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In the present study, the effect of the partial replacement of Pb®" by La*" in the lead magnesium niobate Pb(Mg;;Nb,/3)O; (PMN)
perovskite structure was examined, taking into account the Mg-source. Pure lead magnesium niobate (PMN) and lanthanum-modi-
fied lead magnesium niobate (PLMN) having composition (Pb;_Lay)(Mg;x3Nbs 43)O; with x=0.2 were elaborated.

The phase formation was investigated by DTA/TG methods correlated with X-ray diffraction, performed on materials ob-
tained in non-isothermal conditions. The diffraction data for the ceramics obtained by isothermal treatments emphasized the influ-
ence of the lanthanum on the crystal structure, inducing the doubling of the unit cell parameter. SEM investigations pointed out the
lanthanum inhibitor effect on the grain growth process, leading to a uniform grain distribution.
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Introduction

Among the lead-based relaxor ferroelectric materials of
general formula Pb(B’B’”)O;, lead magnesium niobate,
Pb(Mg;3Nb,3)O5 (PMN) is probably the most widely
studied one because of its excellent dielectric and
electrostrictive properties. However, a significant prob-
lem concerning PMN ceramics is the difficulty in pre-
paring a single-phase material of only perovskite struc-
ture without the appearance of a pyrochlore phase that
can be detrimental to the dielectric properties [1-3].
Various synthesis techniques for suppressing the forma-
tion of pyrochlore-type compound (i.e. columbite
method [4—6] and mechanical activated synthesis [7-9])
have been reported in the literature.

Former studies [10, 11] showed that the degree
of ordering and the size of ordered domains can be en-
hanced by incorporating lanthanum into lead magne-
sium niobate lattice.

Although the formation mechanism of PMN was
studied [12—14], it remains however a very controver-
sial process probably because of the different synthe-
sis conditions and precursors used in these reports. On
the other hand, unlike other substituted perovskites
[15-18], for the phase formation mechanism of lan-
thanum-modified lead magnesium niobate no data
were reported, even its structural characteristics were
widely examined [19-23].

The present work is dedicated to the study of the
formation mechanism of PMN, as well as of La-modi-
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fied PMN obtained via columbite route, taking into
account the magnesium source. The influence of the
magnesium precursor on the PMN and PLMN ceram-
ics microstructure was also investigated. Correlations
between phase composition, processing factors and
properties (crystalline structure and microstructure)
were established.

Experimental

The starting materials were reagent-grade PbO
(Fluka), La,O; (Loba Feinchemie), MgO (Merck)
(MgCO3)4 Mg(OH)25H20 (Carlo Erba) and Nb205
(Johnson Matthey Chemicals Ltd.) powders.

The samples prepared for this study, using two
Mg-precursors were stoichiometric columbite (MN1a,
MN2a) and pure lead magnesium niobate (PMN1 and
PMN2), as well as non-stoichiometric columbite
(MN1b, MN2b) and La-modified lead magnesium nio-
bate (PLMN1, PLMN2).

The perovskite phases composition was ex-
pressed by the formula (PbHLax)(Mg(1+x)/3Nb(2,x)/3)O3,
where x=0; 0.2. The non-stoichiometric columbite was
prepared in order to increase the Mg/Nb ratio, which
balances the donor charge of La®" and prevents the for-
mation of A-site vacancies in the perovskite lattice of
PLMN solid solutions. The composition of these sam-
ples is presented in Table 1.
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Table 1 The studied compositions

Symbol Composition Mg-precursor

MNla MgNb,O4 MgO

MNI1b Mg; ,Nb; 3057 MgO

MN2a MgNb,04 (MgCOs)s Mg(OH), 5H,O
MN2b Mg, ,Nb; 305 7 (MgCOs)sMg(OH), 5H,0
PMNI1 Pb(Mgp 33Nbg66)O3 MgO

PMN2 Pb(Mgo.33Nby.66)O3 (MgCO3)s Mg(OH)» SH,0O
PLMNI1 PbysLag2(Mgo.4Nbg )O3 MgO

PLMN2 PbosLag2(Mgo4Nbg)O; (MgCOs)s Mg(OH), 5H,O

Synthesis of PMN and La-modified PMN sam-
ples was carried out by a two-stage process, the colum-
bite method, proposed by Swartz and Shrout [4].

For the PMN mixtures, in the first stage, MgO
and Nb,Os powders were prereacted at 1000°C in air
to form columbite:

MgO+Nb,05—>MgNb,0g (1)

In the second stage, the prefabricated MgNb,Og
was reacted with appropriate amounts of PbO at
870°C to form the PMN perovskite structure:

MgNb,0s+3PbO—Pb;(MgNb,)Oy (PMN) (2)
For the PLMN mixtures, the first step implies the

formation of non-stoichiometric columbite, according
to reaction (3):

( 1+x)MgO+(27x) 1/2Nb205—)Mg1+XNb2,X05,3X/2 (3)

Taking into account the fact that in our case
x=0.2, the reaction (3) can be expressed as follows:

1.2MgO+1.8 1/2Nb,0s—>Mg; ,Nb; 5057 (37)

To form La-modified lead magnesium niobate,
PbO and La,0; were added to the non-stoichiometric
columbite, according to reaction (4)

Mgl+be2—x06—3x/2+3( 1—X)Pb0+3X/2L3.203—)
—>Pb3(1fx)La3x(Mg1+be27x)O9 “4)

particularly,

Mg, 2Nb; 305 7+2.4PbO+0.3La,0;—
—3Pbg sLag2(Mgo.4Nbg )O3 4

Since the hygroscopic MgO is carbonated and
hydrated during the storing, a prior annealing was car-
ried out up to 1000°C in order to calculate the calcina-
tion loss and to have a suitable ‘active’ MgO amount
for a stoichiometric reaction with Nb,Os.

After Nb,Os and MgO/(MgCO;)4Mg(OH),-5H,0
ball-milling (for 10 h) in isopropanol and subsequent
drying, the mixture was heated in air with 5 K min™" up
to 1000°C with 6 h plateau. The product (MN) was then
ball-milled in alcohol again for 10 h with appropriate
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amounts of PbO and La,0; and annealed in air, with the
same heating rate at 870°C for 6 h. The calcined pow-
ders with polyvinyl alcohol (PVA) added as binder,
were pressed into pellets of 10 mm diameter and ~3 mm
thickness, which were then sintered for 4 h in air at 870
and 1200°C, respectively. Sintering was performed in-
side closed platinum crucibles and the pellets were cov-
ered with powders of the same composition to minimize
the lead loss during the thermal treatments.

In order to evidence the changes occurring dur-
ing the heating process, DTA and TG investigations
of raw materials, as well as of the mixtures mentioned
were performed. The thermal behaviour was studied
by simultaneous TG/DTA measurements up to
1000°C in static air atmosphere, with heating rates of
10 and 2.5 K min"', using Pt crucibles, with a Deri-
vatograph supplied by MOM Hungary, system
Paulik—Paulik—Erdey, type OD 103.

The phase composition and the structural parame-
ters of the samples were studied by X-ray diffraction
(XRD) with a Brucker-AXS DS diffractometer, using
Ni-filtered CuK,, radiation. X-ray diffraction analyses
were carried out both on samples resulting from non-
isothermal treatments up to different temperatures and
on samples resulting from isothermal treatments. The
lattice unit cell parameters have been determined
by the least squares method, based on the position of
nine or ten well defined diffraction lines. The pro-
gram takes into account the gain in precision with in-
creasing diffraction angles. The uncertainty of the dif-
fraction angle (26) measurement for powder samples is
evaluated to be around 0.04°, so that we have esti-
mated that the uncertainty of the calculated parameter
is not more than 0.001 A. We consider that there is
no systematic measurement error of the diffraction an-
gle due to the good alignment of the goniometer.

The microstructural features of the samples were
investigated by scanning electron microscopy (SEM)
using a JEOL JSM-6400. The sinterability of PMN
and PLMN ceramics was estimated by means of the
values of relative density calculated as ratio between
the apparent density determined by the hydrostatic
method and the theoretical density.
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Results and discussion
Columbite formation and characterization

DTA curves of the initial mixtures of Nb,Os and
Mg-precursors, corresponding to the MNla and
MN2a compositions are presented in Fig. 1. Similar
behaviour was noticed also for MN1b and MN2b
compositions.

<Endo AT/a.u.

200 400 600 800 1000
Temperature/°C

Fig. 1 DTA curves of the stoichiometric columbite compositions

Both DTA curves show low temperature endo-
thermic effects corresponding to the volatiles release:
water of crystallization (~300°C), hydroxyl water
(440 and 460°C, respectively) and CO, (490 and
520°C, respectively) [24] and also a high temperature
broad peak situated at 810°C for MN1a and 840°C for
MN2a. This effect is probably due to the columbite
(MgNb,0O¢) formation. A supplementary exothermic
effect at 980°C is noticed only on the second (MN2a)
curve, which can be assigned to a secondary
MgsNb,Oy compound formation. These results are in
agreement with the X-ray diffraction data of the
columbite samples (obtained after isothermal treat-
ment at 1000°C/6 h), which pointed out the presence
of the MgsNb,Oy (JCPDS 38-1459) as a secondary
phase, beside the MgNb,O4 (JCPDS 25-0526) major
phase, especially for the MN2a composition (Fig. 2).
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Fig. 2 XRD patterns of the stoichiometric columbite compositions
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In the case of MNla composition this secondary
phase was hardly identified at the Roentgen detection
limit, even in these isothermal conditions, which
could explain the lack of corresponding effect on the
DTA curve of MN1a composition. Therefore, we can
conclude that the Mg carbonate precursor induces the
enhancing of the Mg4Nb,Oy secondary phase, com-
paring to MgO precursor.

As a consequence of the MgyNb,Og formation,
small amounts of unreacted Nb,Os were also identified.

PMN and PLMN formation and characterization

Thermal analysis

The thermal behaviour of the mixtures (MgNb,Og
+PbO) corresponding to PMN1 and PMN2 are quite
similar. Similar thermal analysis curves were noticed
also for mixtures (MgNb,Ogt+PbO+La,0;) corre-
sponding to PLMN1 and PLMN2. For this reason, only
the DTA/TG curves of PMN2 and PLMN2 mixtures
are presented in Figs 3a and b.

Below 400°C two endothermic effects (~250 and
340°C) due to the volatiles elimination (water from
La(OH); dehydration and organic residuals originated
from solvent) are noticed [7]. For the PLMN2 mixture
the second effect appears as a shoulder, as a conse-
quence of the overlapping with another endothermic ef-
fect (380°C) assigned to the La precursor dehydration
process. Indeed, the TG curve of the PLMN2 mixture
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Fig. 3 DTA/TG curves of: a— PMN2 composition;
b — PLMN2 composition
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shows a more significant mass loss than that one spe-
cific to the PMIN2 mixture. Because of the well-known
tendency of La,0; to take up moisture and CO, from at-
mosphere a supplementary small endothermic effect
specific to the La,0,CO; decomposition is also re-
marked at ~535°C on the DTA curve of PLMN2 mix-
ture. Over 400°C both compositions show the oxidation
of PbO to Pb;O4 (more pronounced for PLMN?2 as one
can see on the TG curve), as well as the reduction of
Pb;0,4 to PbO (the endothermic peak at ~575°C). The
broad exothermic effect situated at ~680°C, emphasized
for the both compositions, is probably determined by the
perovskite skeleton formation.

The slow and continuous mass loss over 800°C,
more pronounced for the PLMN2 mixture, is proba-
bly due to the PbO volatilization.

X-ray diffraction

X-ray diffraction patterns for the mixtures PMN1 and
PMN2 non-isothermally treated up to 500°C pointed
out only the presence of the reactants (columbite, PbO
and traces of MgsNb,Oy), better crystallized for
PMNI1 (Figs 4a and b).

At 700°C the influence of the Mg-source is more
visible. Thus, for the MgO precursor (PMNT1 sample),
almost a single phase composition consisting of the
well-crystallized PMN perovskite (JCPDS 81-861)
was obtained, whereas for the Mg carbonate precur-
sor (PMN2 sample), at the same temperature, a small
amount of Pb g3(Mgg29Nb; 71)O¢39 minor pyrochlore
phase (JCPDS 33-769) was detected. The very weak
diffraction peak situated at 26=28.4° shows the pres-
ence of another Pb,Nb,O; (PN) pyrochlore phase
identified at the detection limit (JCPDS 30-711).
These residual pyrochlore phases are due to the reac-
tion between ‘free Nb,Os’ in the columbite precursor
and PbO. The higher the Mg,Nb,Os proportion in the

4 = MgNb,0, P=Pb(Mg, 33Nby 46)O;
# = PbO(Massicot) ¥=Pb,Nb,0,
® = PbP (Litharge) #=Mg,Nb,O,
- T I v
L2 PMN1

Intensity/a. u.

columbite precursor, the higher the extra Nb,Os
amount and the higher the pyrochlore quantity in the
PMN composition. This shows that an additional
MgO amount, more significant in the case of using of
magnesium carbonate precursor, is required to con-
vert the extra Nb,Os and Mg4Nb,Og to MgNb,Og, in
order to obtain a pyrochlore-free PMN [13]. A reac-
tion between PbO and MgsNb,Oy to form PMN
(Eq. (3)) could also takes place between 500-700°C,
but taking into account the very small amount of
Mg,Nb,Oy identified at 500°C, no MgO product was
detected at 700°C.

3PbO+Mg4Nb209—>Pb3(Mng2)09+3MgO (5)

Since only one high temperature exothermic ef-
fect (~680°C) was noticed on the DTA curve of
PMN2, it seems probably that the perovskite and
pyrochlore formation occurs simultaneously. This as-
sumption is in agreement with the reaction sequence
proposed by Sreedhar et al. [25], contrarily with
Kim et al. work [26], which claims the formation of
the pyrochlore phase after the perovskite one. Thus, it
is obvious that the using of MgO precursor induces a
columbite composition with a higher MgNb,O¢ pro-
portion (MN1a), which leads to a quantitative reac-
tion with PbO and to the obtaining of a better crystal-
lized PMN perovskite (PMN1).

Both PMN samples isothermally treated at 870°C
are single phase, the perovskite main peaks being more
intense for PMN1, which shows a better crystallinity for
this compound, obtained by using of the MgO precur-
sor. The temperature increasing at 1200°C determines,
beside the enhancing of the perovskite peaks intensity,
also the appearance of small amounts of pyrochlore
phases, as a result of the PMN decomposition process,
which is also reported in [27]. This process is more ob-
vious for PMN2 composition (Figs 5a and b).

A =MgNb,0O,

# = PbO(Massicot)

B = pbO(Litharge)
T

P= Pb(Mg, ;Nb) )O3 W= Pb,Nb,0,
0= Pb; ;;(Nb, 5, Mg,0)0639 #= Mg,Nb,0,
L] T T

F b PMN 2
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Fig. 4 XRD patterns of PMN samples non-isothermally treated at 500 and 700°C: a — PMN1; b — PMN2
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Fig. 6 XRD patterns of the PLMN samples non-isothermally treated at 400, 500 and 700°C: a — PLMN1; b — PLMN2

In the case of the La-modified PMN (PLMNI,
PLMN2) mixtures (Figs 6a and b), the X-ray patterns
obtained for the powders non-isothermally treated at
400 and 500°C emphasized the presence of the Pb;0,
beside the other reactants identified also for PMN1 and
PMN2 mixtures, which is in agreement with thermal
analysis data. Traces of La precursor (La,0,COs) were
also detected. At 700°C, for both PLMN1 and PLMN2
compositions, the perovskite major phase and small
amounts of PN pyrochlore and unreacted PbO and
MgNb,O¢ were identified. In comparison with the
PMN2 sample, in PLMN2 no Pb1,33(Mg0_29Nb1‘71)06‘39
pyrochlore phase was detected.

For isothermally treated PLMN samples, unlike
the PMN compositions, the secondary PN pyrochlore
phase was detected even at 870°C (Fig. 7).

The temperature rise at 1200°C leads to the in-
creasing of the diffraction peaks belonging to the
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Fig. 7 XRD patterns of PLMN1 sample isothermally treated at:
a—870 and b —1200°C
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Table 2 Lattice parameters for PMN and PLMN compositions isothermally treated at 1200°C/4 h

Lattice parameter,  Unit cell volume, Theoretical density, Apparent density, Relative density,
Sample alA VIA® z p/gem™ pJ/gcm” =Palpd%
PMN 1 4.048 66.3318 1 8.145 7.741 95.02
PMN 2 4.047 66.2826 1 8.151 7.727 94.80
PLMN 1 8.050 521.6601 8 7.815 6.653 85.09
PLMN 2 8.045 520.6887 8 7.830 5.803 74.07

perovskite and pyrochlore phases. Besides, one can no-
tice that the La additive induces a short range ordering
pointed out by supplementary (111) and (311) diffrac-
tion peaks, corresponding to a superstructure forma-
tion. These extra peaks can be indexed as {A+1/2,
k+1/2, 1+1/2} ordered reflections with respect to the
fundamental reflections. Although La incorporation
into the perovskite lattice determines a unit cell shrink-
age because of the smaller ionic radius of La®" com-
pared with Pb*" (1.14 vs. 1.20 A), due to the super-
structure formation, the effective lattice parameters of
the ordered structures are twice than those of the disor-
dered PMN structures. The values of the lattice param-
eters, unit cell volume and theoretical density for the
compositions considered are presented in Table 2.

Taking into account that the PLMNI1 and
PLMN2 X-ray diffraction patterns are quite similar
we concluded that for the La-modified samples the in-
fluence of Mg precursor is less obvious than in the
case of pure PMN samples.

Scanning electron microscopy

SEM analyses were performed on the surface of the
pellets isothermally treated at 870 and 1200°C.

From the grain size point of view, PMNI sample
annealed at 870°C exhibits a relative homogeneous
microstructure consisting of grains with well delimited
junctions and an average size of 2.5 um. Randomly
distributed intergranular pores are also noticed
(Fig. 8a). The SEM micrograph of the sample annealed

10 pm
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at 1200°C shows a heterogeneous microstructure with
smaller grains (of ~5um) and larger grains (of
~10 um) as a consequence of the thermally activated
grain growth process. One can notice the lack of any
inter- or transgranular porosity and perfect triple grain
junctions (Fig. 8b). The presence of PbO appearing
mostly as white needles in the grain boundaries [28] of
the specimen proves the formation during the heating
process of a small amount of liquid phase, which seems
to crystallize throughout the cooling [5].

The microstructures of PMN2 samples sintered at
870 and 1200°C, respectively, are similar with those
corresponding to PMN1 samples sintered at the same
temperatures, which indicates no significant effect of
Mg precursor on the samples microstructure. This as-
sertion is sustained also by the relative density values,
which are very close for the samples consisting of pure
lead magnesium niobate, irrespective of the magne-
sium precursor used for the synthesis (Table 2).

While the SEM micrograph of PLMNI1 sample at
870°C is close to that one of PMNT1 sample at the same
temperature, the image at 1200°C suggests that the lan-
thanum addition influences dramatically the micro-
structure only at high temperature (Figs 9a and b). One
can observe the inhibitor effect of the lanthanum used
as additive on the grain growth process and, conse-
quently, a relative homogenous microstructure, with
intergranular porosity, not well-defined grain bound-
aries and finer grains (of ~3.5 um) than the similar,
non-modified sample.

10 pm
Fig. 8 SEM micrographs of PMN1 sample isothermally treated at: a — 870°C; b — 1200°C

J. Therm. Anal. Cal., 80, 2005
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Fig. 9 SEM micrographs of PLMN1 sample isothermally treated at: a — 870°C; b — 1200°C

10 pm
Fig. 10 SEM micrographs of PLMN2 sample isothermally treated at: a — 870°C; b — 1200°C

In the case of PLMN2 specimen the inhibitor ef-
fect of lanthanum is also very pregnant at 1200°C, but
unlike the PLMNT1 sample this effect is visible even at
870°C (the average grain size is about 1.5 pm), sug-
gesting that the incorporation of the additive occurs at
lower temperatures when the magnesium carbonate
was used as precursor (Figs 10a and b).

Consequently, the intergranular porosity re-
sulted as effect of the fine-grained microstructure in-
duced by the lanthanum admixture affects signifi-
cantly the densification of PLMN ceramics, which,
comparing with pure PMN, shows lower value of rel-
ative density, especially when magnesium carbonate
was used as precursor.

Conclusions

From the results obtained the following aspects con-
cerning the formation of pure PMN and La-modified
PMN using different Mg precursors were pointed out:
+ The magnesium precursor type influences the phase
composition of the columbite powder resulted in the
first stage of PMN synthesis; in order to obtain a

J. Therm. Anal. Cal., 80, 2005
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pyrochlore free perovskite the amount of MgsNb,Oq
secondary phase in the columbite samples have to be
avoided or at least minimized. From this point of
view the using of MgO precursor seems to be more
favourable for the obtaining of a single phase ce-
ramic comparing to the Mg carbonate precursor.

» By using the columbite route and the mechanical
activation for the PMN preparation, a well-crystal-
lized perovskite phase, stable in the temperature
range of 800—1200°C was obtained.

» A possible sequence of reactions between PbO and
MgNb,Og could be written as:

PbO+MgNb,O—2LE5Pb;0,+MgNb,Og—ECC—
PbO (Massicot-+Litharge)+MgNb,Os—
—80CC _5Pb;MgNb,Oq(Perovskite)+
+Pb,Nb, (Mg,O;_s(Pyrochlore)—¢—
Pb3;MgNb,O¢(Perovskite).

* For the lanthanum modified PMN samples, the in-
fluence of magnesium precursor is less obvious
than in the case of pure PMN ceramics, irrespective
of the isothermal or non-isothermal annealing; for
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both PLMN1 and PLMN2 specimens no pure
perovskite phase was obtained.

The using of the lanthanum-based admixture deter-
mines the incorporation of the La®* on Pb*" site;
consequently, the presence of La®" cations implies
the increase of the short range ordering, as a result
of the negative space charge balance into the or-
dered domains in PMN perovskite structure. The
doubling of the unit cell parameter proves the
perovskite-like superstructure formation.

At microstructural level, for the PLMN samples the
refinement of the microstructure was pointed out,
because of the inhibiting effect of lanthanum on the
grain growth process.

The influence of the magnesium precursor for the
PLMN samples is more obvious from microstructural
point of view; unlike the PLMNI1 sample, for the
PLMN2 sample the lanthanum inhibitor effect is visi-
ble even at 870°C, suggesting that the incorporation
of the additive occurs at lower temperatures when the
magnesium carbonate was used as precursor.

The presence of lanthanum in the perovskite PMN
lattice affects the ceramics sinterability estimated
by relative density values, significantly lower for
PLMN specimens comparing with highly-densified
(pr~95%) PMN ceramics.
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