fe1/,Nby/2)03
(JCPDS 32-522) and pyrochlore PbsNb4O13 phase were found.
The highest reflexion of perovskite (pv) phase as a result from
the comparison of ceramic samples were observed in the PFN
ceramic sample 5. For any sintering time, the mixture of py
and pv phases were always found in the sample. XRD diffrac-
tograms of the PMN—PFN ceramics 1-5 sintered at 1150 °C for
6 h are shown in Fig. 5a—e. From comparison ceramic samples
sintered at the same temperature but for different times results,
that the decrease in intensities of peaks from pv phase (rapid in
the sample 5) was found in XRD records only. Novel py phases
as PbFegOy; (JCPDS 14-79) or PbyFe; 5sNbgsOss (JCPDS
18-22) are formed in pure PFN ceramics for longer sintering
times.

Tables 2 and 3 summarize the volume fractions of pv phase in
the ceramic samples, their densities and relative dielectric permi-
tivities, &r, at 25 °C (at frequency 1 kHz) as a function of sintering

14000

Table 2

The volume content of perovskite phase of PMN-PFN ceramics

1150-1250°C
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sintered at

Sample pv phase (vol.%)
1150°C 1200°C 1250°C
2h 4h 6h 2h 2h

1 26 39 32 36 31

2 46 - 9 - -

3 31 - 10 35 -

4 41 44 41 42 -

5 50 51 16 38 -

temperature and time. The content of pv phase in PMN-PFN
samples was calculated according to Eq. (1). Significant effects
of increasing sintering temperature on phase formation and den-
sification were found. In PMN powder composed from pure
py phase (sample 1), the content of pv phase increased up to
~39 vol.% after sintering at 1150 °C for 4 h. The maximal con-
tent of pv phase ~51 vol.% was found in the ceramic sample 5
sintered at 1150 °C for 4 h. In all samples, the content of pv phase
in long time sintering process (6 h) decreased. The maximum
bulk density increased (from 4.6 to 6.3 g/cm?) with increasing
both the PFN content and sintering temperature. The optimum
sintering temperature for the preparation of PMN-PFN ceramics
is shifted from 1200 to 1150 °C as follows from the compari-
son of values of porosities and pv content in the samples. The
maximum density (6.7 g/cm?) was obtained in 0.SPMN—-0.5PFN
ceramics at 1150°C for 6h. From the Table 3 follows that
the relative dielectric permitivity, &, is mainly sensitive to the
pyrochlore formation and densification process during sintering.
Low value of ¢, was measured in the low density samples with
high pyrochlore contents (paraelectric py phase at room temper-
ature, i.e. &~ 130 for Pb1‘3ng1‘71Mg0‘2906,39).35 There are
many significant factors such as e.g. sintering time, pyrochlore
phase distribution, pore size distribution or the Curie tempera-
ture, on which &, will depend.

Distribution of pores and pore size in the final ceramic sam-
ples sintered at 1150 and 1200 °C (1250 °C in the case of sample
1 (pure PMN)) are visible in Fig. 6. Large irregular pores with
the size up to 50 wm can be observed in the microstructure
of polished ceramic sample 1 in Fig. 6a. In the microstruc-
ture, rectangular and triangular shaped grains are visible with

Table 3
The density p (g/cm®) of polished pelets PMN—PFN ceramics and relative
dielectric permitivity (¢;) measured at 25 °C and frequency 1 kHz
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Fig. 5. XRD diffractograms of the (1 —x)PMN—xPFN ceramics sintered at
1150°C for 6h (a) PMN, (b) 0.9PMN-0.1PFN, (c) 0.8PMN-0.2PFN, (d)
0.5PMN-0.5PFN, and (c) PFN (samples 1-5).

Sample p (glem?) & (1kHz)
1150°C 1200°C 1250°C 1150°C
2h 4h 6h 2h 2h 2h 6h
1 4.6 53 4.5 55 6.4 93 256
2 4.9 5.7 5.5 6.1 - 78 160
3 5.1 6.0 5.8 6.2 - 96 169
4 5.1 6.2 6.7 6.3 - 275 34443
5 - 6.0 5.7 6.1 - - 16784
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Fig. 6. Optical micrographs of the polished surfaces of ceramic samples sintered at 1150 °C/4 h ((a) sample 1, (b) sample 5, (c) sample 4, (d) sample 2) and 1200 °C/2h

((f) sample 5, (g) sample 4, (h) sample 2), 1250 °C/2 h ((e) sample 1).

average grain size up to 80 wm, which correspond with var-
ious sections of randomly oriented grains of the pyrochlore
or perovskite phases of the cubic symmetry. Similar types of
grains were observed in all microstructures of the ceramic sam-
ples sintered at the same conditions (1150 °C/4 h) (Fig. 6a—d).
Area pore distribution was the largest in the sample 1 (~42%)
and the lowest (21%) in the sample 4 whereas only a very
low portion of larger pores were found in the microstructures

of samples which contain of PFN phase. The observed pore
distributions and area porosities are in accordance with mea-
sured values of densities (see Table 3). The significant change
in the pore shape was found after sintering of the sample 1
at 1250°C, where pores obtained more spherical character.
The pore size was from 10 to 70 wm whereas the rectangu-
lar grains can be distinguished in the microstructure. The high
fraction of larger (70 wm) so as small (10-20 pm) pores on
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Fig. 7. SEM micrographs of fracture surfaces of the PMN-PFN ceramics sintered at the temperature of 1150 °C with different time for 2, 4 and 6 h (a) PMN, (b)

0.5PMN-0.5PFN, and (c) PFN.

the total porosity was observed in samples sintered at 1200 °C
which contain PFN phase, while the total area fraction of pores
was between 20 and 30%. In pure PFN ceramics, the pores
are rectangular distributed in the microstructure. In samples
PMN-PFN, the regular shaped grains are clearly visible in
microstructures—thus, pores are eliminated from the interior
of grains into grain boundaries with simultaneous grain growth
up to >100 wm (Fig. 6g).

Microstructures of fractured PMN-PEN ceramics sintered
at the temperature of 1150°C for 2, 4 and 6h are shown in
Fig. 7. The microstructure of ceramic sample 1 (pure PMN)
(Fig. 7a) is characterized by almost spherical shaped types of
grains with average grain size ~2 pm after sintering for 2 h. No
clear evidence for the presence of octahedral shaped grains of
pyrochlore phase was found. The average grain size increases
from 2 to 4 wm with increase in the sintering time from 2 to 6 h.
Bimodal grain size distribution in 0.5PMN-0.5PFN ceramics

(sample 4) can be visible in Fig. 7b. Fine grains are character-
ized by the globular shape with average grain size of 1 pm.
Large grains (3-5 wm) have octahedral shape which is typi-
cal for grains of pyrochlore phase (Pbj33Nbj71Mgp.290¢.39 or
Pb3Nb4O13). The significant change in grain size with sinter-
ing time at given temperature was not observed in this sample.
In Fig. 7c, the octahedral particles of PMN py phase (~5 pm
size) were observed in the microstructure of sample 5 after sin-
tering for 2 h. Besides, regular or spherical shaped small grains
(~1 pm size) were present in the microstructure at the same
sintering conditions. Grain size increases with sintering time
in the sample 5 and octahedral shaped grains are not so clear
visible in the microstructure. No small grains can be found in
microstructure ceramics sintered at 1150 °C for sintering times
above 6 h.

The SEM micrographs of polished and etched surface of
0.5PMN-0.5PFN ceramics (sample 4) sintered at 1150 °C for
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Fig. 8. SEM micrographs of polished and etched surface of 0.5PMN-0.5PEN ceramics sintered at 1150 °C for 4 h with EDX analysis different places with pyrochlore
phases: PbFegO13 (O), Pb3FesNbsOy; (0), PbsNbsO13 (A) and perovskite phase: Pb(MgjsFe/6Nb7/12}013 (0).

4 h with EDX analysis in the some regions are shown in Fig. 8.
The results of analysis showed that the more complex types
of py phases are present in ceramics which are very hardly
distinguished in XRD spectra. The effect of sintering temper-
ature on grain growth in sample 1 is demonstrated in Fig. 9a
and b. Average grain size in the ceramics rose from 3 to
7 pm with increasing in sintering temperature from 1200 to
1250 °C. High volume fraction of grains of py PMN phase is

visible in Fig. 8 which is in accordance with results of XRD
analysis.

Sintering temperature of 1150 °C and sintering time of 4h
represent optimal conditions for the tranformation pyrochlore
phases in PMN-PFN powders to the perovskite phase. Maximal
densities in final ceramics were found for sintering time of 4 h
and maximal value of &, were measured in these samples after
sintering for 6 h.
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Fig. 9. SEM micrographs of etched polished surfaces of PMN ceramics sintered
at (a) 1200 °C for 2h and (b) 1250 °C for 2 h.

4. Conclusion

(1 —x)PMN—xPFN ceramics, where x=0.0-1.0, were pre-
pared using sol-gel synthesis by mixing acetates Pb, Mg
and Fe with Nb-ethylene glycol-tartarate complex, calcination
of gels at 600°C and sintering at temperatures from 1150
to 1250°C for various times. The pure pyrochlore phases
(Pb1.83Mgp29Nby.7106.39 or Pb3NbsOj3) was created by the
calcination at 600 °C. Average size of particles of pure PMN and
PFEN calcinated powders was ~80 and ~150 nm. The maximum
bulk density in ceramic samples increased with both sintering
temperature and the content of PFN phase in samples but the
volume fractions of porosity were too high in the prepared sam-
ples. From the point of view of perovskite phase content, the
optimum sintering temperature of PMN-PFN is shifted from
1200 to 1150 °C.

In the microstructures of PMN-PFN ceramics sintered at
1150 °C at different time, the bimodal grain size distribution was
found with small grains of globular shape and larger grains of
regular or octahedral shape. The results of EDX and XRD anal-
ysis showed that the more complex types of pyrochlore phases
were present in ceramics.
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