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The thermal stability of ceramics based on PMN, PZN and their solid solutions PMN-PT,
PZN-PT (PMN = PbMg13Nb2/s0s, PZN = PbZn13Nb2;30z, PT = PbTiO3) during sintering is
investigated. The present work confirms that the incorporation of a limited excess of MgO in
the starting materials is actually quite beneficial for the synthesis of a pure PMN perovskite
phase, and that it prevents the formation of a secondary pyrochlore-type phase, after PbO
loss during firing. An excess of ZnO is much less efficient for the stabilization of the PZN
compound. Examination of the microstructural evolution as well as analysis of second
phases in these materials and in their solid solutions formed with lead titanate by
wavelength dispersive spectroscopy and/or energy dispersive X-ray spectroscopy
techniques, allows a mechanism to be proposed for the stabilization of the PMN-based

perovskite phases by an excess of MgO.

1. Introduction
Lead magnesium niobate (PMN, PbMg, 3Nb,,303) is
a ferroelectric material characterized by a high dielec-
tric constant (12000) at —15°C and a low sintering
temperature. So, it is a promising candidate for low-
price multilayer capacitors [1-3]. Moreover, as induced
electrostrictive strains are proportional to the square of
the dielectric constant, PMN is also interesting for elec-
trostrictive applications [4, 5]. It has been reported
that the electrostrictive strains in 0.9PMN-0.1PT cer-
amics are comparable to those of PZT, but in addition
they are more reproducible under cycling [6].
Piezoelectric properties of PMN ceramics have also
been investigated. This has concerned solid solutions
of PMN (Pg=6uCcm~? at 10°C) with PT
(PT = PbTiO;, T.=490°C, Pg=750uCcm ? at
23°C) and PbZrO; (T, = 230°C) in order to increase
the Curie temperature and the spontaneous polariza-
tion of the material. Large piezoelectric coefficients,
which could be improved by incorporation of sub-
stituents or additives, were obtained for compositions
near the morphotropic phase boundaries [7, &].
Recently, one of our investigations focused on the
piezoelectric properties of PMN-PZN-PT ceramics
(PZN = PbZn;3Nb,;30;) [9-11]. The compositions
selected were (0.6 —y) PMN-yPZN-04PT with
y =0,0.2, 0.4 and 0.6. The main objective of this work
was to elucidate the influence of magnesium substitu-
tion by zinc on the piezoelectric properties in the
vicinity of the morphotropic phase boundary [12].
During the calcination and sintering steps of these
ceramics, care must be taken to avoid the formation of
a pyrochlore-type phase which is detrimental to elec-
trical properties [13]. It has been reported that the
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pyrochlore phase could be avoided in PMN ceramics
by addition of excess MgO ( & 5mol%) both in the
conventional mixed oxide route [14, 15] or in a col-
umbite type process [16, 17]. As far as PZN ceramics
are concerned, the perovskite phase is usually stabi-
lized by addition of stable perovskite compounds such
as PbTiO; (25 mol %), BaTiO; (7 mol %) or SrTiO,
(10 mol %) [18-21]. According to these results, the
perovskite phases corresponding to (0.6 — y)
PMN-yPZN-0.4PT should be stable owing to their
large content of PbTiO;.

However, one of our previous studies pointed out
that a pyrochlore phase was present in (1 — x)
PMN-xPT ceramics with O < x < 0.5 [17]. This is the
reason why an excess of 6 mol% excess MgO/ZnO,
balanced according to the substitution rate y, was
added to the different compositions (0.6 — )
PMN-yPZN-0.04PT in order to improve the forma-
tion and the stability of the perovskite phase. In pre-
vious publications [9, 10] we have shown that perov-
skite contents larger than 95 vol % could be reached
by adjusting the temperature of calcination treatment
according to the substitution rate y.

The purpose of this present work was to investigate
the stability of the perovskite phase in the
PMN-PZN-PT ceramics during sintering, and spe-
cifically with respect to the effect of magnesium substi-
tution by zinc. A mechanism of perovskite to pyro-
chlore conversion will be proposed.

2. Experimental procedure
Different compositions were prepared from appropri-
ate amounts of reagent-grade PbO (Merck (7401)
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dso=25pum, Sper=02m?*g™!), MgO (Lambert
Riviere (léger) dso = 6 pm, Sgpr = 27 m*g~ 1), ZnO
(Vieille Montagne (Neige) dso =03 pum, Sper =
4m?g~1), Nb,Os (Hermann and Starck (Ceramic
Grade) dso =04 pum, Sger=38m’*g™') and TiO,
(Toho dso = 1.3 pm, Sgpr = 2.5m? g 1) which were
mixed by attrition milling in distilled water for 2h
with zirconia balls and a dispersant (Dolapix, PC
33-Zimmer and Schwartz). The mixtures were calcined
for 3 h at selected temperatures [ 10, 11], then crushed
and attrition milled with a binder (PVA + PEG).
Discs, 16 mm diameter and 2 mm thick, were formed
by uniaxial pressing at 150 MPa. Pellets, placed in
a covered alumina crucible, were debinded by slow
heating from room temperature to 500°C at
100°Ch ™}, then buried into alumina powder to mini-
mize PbO losses [16] and sintered between 1000 and
1200°C for 3 h. ,

X-ray diffractometer scans were carried out on
powders obtained by crushing the sintered samples.
The relative amounts of perovskite and pyrochlore
phases were calculated from the ratio of the (110)
perovskite peak and the (22 2) pyrochlore peak inten-
sities.

The theoretical densities of ceramics were then
calculated from the relative amounts of phases, and
relative densities were deduced from experimental
densities.

The PbO deficiency of every composition was deter-
mined from the cumulated weight losses during calci-
nation and sintering steps, corrected from the weight
of organics.

Furthermore, polished sections corresponding to
successive zones from the surface to the centre of the
different sintered samples, were analysed (i) by X-ray
diffraction to determine the relative amount of the
pyrochlore phase, (i} with a scanning electron micro-
scope (Hitachi S 2500), equipped with an energy
dispersive X-ray spectroscopy (EDS) detector
(Kevex Delta), (iii) with a wavelength-dispersive spectro-
scopy (WDS) electron microprobe (Camebax Micro-
Cameca). In fact, the composition of the perovskite
and pyrochlore phases was determined quantitatively
by WDS analysis which is more appropriate in this

case than EDS because of the better split of lead and
niobium signals on the WDS spectra. However, the
EDS analysis was necessary to locate and identify the
different inclusions in the samples, because the quality
of images was better than by WDS analysis.

Moreover, after ion-beam milling, some samples
were examined in a transmission electron microscope
equipped with an energy dispersive X-ray detector
(Jeol 2010/Link).

3. Results and discussion
3.1. Microstructural characteristics of
sintered samples
The relative density, the perovskite content and the
PbO deficiency of the different samples after sintering
are summarized in Table I. It appears that for the
same sintering temperature, the stability of the perov-
skite phase is better at lower ZnO contents. Converse-
ly, the materials seem to be stable up to a larger PbO
deficiency. For example, if the PbO deficiency
amounts to —4 mol%, a pure perovskite phase is
obtained for y = 0 (0.6PMN-04PT-0.06MgO) while
16 vol% pyrochlore phase is present for y = 0.6
(0.6PZN-0.4PT-0.06Zn0). As a consequence, it is dif-
ficult to obtain pyrochlore-free and densified samples
at large ZnO content. So, compositions y = 0.4 and
y = 0.6, sintered at lower temperatures, exhibit a very
limited grain growth compared to other compositions
(Fig. 1). According to these results, it appears that the
stability of the PMN-PZN-PT compositions depends
on the ZnO content. This confirms the lower stability
of PZN compound compared to PMN, a fact which
has been previously reported [22].

The aim of this work was to understand how the
substitution of magnesium oxide by zinc oxide in
0.6PMN-04PT-0.06MgO composition affects the
stability of the material and consequently the mecha-
nism of perovskite to pyrochlore transformation.
Therefore, appropriate samples were selected from
among those presented in Table L e.g. y = 0/1200°C/3 h
(sample 4) and y = 0.6/1100°C/3 h (sample 5). More-
over, due to the numerous constituents of these

TABLE I The volume fraction of perovskite, the PbO deficiency and the relative density of (0.6 — y)PMN-yPZN-
0.4PT—0.06 — z)MgO-zZnO (with z = y/10) sintered at (a) 1000°C, (b} 1100°C, (c) 1200°C for 3h

v Perovskite (vol %) PbO deficiency (mol %) Relative density
+1% +0.2% +0.5%
0 (a) 100 —28 62
(b) 100 —31 92
(c) 100 —4.1 95 (sample 4)
0.2 100 —14 83
100 - 1.7 93
100 —53 94
0.4 100 -2 79
98 —-26 97
0.6 94 — 1.6 91
84 —4 96 (sample 5)
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Figure 1 SEM images of fracture surfaces of samples (a) y =0
sintered at 1200°C/3 h, (b} y = 0.6 sintered at 1100°C/3 h.

selected compositions, our study has deliberately con-
sidered PMN compositions that (i} are stoichiomet-
ric, sintered at 1200°C for 1h (sample 2) or 3h
(sample 1), and (ii) contain 6 mol% excess of MgO,
sintered at 1200°C for 1 h (sample 3).

Table II presents the relative amounts of perovskite
phase and the PbO deficiency of these materials. As
the sintered samples 2--5 are eharacterized by the same
PbO deficiency (—4 mol %), their corresponding perov-
skite contents allow us to point out the influence on
the perovskite stability of (i) the MgO excess by com-
paring samples 2 and 3, and (i) the nature of the
B site-cation (Mg?* or Zn?*) in the perovskite struc-
ture ABO; by comparing samples 4 and 5.

3.2. Characterization of polished sections of
samples 1-5

3.2.1. Stoichiometric PMN samples (1 and 2)
X-ray and SEM analysis of polished sections of
stoichiometric PMN materials (1 and 2) reveal a high-
ly inhomogeneous phase distribution. Near the sur-
face of the samples, at a depth of 20 um (sample 2) to
200 pm (sample 1), a pyrochlore phase coexists with
MgO inclusions, the number of which decreases pro-
gressively from the surface to the centre (Fig. 2). The
composition of the pyrochlore phase determined by
WDS was found to be Pbsoiy0.02ME0.334+0.04
Nb; 66+ 0.0406.52 + 0.04- It corresponds to a 1/6 sub-
stitution of niobium ions on the B-sites by magnesium
in Pb,Nb, O, which leads to Pbg(MgNb;)O; 4. 5. This
formula is in fair agreement with those proposed pre-
viously by several authors [13, 23-25].

In the centre of the samples, the perovskite phase
only is detected, with the composition Pby g6+ 0.03

Surface
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Figure 2 Polished cross-sections of a stoichiometric PMN (sample 1).

Mgo .31+ 0.040NbPo.64 = 0.0203.The comparison of the
Mg/Nb and Pb/Nb ratios of perovskite and pyro-
chlore phases (Table III) shows that the pyrochlore
phase has lower Mg/Nb and Pb/Nb ratios, as re-
ported by Wang and Schulze [17].

Consequently, according to these results, the trans-
formation of the perovskite phase to the pyrochlore
phase corresponds to the following reaction:

perovskite phase — pyrochlore phase + MgO inclu-
sions + PbO volatilized (1)

For PMN ceramics, a similar mechanism was pro-
posed by Chen and Harmer (13), but they mention
a “lead-rich intergranular phase”, suggesting that lead
oxide does not volatilize, but remains in the material
microstructure as a glassy phase, which has been iden-
tified by Goo et al. [25]. In our case, no amorphous
compound including lead oxide and associated with
the pyrochlore phase was detected near the the sur-
face. Moreover, the precipitation mechanism of an
oxide issued from one of the perovskite B-cations
(here Mg? ™), was previously reported for similar perov-
skites such as PZT, where ZrO, precipitation was
observed [26].

3.2.2. PMN-type samples containing excess
MgO (3 and 4)

No pyrochlore phase was detected by X-ray diffrac-

tion at the surface of PMN-0.06MgO (sample 3) and

0.6PMN-0.4PT-0.06MgO (sample 4). Therefore, as

the PbO deficiency ( —4 mol %) of samples 3 and 4 is

the same as in stoichiometric sample 2 of PMN

TABLE II The volume fraction of perovskite and the PbO deficiency of samples 1-5.

samples perovskite PbO deficiency
(vol %) (mol %)
+1% +0.2%

(1) Stochiometric PMN/1200°C/3 h 90 —8

(2) Stoichiometric PMN/1200°C/1 h 96 —4

(3) PMN-0.06Mg0O/1200°C/1 h 100 -4

(4) 0.6PMN-0.4PT-0.06MgQ/1200°C/3 h 100 —4

(5) 0.6PZN-0.4PT-0.06Zn0/1100°C/3 h 84 —4
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TABLE III Ratios Mg/Nb, Zn/Nb, Ti/Nb and Pb/Nb from WDS
analysis for perovskite and pyrochlore phases in (a) stoichiometric
PMN samples, (b) 0.6PZN-04PT-0.06Zn0 sample

Mg/Nb Pb/Nb Zn/Nb  Ti/Nb
(a) Perovskite 0.48 1.65 - -
Pyrochlore 0.19 1.21 - -
(b) Perovskite - 2.48 0.50 0.90
Pyrochlore - 1.31 0.11 0.37

(Table II), this suggests that excess MgO prevents the
formation of pyrochlore phase (Reaction 1) by diffu-
sion of Mg? ™ into Pb?* vacant sites of the perovskite
structure. If fact, it seems reasonable to propose that
some magnesium ions can enter A-sites in perovskite,
by considering for instance, the solubility of MgTiO;
in BaTiO; according to the BaO-MgO-TiO, phase
diagram [27].

Quantitative analysis of the perovskite phase by
WDS did not allow confirmation of this mechanism
because of a lack of sensitivity and accuracy with
respect to magnesium. The compositions of the perov-
skite phase obtained by this technique for Samples
3 and 4 are, respectively, Pby o4-0.02M80.3+0.03
Nbo 66 4 0.0203 and Pb1.02+0.00M80.15 1+ 0.01
Nbg .30+ 0.01Tlo.42 1 0.0103. However, a better under-
standing of the phase transformation from perovskite
to pyrochlore was supplied by a systematic EDS study
of inclusion morphology in samples 3 and 4. In both
cases, EDS analysis reveals MgO particles, the num-
ber and the size of which increases from the centre to
the surface of the sample, despite the absence of any
pyrochlore phase. The small particles, about 100 nm
in size, are included within the perovskite grains
(Fig. 3). This observation is in agreement with those
reported by Goo et al. on the distribution of MgO in
PMN materials [25]. Moreover, for 0.6PMN-0.4PT-
0.06MgO (sample 4), EDS analysis indicates that the
composition of the largest particles near the surface is
Mg, TiO, (Fig. 4) compared to pure MgO in the case
of small particles detected in the centre of the sample.
This suggests that MgO particles correspond to resi-
dual MgO excess while Mg, TiO, particles result from
the transformation of the perovskite phase due to lead
oxide loss near the surface at high temperature. In
addition, this suggests that a progressive transforma-
tion of the perovskite phase with simultaneous pre-
cipitation of MgO (sample 3) and TiO, (sample 4)
preceeds the formation of the pyrochlore phase.

3.2.3. PZN type sample with excess ZnO

A relatively large amount of pyrochlore phase is pres-
ent near the surface of 0.6PZN-04PT-0.06Zn0O
sample. The pyrochlore grains, about 10 um in size,
have a distinctive octahedral morphology (Fig. 5a), as
previously reported by Chen and Harmer for PMN
ceramics [13]. The composition of the pyrochlore
phase determined by WDS analysis is Pb; 75 .03
Zng.15 1+ 0.05Nb1.34 4 0.01Tl0.5 £ 0.0606.25 £ 0.16. Then
the pyrochlore phase is PbO-, ZnO- and TiO,-deficient,
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Figure 3 {(a) TEM image showing submicrometre MgO inclusions
in perovskite grains, (b) X-ray microanalysis spectrum from MgO
particles of (a).
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Figure 4 Energy-dispersive X-ray spectrum from Mg,TiO, particle
identified near the surface of the polished cross-section of
0.6PMN-04PT-0.06MgO (sample 4).



Figure 5 SEM images of 0.6PZN-0.4PT-0.06Zn0O (sample 5): (a)
fracture surface showing the octahedral morphology of the pyro-
chlore grains, (b) polished section showing the place of a pyrochlore
grain (I) surrounded by ZnO and mixed ZnO-TiO, inclusions (II)

by comparison to the perovskite phase identified in
the centre of the sample (Pbg.oo .1 0.05Z00.240.02
Nbo.4-0.01Tlo.36 + 0.0103) (Table I11). The pyrochlore
1s surrounded by large ZnO or mixed ZnO/TiO, in-
clusions such as Zn,TiO, or ZnTiO; (Fig. 5b). This is
in agreement with the corresponding ZnO and TiO,
deficiency of pyrochlore phase.

As the 0.6PZN-0.4PT-0.06Zn0O sample possesses
the same PbO deficiency (—4mol%) as the
0.6PMN-0.4PT-0.06MgO sample examined pre-
viously, it becomes obvious that a ZnO excess does
not prevent the formation of a pyrochlore phase. This
could be related to the poor affinity of Zn?" for the
perovskite A-sites. Addition of excess ZnO to the

starting materials does not delay the perovskite to
pyrochlore transformation by diffusion of Zn?* on
the Pb?* vacant sites.

3.3. Reaction sequences of perovskite to
pyrochlore transformation

A plausible perovskite to pyrochlore mechanism can

be proposed from the different results provided by

XRD, EDS and WDS analysis. The reaction sequence

is governed by PbO loss which is assumed to create

lead- and oxygen-site vacancies in the lattice.

3.3.1. Stoichiometric PMIN system
Different reaction sequences occur in conjunction
with PbO losses.

Stage I: after limited PbO volatilization, the perov-
skite structure remains stable and the composition is
given by Pb;_ . Mgg 35Nbg 67,05

Stage 1I: when the vacancy concentration x/3 on
anionic sites increases, these defects are compensated
through substitution of magnesium by niobium on
perovskite B-sites, which leads to precipitation of
MgO particles. The composition of the material can
be defined as perovskite Pb; . Mgg 33-,Nbg 66303

+ MgO (inclusions) with P =2{x + a)/5 and

o > 2x/3. This explains the increasing number and
size of MgO particles from the centre to the surface in
samples 1 and 2.

Stage I1I: after larger PbO loss, i.e. for larger values
of x and «, the perovskite structure of the compound
Pb; - Mgg.33-4Nbg 66503 becomes less stable than
the corresponding pyrochlore. Therefore, a pyrochlore
phase appears with composition Pb,Mgg 33Nby 46
Og.52, and coexists in the material with large MgO
particles. This reaction sequence allows us to define
the composition of the perovskite phase at its stability
limit as Pby.,Mgg 15Nbg.7603.

3.3.2. The effect of excess MgO

After a similar stage I, the second mechanism pre-
viously identified (stage II) is delayed by the diffusion
of Mg?~ into vacant lead-sites (stage 1'), which leads
to the following composition.

perovskite + inclusions (residual MgO excess)
(Pb; - . Mgs)Mgo 33Nbo 6603 —x+5 + (0.06 — 5)MgO

The residual excess MgO corresponds to the small-
size MgO particles identified in the centre of sample 3.
However, as the diffusion of Mg? " in perovskite struc-
ture is too slow to compensate the PbO loss, the same
mechanism as in stage II in stoichiometric PMN sam-
ples prevails when the concentration of lead and oxy-
gen reaches a critical value. This involves the precipi-
tation of MgO inclusions in the perovskite phase
Pb; - Mg 33 -4Nbg 66+503. The large MgO particles
near the surface of sample 3 without any trace of
pyrochlore phase result from this process.
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TABLE 1V Schematic phase distribution in (a) 0.6PMN-0.4PT-0.06MgO (sample 4) (b) 0.6PZN-0.4PT—-0.06ZnO (sample 5)

Pyrochlore phase Perovskite phase Inclusions
(a) Centre PbMgg ,Nbg 4 Tig 405 0.06MgO
l
Small size
1 1
Middle area Pby -, Mgy sNbg 4 Tig 405, 0.06MgO
!
l (Pby - .Mgs)Mgo.2Nbo. 4 Tio. 403 45 (0.06-3)MgO
Very small size
!
Surface Pb; Mg 5 -,Nbg 4+5Tig 403 Mg, TiO,
large size
(b) Centre PbZng ;Nbg 4Tig 4 O3 0.06Zn0O
! 1
Small size
! 1
Middle area Pby_,Zny ;Nbg 4 Tig 403 -« 0.06Zn0O
!
i Pb;_xZng ;- Nbg 4+ pTig.4 O3 ZnO/TiO,
small size
!
Surface Pby . 75Zng.15sNby 34Ti5. 506,25 ZnO and mixed ZnO/TiO,

large size

3.3.3. 0.6PMN-0.4PT-0.06MgO system
Perovskite transformation mechanisms resulting from
PbO loss are similar to those described for the
PMN-0.06MgO system for stages I and I'. During
stage I1, the oxygen-site vacancies are compensated by
substitution of magnesiums and titaniums on perov-
skite B-sites by niobiums. This leads to the precipita-
tion of Mg,TiO, particles identified previously.
These different mechanisms are illustrated in Table
IV by the distribution of phases in a cross-section of
0.6PMN-0.4PT-0.06MgO sample.

3.3.4. 0.6PZN-0.4PT-0.06Zn0 system
Compared to the previous system, owing to the lack of
diffusion of Zn2* into lead- free A-site vacancies, stage
I’ cannot be observed. Therefore, the microstructural
evolution is the same as in stoichiometric PMN. This
leads to the phase distribution summarized in
Table TV.

4. Conclusions "

1. The better stability of PMN containing an excess
of MgO (0.06 mol %) is confirmed. An equivalent ex-
cess of ZnO in PZN does not prevent the formation of
a significant amount of the parasitic pyrochlore phase,
even after a moderate PbO loss during sintering
( ~ 4 mol%).

2. The composition of the pyrochlore which co-
exists with the perovskite phase in PMN ceramics is
Pbg.g2Mgo 15Nbg 7603, close to PbgMgNbsO49 5.

3. The microstructural evolution of the PMN sam-
ples containing an excess of MgO suggests that the
apparition of the pyrochlore phase is delayed by a par-
tial insertion of this MgO excess into the lattice va-
cancies created by the PbO loss at high temperature.
In the case of PZN containing an equivalent excess of

3942

ZnO, the same mechanism does not operate, probably
because Zn*" cations are much more difficult to in-
corporate on the twelve-coordinated A sites of the
perovskite structure.

4. In MgO-rich PMN samples, the PbO loss is
nevertheless faster than the long-range diffusion of
magnesia from the second phase to the perovskite
matrix. The vacancies could then be compensated
through an enrichment of B-sites by niobium, while
now the magnesia exsolves as a (new) second phase.

5. The mictrostructural evolution of the solid solu-
tion 0.6PZN-0.4PT-0.06Zn0O is similar to that of
stoichiometric PMN. The ZnO-rich second phase be-
longs to the system ZnO-TiO,,

6. On the other hand, the solid solution
0.6PMN-0.4PT-0.06MgO exhibits a good thermal
stability. After PbO loss, the material contains
Mg,TiO, particles dispersed within a perovskite
matrix.
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