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The reaction chemistry involved in the synthesis of perovskite Pb(Mg,,3Nb;,3)03
[PbsMgNb,Og] was studied by the solid state reaction technique using precursor oxides as
reactants. At the initial stage of the reaction process, a large fraction of PbO present in the
mixtures combined with Nb,Ogs and a small amount of MgO to form an oxygen-deficient
pyrochlore phase with a composition Pbq714(Mgg.286Nb1.714)06.286 [PbsMgNbgO,,1. The
pyrochlore phase thus formed further reacted with the remaining PbO and MgO to yield the
perovskite Pb(Mg,,3Nb;,3)O03. The pyrochlore Pbq714(Mgo 286Nb1.714)O6 286 accomodates a
small amount of PbO into its lattice and forms a narrow homogeneity range which extends
from the composition Pbq712(Mgg 286 Nb1714)O06.286 [PbsMgNbgO,,1 to a composition

Pb,(Mgg 286Nb1.714)O6 571 [Pb7MgNbgO,3] with a corresponding increase in the lattice
constant value from a=10.586 to 10.601 A. The pyrochlore phase melts incongruently at a
temperature near 1230°C to yield MgsNb,Og and a liquid. Below this temperature, the
perovskite Pb(Mgq/,3Nby,3)O03 coexists with the pyrochlore solid solutions. However, the
compound Pb(Mg;,3Nb,/3)O3 is not compatible with Nb,Os and these two phases react with
one another to form the pyrochlore Pbq714(Mgg 28sNb1714)Og.286 and MgO.
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1. Introduction ties of Pb(Mg,3Nby,3)Os. As a result of the inevitable
Perovskite solid solutions in the lead-based relaxoformation of this unwanted pyrochlore phase during
systems exhibit excellent dielectric and electrostrictivesynthesis of phase-pure perovskite Pb{Mib,,3)O3,
properties, and are currently of considerable interest athe widespread use of the Pb(MgNb,,3)O3-PbTiO;
materials for electronic applications. Among the moresolid solutions as materials for capacitor applications
common solid solutions in the various relaxor systemshas been somewhat limited.

the most vigorously explored as well as widely pub- Numerous attempts have been made so far to
lished system is Pb(MgsNb,/3)Os-PbTiO;. During  develop processing techniques by which perovskite
the last several years, numerous studies [1-8] relateBb(Ma:/3Nby/3)Oz-based solid solutions were ob-
to solid state processing, microstructure developmenrtiained without the formation of an appreciable amount
and dielectric properties of various compositions in thisof the pyrochlore phase. Among the relevant stud-
particular system have been carried out with a view tdes, repeated heat treatments of the stoichiometric
develop suitable materials for use as multilayer capacPb(Mgi,3Nb,,3)Os compositions [9], minor additions
itors. In these studies, it has been generally recognizeaf an excess MgO [3, 10-13] and/or PbO [3, 4, 12-16]
that solid state reactions between the precursor oxidet® the solid solutions, and reactions between prefabri-
proceed in several steps during which the perovskiteated MgNbOg and PbO [17] as well as between
Pb(Mgy/3Nby/3)Os-PbTiO; solid solution appears as PhsNb,Og and MgO [18] were found to be useful for
the major phase along with a number of intermediatesuppressing the pyrochlore phase formation, thereby,
compounds formed as reaction products. As often isllowing an increase in the perovskite Pb(lyig
the case, an undesirable pyrochlore phase is formelb,,3)O3 content of the final product. Also, minor
at an early stage of the reaction process which, onceubstitutions of Ba in Pb(MgsNb>,3)O3-PbTiO; solid
formed, is extremely difficult to eliminate, even after solutions were found to be effective for obtaining afine-
repeated heat treatment for a prolonged period. Seengrained, single-phase perovskite material [19].

ingly, the pyrochlore phase coexists with the perovskite Although synthesis of the perovskite Pb(Mg
solid solution at elevated temperatures and its presendgb,,3)Os and its solid solutions with other oxides
in the ceramics is detrimental to the dielectric proper-has been extensively reported in the literature, many
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ambiguities still persist regarding the nature of thetures containing various proportions of perovskite
reactions involved in the formation of the perovskite Pb(May,3Nb,,3)Os and the pyrochlore phase. Thus,
Pb(Mai/3Nby/3)O3 using different sets of reactants. Chen and Harmer [30] have successfully produced
Also, the identity of the various reaction products whichdiphasic mixtures by increasing the Nb concentration
form at different stages of the reaction process and thand simultaneously decreasing the Mg concentration
compatibility relations between them at different tem-in a perovskite composition with a general formula
peratures are not clearly resolved. Numerous studieBbs(Mg; — xNb2 x)Og 1 3x/2, Where x varied from O
[2—-4,9, 20-23] reported on the solid state synthesis ofo 0.625. These workers have observed that increas-
perovskite Pb(Mg3Nby/3)Os and its solid solutions ing additions of Nb to the B-site of the perovskite
with PbTiO; using different sets of reactants have Pb(Mai/3Nb,3)Os lattice led to an increase in the py-
observed that the PbO present in the initial mixturesochlore phase content. On the other hand, Wakiya
first reacts with NbOs to form several binary lead- et al. [31] have examined the extent of solid sol-
niobates. These lead niobates, once formed, furtheubility of Mg?t in an oxygen-deficient pyrochlore-
combine with unreacted MgO present in the mixturebased compound BNb,O; (PhisNb,Ogs) along
to yield the perovskite Pb(MgNb,/3)Os. Although  the composition P 3x),2(MgxNb, _4)Ogs, where
the reaction sequences involved in the formation o0 < x <0.5. These workers have observed that with
the perovskite Pb(MgsNby,3)Os as proposed in these x =0.24, a ternary pyrochlore phase with a compo-
studies are generally acknowledged, their acceptancsgtion Ph ggMgo24Nb; 76065 was formed. Recently,
is by no means universal. For instance, a number oMergenet al. [32] have examined the microstructures
studies aimed at identification and characterizatiorof several diphasic compositions containing vari-
of the various phases formed during the synthesi®wus proportions of the pyrochlore and perovskite
of perovskite Pb(Mg3Nb,,3)Os have identified the phases by varying the Mg content in the com-
pyrochlore phase as a Pb-Mg-niobate ternary phasgosition PhQg3Mgo29+ xNb171-xO639_15¢, Where
Adrianova et al. [24] have grown single crystals x=0.1<Xx <0.522 and obtained a near phase-pure
of a ternary pyrochlore compound and assigned dernary perovskite compound with the Mg concentra-
composition PEMgg.32Nby g707 to this compound. In  tionx =0.522. Itis apparent from the above studies that
a study on solid state synthesis and characterisatioan oxygen-deficient ternary pyrochlore compound with
of perovskite Pb(Mg3Nb/3)Os, Swartz and Shrout a substantial compositional variability does exist in the
[17] have observed that a small amount of MgO wasPbO-MgO-NbOs system. Nevertheless, considerable
incorporated into the lead niobate pyrochlore latticedisagreements still persist among the aforementioned
and allowed the formation of a ternary pyrochlore studies regarding the nature of the pyrochlore phase
phase having a composition similar to that reported byand its interactions with the other phases leading to the
Andrianovaet al. [24]. In another study, Shrout and formation of the perovskite Pb(MgNby,3)Os.
Swartz [25] successfully prepared a ternary pyrochlore The purpose of the present investigation was to ob-
compound by the solid state reaction techniqudain a better understanding of the reaction chemistry
using precursor oxides and assigned a compositiomvolved in the formation of various phases in the Pb-
Pby g3(Mgo.20Nb1 71)O6.39 to this compound. These based relaxor system PbO-MgO-i and to estab-
workers have indexed the X-ray powder diffraction lish the compatibility relations between them. In Part |
pattern of this compound on the basis of a cubicof this study, attention was mainly focused on the
unit-cell with a = 10.5988A. Wakiya et al. [26] have identification of various phases, especially, the ternary
grown single crystals of a ternary pyrochlore com-pyrochlore phase which formed at an early stage of
pound having a composition PgMgo24Nb;760s  the reaction process. The nature and characteristics
and assigned a lattice constant vaue 10.6029A to  of the pyrochlore phase were studied and its com-
this compound. In a study related to microstructuralpatibility relations with Pb(Mg3Nby,3)Os, PbO and
characterisation of the perovskite Pb(i\/@\lbz/g)()g MgO establlshed: Various datg evolved. from this Stgdy
using energy dispersive X-ray analysis, Gaal [27]  Were used to derive the possible reaction mechanisms
have identified a ternary pyrochlore compound withleading to the formation of a single-phase perovskite
a composition Phps(Mgo27Nby70)O7. In a similar  Pb(Mdi/sNb2/5)Os.
study, Cheret al. [28] have used wavelength dispersive
X-ray spectroscopy to determine the composition of
the ternary pyrochlore phase and assigned a formula. Experimental
Pby(Mgo.2sNby 75)Os 62 to this compound. Also, 2.1. Sample preparation and processing
in an attempt to prepare the perovskite compound technique
Pb(Ma/3Nby/3)O3 by the sol-gel technique using A series of compositions containing appropriate pro-
alkoxide precursors, Chapat al [29] have obtained portions of the precursor oxides were prepared from
a ternary pyrochlore phase at a relatively low tem-analytical reagent-grade PbO (99.99%), MgO (Elec-
perature (250C) and proposed a general formula tronic grade) and NiDs (99.9%) powders. Mixtures
Pb(MgxNb; 33)Os533.4 x, Where O< x <0.66 for the representing the ternary compositions were mixed un-
compound. der ethanol, dried in an oven and pressed into pel-
Several attempts have been made to stabilize thkets. The pellets were then stacked on prefabricated
ternary pyrochlore phase by simultaneously alterPb(Mg/3Nby/3)O3 setters inside a covered alumina
ing the Mg and Nb concentration in diphasic mix- crucible filled with Pb(Mg,3Nb,,3)Os powder to avoid
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PbO loss during heat-treatment. The specimens werg.2.2. Microstructural analysis
heat treated in air at various predetermined temperBoth polished sections and fracture surfaces of the
atures between 700 and 128D for periods ranging heat treated specimens were examined by scanning
from 2 to 8 h at a heating rate of 1G/min. At the electron microscopy (SEM) (JEOL, Model JCM-35CF,
end of the heat treatment process, the specimens weTekyo) using both secondary emission and backscat-
cooled to room temperature inside the furnace and theterd electron imaging. The various phases present in
subjected to various analyses for phase identification.the specimens were identified by energy dispersive
During preliminary heat-treatment runs, it was ob-X-ray analysis (EDX) (Tracor Northern, Wisconsin,
served that several mixtures, especially those containdSA) using representative areas exhibiting homoge-
ing large proportions of PbO, incurred a weight-lossneous microstructures. Many of the reaction products
due mainly to the volatilization of PbO from the spec- that formed during the synthesis of the perovskite
imens. The amounts of the PbO loss incurred at varPb(Mg;3Nb,,3)O3 and the pyrochlore-based solid so-
ious heat treatment temperatures were determined ldytions had compositional ranges sufficiently narrow so
the differences in weight of the specimens before andhat a semiquantitative point analysis employing EDX
after heat-treatment. To prevent an excessive PbO los#as found to be very reliable. Nevertheless, wavelength
the crucible containing the specimens was embedded idispersive spectroscopy (WDS) (JEOL, Model JSM-
precalcined Pb(MgsNbz,3)O3 powder inside a second 5800, Tokyo) was employed periodically for quantita-
crucible having a slightly larger diameter. The crucibletive analysis of selected compositions using polished
was then covered with a tightly-fitted lid and the whole surfaces. High-purity PbTi§) MgO and NbOs pow-
assembly was placed inside the furnace ready for heatters sintered to high densities were employed as stan-
treatment. By this arrangement, the vapour pressure afards for the WDS analysis. The various EDS and WDS
PbO surrounding the specimens during heat-treatmentata thus obtained were used in conjunction with the
was substantially increased and, as a result, the amouXRD data to determine the composition of the reaction
of the PbO loss was significantly reduced. Neverthelesgroducts and the extent of the pyrochlore solid solutions
a complete elimination of PbO volatilization could not which occur in this system.
be achieved, especially when the specimens were heat
treated at elevated temperatures860°C) regardless

of the precautions adopted in this study. . .
3. Results and discussion

3.1. Interactions between the precursor

oxides
3.1.1. Melt formation and PbO loss during
2.2. Phase identification and heat-treatment process
characterization Preliminary heat treatments of the compositions con-
2.2.1. X-ray diffraction analysis taining variable proportions of the precursor oxides

In order to obtain an understanding of the reaction sephO, MgO and N§Os revealed that the reaction prod-
quences involved in this system and to identify dif- ycts which formed at temperatures between@@nd
ferent intermediate reaction products that formed abpo°C consisted of the perovskite Pb(MgNby/3)O3
various stages of the reaction process, the X-ray powand a pyrochlore phase as major phases. At tempera-
der diffraction technique (XRD) was extensively usedyres between 700and 800°C, these two phases ap-
and the data thus obtained were carefully examinqueared with some unreacted PbO and a small amount
The crystalline phases present in the heat treated spegif MgO; however, no trace of NiDs was detected in
mens were identified by XRD (Scintag, Model-PAD V, these specimens. At temperatures near°8Gmall
Santa Clara, CA, USA) using Ni-filtered By radia- amounts of the perovskite Pb(Mng2/3)03 and the
tion. The XRD patterns were compared with the stanpyrochlore phases combined with the unreacted PbO to
dard patterns available inthe JCPDS cardfile. Aternaryorm a ternary eutectic liquid phase. The evidence ob-
pyrochlore compound, which was found to appear intained in this study indicated that the eutectic composi-
almost all the specimens examined in this study, wasjon is located very close to the PbO-rich region of the
distinguished from other phases bygiscerning thgthregamary system PbO-MgO-NBs. However, attempts
intense peaks occurring@,=3.06A, dioo=2.65A  to determine the exact composition of the eutectic and
and ds40=1.87 A. The unit-cell parameters for the its melting temperature using different experimental
single-phase pyrochlore compound were derived frontechniques met with only limited success. For instance,
the powder data using a computerized least-square respecimens containing a high proportion of PbO, when
finement program. Powder patterns were obtained anelted in a Pt-crucible at temperatures above €50
diffraction angles ranging from 2@o 130 using high-  resulted in an excessive weight loss due to volatiliza-
purity silicon powder as an internal standard. The extion of PbO from the melt which led to a composi-
tent of the pyrochlore solid solution was determined bytional change. Whereas, during preliminary DTA runs,
XRD analysis of the selected specimens which werd?bO present in the mixtures reacted with the Pt-holder
first equilibrated at 900C and then rapidly cooled to at temperatures near 850. This coupled with PbO
room temperature. Prior to analyzing the various datayolatilization from the specimens led to erroneous re-
the XRD profiles were corrected for background andsults. Inevitably, none of these experimental procedures
stripped offK «» peaks with a pattern processing soft- was found to be suitable for the determination of the
ware package. composition and melting temperature of the eutectic.
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Nevertheless, the presence of the PbO-rich eutectic lic
uid at grain junctions and grain boundary regions at i
temperature near 85C was detected by SEM/EDX. |2
From the data thus obtained, it was apparent that th
products which formed at an early stage of the reactio
process combined with the PbO present in the mixture
to yield a PbO-rich liquid phase at a temperature jus
below 850°C.
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An important finding which has clearly emerged }; ..
from the microstructural characterisation and weigh ¢ 3 3 H
loss measurement data was the gradual increase in t E & ¢ £ 4
rate of PbO volatilization at temperatures above 800 z %ﬁ 2 %n
regardless of the experimental precautions used. Inge | d ¢ |I2
eral, it was observed that the weight loss due to Pb(| £ || . | & ol f 8
a

volatilization was closely associated with the melt for- J.J
mation in this system. For instance, when specimen
containing 5 g material were heat treated at temper:*°
tures of 750 and 800°C for a period of 3 h at a heating

rate of 10°C/min did notincur any appreciable changesFigure 1 X-ray powder diffraction patterns of a stoichiometric compo-
in weight. On the other hand, the same specimens whegition of perovskite Pb(Mg3Nb,/3)Os heat treated fio3 h at (A) 750°C
heat treated at temperatures betweerf @5@ 950C  ad () 800C.

under the same experimental conditions showed weight
loss values ranging from 1 to 1.5%. Seemingly, at the ¥ 3
heating rate of 10C/min, the weight loss due to the =
PbO volatilization commenced with the formation of *+
the liquid phase near 85C and gradually increased =« =%
with increasing heat treatment temperatures reaching
maximum at 950C. Evidently, the PbO loss allowed <
the compositions to shift to a phase-field area in whichj
the perovskite Pb(MgsNb,,3)Os was found to coex-
ist with several other phases, especially, the pyrochlor
phase. The observed changes in the phase assemble
led to a significant change in the microstructure of the| -
ceramics which are elaborated in the following section.§
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3.1.2. Characterization of reaction products

The XRD pattern of a specimen heat treated at'15i3 Figure 2 SEM micrograph of a stoichiometric composition of per-
exhibited in Fig. 1A which reveals the presence of sub-°Vskite Pb(Ma;sNby3)0s heat treated at 75 for 3 h showing the
stantial amounts of the perovskite Pb(i\/l_’g\lbz/3)03 distribution of various reaction products.

and the pyrochlore phase as major reaction products.

However, a small amount of unreacted PbO and, prob- The XRD pattern of a specimen heat treated at
ably, some MgO are also present in this specimen. 1800°C is exhibited in Fig. 1B showing the perovskite
was reco_gnlzed that the XRD data alone coul_d neiPh(Mgy3Nb,/3)03 as the major phase along with a
ther confirm nor rule out the presence of MgO in thesmall amount of the pyrochlore phase. Seemingly, a
heat treated specimens becz%use the high intensity XRBmall amount of PbO and perhaps traces of MgO
peak of MgO atd00=2.106 A is overlapped by the remained unreacted at this temperature. No significant
perovskite Pb(Mg3Nb,,3)O3 peak atdypo=2.03 A. microstructural changes were found to occur at this
Nevertheless, the presence of MgO in the specimenemperature except that the fraction of the perovskite
was confirmed by SEM/EDX analysis. The SEM mi- Pb(Mg;,3Nby/3)O3 phase had substantially increased.
crograph of this specimen is shown in Fig. 2 which re-However, on heat treating the specimens at tempera-
veals the presence of a large fraction of the pyrochloréures above 800C, a change in the phase assemblages
phase appearing in the form of rectangular particleslue mainly to the formation of a liquid phase led to a
in a fine grained matrix consisting mostly of the per-drastic change in the microstructure. The SEM micro-
ovskite Pb(Mg,3Nb,,3)Oz grains. A few dark particles graph of a specimen heat treated at 850s shown in
which appeared as a discrete phase dispersed within thég. 3. This is typical of the microstructures in which the
matrix have been identified as MgO. At temperaturegerovskite Pb(MgsNb,,3)Os, pyrochlore phase and a
above 750C, no significant change in the phase assemsmall amount of MgO were found to coexist with a
blages was observed exceptthat a substantial increaseO-rich liquid phase. As can be seen in this micro-
the perovskite Pb(MgsNb,,3)Oz with a corresponding  graph, the liquid phase that has been solidified on cool-
decrease in the amount of the pyrochlore phase ensuéag predominantly appears in the grain junctions and
with increasing heat treatment temperatures. grain boundaries of Pb(MgNDby,3)Os. Also visible in
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Figure 3 SEM micrograph of a stoichiometric composition of per- Figure 4 SEM micrograph of a stoichiometric composition of per-
ovskite Pb(Mg,3Nby,3)O3 heat treated at 85 for 3 h showing melt  ovskite Pb(Mg,3Nby,/3)O3 heat treated at 90 for 3 h showing a
formation and crystallization of PbO in the grain boundaries. near single-phase microstructure.

the grain boundary region, a white phase appearing iRyrochlore phase with a composition ;RBs(Mgo 29
the form of elongated platelets and/or as long needleblb1.71)Os 30 Was confirmed. In this study, the X-ray
was identified as PhO. The characteristic morphologyd-spacings for the pyrochlore phase, which were de-
of the platelets and needles suggests that these hatiged from a lattice constarst= 10. 5988A and a py-
probably formed during cooling by crystallizing from cnometric density of 7.2 g/cinhave been reported. In
the melt. the present investigation, this and several other com-
XRD analysis of several specimens which werepositions lying close to the pyrochlore phase were
heat treated at temperatures above @5Qevealed equilibrated at different temperatures and then char-
that a near-single-phase perovskite Pb{Miyb,,3)O3  acterised by XRD, SEM/EDS and WDS. It was ev-
material was formed along with a small amount of theident from these results that the ternary pyrochlore
pyrochlore phase; however, no trace of PbO could bghase occurs at a composition with a PbO:MgQGH
detected in these specimens. A SEM micrograph ofnolar ratio of 6:1:3 which corresponds to a for-
the specimen heat treated at 9@is shown in Fig. 4 mula PMgNbgO,,. In terms of the AB,O; py-
and resembles that of a single-phase material. The largechlore structural form, this formula corresponds
rounded grains of Pb(MgNby/3)O3 with grain-size  to an oxygen-deficient pyrochlore composition of
varying from 2 to 1Qum suggest that significant grain Pby 714(Mgo.286NDb1.714)O6 286. The XRD pattern of this
growth has occurred, probably due to the formation of dernary pyrochlore phase was mdexed on the basis
PbO-rich liquid phase at this temperature. Presumablyf a cubic unitcell witha=10.5867 A. The interpla-
during the heat treatment process, the liquid phase umar spacings with the corresponding intensities for the
dergoing rapid PbO volatilization had led to the devel-pyrochlore Ph714(Mgo.2g6Nb1.714)O6.286 are given in
opment of a dense but inhomogeneous microstructur@able I. It is to be noted that currently there are two
and thus caused a wide grain-size variation in the specX-ray index cards available in the JCPDS file for the
imen. EDS analysis revealed the presence of a smaflyrochlore compound with a chemical composition
fraction of the pyrochlore phase in isolated areas withinPhy gsNb; 7:Mgo.029006.39 [33, 34]. As is apparent from
the Pb(Mg,3Nb,,3)O3 matrix. Also, a small amount of the various data presented in these cards, they belong
MgO, appearing mostly in the form of spherical par-to a pyrochlore compound having the same chemical
ticles, can be found randomly distributed within the formula that has been prepared by the same group of
matrix. Seemingly, rapid volatilization of PbO at this researchers showing exactly the same set of d-spacings
temperature had led to a depletion of the liquid presenhaving the identical hkl values which are indexed on
in the grain boundaries and caused a significant chang@e basis of a cubic-unit-cell with= 10.5988A and a
in the microstructure. This probably explains why PbOspace group Fd3m.
was not detected in the XRD patterns and why a resid- From the various XRD and WDS data obtained
ual PbO-rich liquid could not be observed in the grainin this study, it was apparent that a small amount
boundary region. of PbO enters into the pyrochlore lattice of Py
(Mgo.286Nb1.714)O6. 286, thereby, allowing the forma-
tion of a narrow homogeneity range in the ternary

3.2. Formation and stability of ternary system PbO-MgO-NiDs. It was observed that with
pyrochlore phase the incorporation of PbO, the homogeneity range of the
3.2.1. Characterization of the pyrochlore pyrochlore phase extends from the composition#2h
phase (Mgo.286Nb1714)O6. 286 [PsMgNbgO2,] to a com-

In an earlier published study performed by Shrout angosition Ph(Mgo.286Nb1.714)O06571 [PbyMgNbgO23]
Swartz [25], the existence of an anion-deficient ternarywith a corresponding increase in the lattice parameter
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TABLE | X-ray powder diffraction data for the ternary pyrochlore geneity range i.e., BbMgo286Nb1.714)O6 571, traces

compound Pb714(Mgo.286Nb1.714)O6 286 of PbO were found to appear in the XRD patterns
1o dope oatc hkl along with the pyrochlore_ phasc_e indicating that thes_e
two phases are compatible with one another. It is
15 6.11 6.1122 111 interesting to note that the various compositions which
1 3.743 3.7430 220 have been proposed for the ternary pyrochlore phase
12 3.192 3.1920 311 : . : ; o
100 3,055 2.0561 222 in the earlier published studies [24-29] lie either
50 2 646 2 6467 400 within this homogeneity range or correspond to the
15 2.429 2.4288 331 compositions which are located very near to it. Thus,
2 2.161 2.1610 422 the pyrochlore compound PE(Mgo.29Nb;171)O6.39
6‘3 igii i-g%‘; i i 3’51 1 originally proposed by Shrout and Swartz (25) actually
5 1790 17895 551 represents a composition which lies near to the middle
2 1674 16739 620 of the homogeneity range.
2 1.614 1.6145 533
45 1.596 1.5960 622
1;’ iiég i-iggﬁ ;‘r;‘r;‘rﬂ » 3.2.2. Melting behaviour and stability of the
2 1.378 1.3783 553/731 pyr oc_hlor e phase
4 1323 13233 800 From the various XRD and SEM/EDX analyses per-
2 1.293 1.2934 733 formed in the present investigation, it was evident that
2 1.222 1.2224 555/751 the ternary pyrochlore RbB14(Mgo.286Nb1.714)O6.286
12 1214 1.2144 662 [6PbOMgO-3Nb,Os] melts incongruently at a tem-
10 1.183 1.1836 840 perature just below 125@ to yield MgNb,Og and
2 1.162 1.1620 911/753 ¢ : ;
5 1128 1.1285 664 liquid. It is to be noted that due to the incongruent
3 1.080 1.0805 844 nature of melting, only a limited amount of liquid
1 1.064 1.0640 933/771 was formed at the onset of melting of this com-
? é'géie é-ggig 2511/17/;735 pound. Thus, the exact melting temperature of the
5 0'9357 0'9357 880 pyrochlore Pb7l4(Mgo.286Nb1.7l4)o6286 was difficult
1 0.9250 0.9250 9711131 (0 determine from a phase-pure composition. Nev-
1 0.8980 0.8980 9731133 ertheless, the melting characteristics of this com-
2 0.8947 0.8947 10 62 pound was clearly demonstrated when a diphasic
2 0.8822 0.8822 884/0120 mixture containing the perovskite Pb(MgNby/3)O3
2 0.8292 0.8292 991 and the pyrochlore compound was heat treated at var-
Indexed on the basis of a cubic unit-cell with= 10.5867A. ious temperatures and then subjected to XRD and

SEM/EDX examinations. The XRD pattern of a spec-

imen that has been partially melted at 1280and
value from a=105867 to 10.6012A. Seemingly, then rapidly cooled to room temperature is shown in
the compositions represented by the formulagrig. 5. The pattern shows the presence of a large
Pb_]_‘714(Mgo‘286Nb1‘714)06‘286 [6PbOMgO3NbZO5] fraction of the perovskite Pb(Mgngz/g)Og and the
and PB(Mgo.286Nb1 714)O06 571 [7TPbOMgO-3Nb,Os]  pyrochlore PR714(Mdo.286Nb1 714)Og 286 phases along
are the two end members of an oxygen-deficienwith a small amount of MgNb,Og. This is consitent
pyrochlore-based solid solution with a general formulawith a recently published study by Lu and Wen (35)
Ply_«(Mgo.286Nb1.714)O6 571-x, Wherex > 0> 0.286. who observed that the perovskite Pb(yiNb,,3)O3
Beyond the PbO-rich end composition of this homo-dissociates at temperatures between 1250 and X300

PaMN
Pyro.

PaMN

! 1 1 J 1
60 S0 40 30 20 10

TWO-THETA (DEGREES)

Figure 5 X-ray powder diffraction pattern of a diphasic mixture containing perovskite Pp@¥idp,,3) O3 and the pyrochlore phase which was partially
melted at 1250C showing the formation of MgNb,Og (P3MN = Perovskite Pb(Mg3Nby,3)Os, Pyro= Pyrochlore phase, andi¥ = Mg4Nb,Og).
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subsolidus compatibility relations between the phases
occurring in the system PbO-MgO-MNbs were exam-
ined. Based on the data obtained in this study, a par-
tial phase diagram is constructed and shown in Fig. 8.
The phase diagram essentially consists of several pseu-
dobinary joins which the ternary phases, namely, the
perovskite and the pyrochlore compounds, form with
PbO and MgO. Since liquid formation in this system
occurs at a temperature just below 881 the vari-

ous pseudobinary joins as depicted herein represent
the subsolidus compatibility relations at temperatures
up to 825°C. As is evident from the phase diagram,
PbO and MgO are compatible with each other as well
as with the perovskite Pb(MgNb,/3)O3. Thus, the
tie-lines which these phases form with one another

Figure 6 SEM micrograph of a diphasic mixture containing perovskite constitute a compatibility triangle within the system
Pb(May,3Nby,3)O3 and the ternary pyrochlore phase showing the onseth_O‘MQO‘NQOS in which both PbO and MgO co-
of melting of the pyrochlore phase at 1230. exist with Pb(Mg,3Nb/3)0s. Also, PbO and MgO

are compatible with the pyrochlore solid solutions and
with the evaporation of PbO and results in the for-thus, several tie-lines occur between these phases in
mation of the pyrochlore phase with a small amountthe phase diagram as shown in Fig. 8. Among these,
of MgsNb,Oyg. A SEM micrograph exhibiting the the one which occurs between the ternary pyrochlore
onset of melting of the ternary pyrochlore phase atand PbO shows the presence of a narrow homogeneity
1250°C is shown in Fig. 6. As evident from the micro- range representing the pyrochlore solid solutions. The
graph, the phase assemblage present herein essentialyrious compositions located within this homogeneity
consists of a fine-grained matrix of the perovskiterange were found to be compatible with the perovskite
Pb(Mgy/3Nb/3)O3 with several large and partially Pb(Mg;/3sNby/3)Os. As aresult, a diphasic area occurs
melted particles of the pyrochlore phase. The EDXwithin the ternary system in which the complete range
spectra of a sintered and unmelted pyrochlore graimf the pyrochlore solid solutions and the perovskite
is exhibited in Fig. 7a which reveals the characteristicPb(Ma,3Nby,3)O3 coexist with one another.
peaks of Pb, Mg and Nb. By comparison, the EDX pat- An important consequence of the compatibility re-
tern exhibited in Fig. 7b, which was obtained from thelations as evolved from this study is that simultaneous
solid grain that had formed after partial melting of the additions of PbO and MgO to the pyrochlore phase
specimen, shows the presence of only the Mg and Nlpesult in a compositional shift and lead to the forma-
peaks. The Mg/Nb ratio as derived from the EDX anal-tion of the perovskite Pb(MgsNb,,3)Os. This is con-
ysis indicated that the composition of this solid phasesistent witht the earlier findings [28-32] in which a
corresponds to that of the compound Migp,Og. variation in the Mg/Nb ratio of either the ternary per-

ovskite or the pyrochlore phase was found to cause

a compositional shift from the pyrochlore to the per-
3.3. Compatibility relations between ovskite Pb(Mg,3Nb,,3)O3 and vice versa. It is further

the phases evident from the phase diagram that a PbO loss from the

To obtain a clear understanding of the reaction chemstoichiometric Pb(Mg3Nby/3)Os mixture results in a
istry involved in the formation of various reaction compositional shift to a phase-field area in which both
products and their stability at different temperaturesthe perovskite Pb(MgsNb,,3)Os and the pyrochlore

Kev

Figure 7 EDX patterns of different grains of the ternary pyrochlore composition (a) sintered grain of phase-pure pyrochlore phase, (b) solid grain
that formed after partial melting at 125G.
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PbO

PbO
+ Pyross
PsMN + MgO
MgO
o+
P3sMN + Pyro,,.

MaO Nb,O,

Figure 8 Partial phase diagram of the ternary system PbO-Mg@aNtshowing the subsolidus compatibility relations between the various phases
at 800°C (PsMN = perovskite Pb(Mg3Nby,3)O03 and Pyrgs = Pyrochlore solid solutions).

phase coexist with MgO. This area is depicted by the?bO and NbOs, subsequently combined with the unre-
arrow markedd in the phase diagram shown in Fig. 8. acted MgO presentin the mixture to yield the perovskite
Another important feature which has emerged fromPb(Mg;,3Nb,,3)Os. Inthe present study, no experimen-
the present study is the incompatibility between thetal evidence was obtained to corroborate these findings.
compounds Pb(MgsNb,,3)O3 and NlpOs. XRD pat-  Nevertheless, the possibility of the formation of the py-
terns of several heat treated specimens indicated thabchlore PBNb,O,3 and other binary Pb-niobates by
the perovskite Pb(MgsNby,3)O3 reacts with NbOs preferential reaction between PbO and,Np at an
to yield the ternary pyrochlore phase and MgO. In theinitial stage of the reaction process cannot be com-
phase diagram (Fig. 8), the phase-field areato which thpletely overruled. It is recognized that the formation
stoichiometric Pb(Mg3Nby,3)O3 composition shifts  of PlsNbsO13 or any other intermediate phases in this
with additions of an excess NOs is indicated by the system largely depends on several variables, such as
arrow marked®@. Thus, it is clear that minor addi- the nature of the starting materials, particle-size of the
tions of excess NiDs to the stoichiometric perovskite reactants, time-temperature variations, rate of heating,
Pb(Ma:/3Nby/3)O3 lead to the formation of the py- and the amount of PbO loss that incurs during the
rochlore phase. heat treatment process. However, from the evidence
obtained in the present investigation, it has become ap-
parent that the correct identity of the pyrochlore phase
3.4. Reaction chemistry in the formation that appears in this particular system cannot be sat-
of perovskite Pb(Mg1,3Nb/3)O3 isfactorily resolved by the XRD analysis alone. The
Interactions between the precursor oxides and readdifficulty in the identification of this phase lies in the
tion sequences in the formation of the perovskitefact that the binary compound ENb,O;3, which can
Pb(Mai,3Nby/3)O3 have long been the subject of much also be represented by an oxygen-deficient pyrochlore
controversy. In anumber of earlier published studies reformula Pl sNb,Og 5, is isostructural with the ternary
lated to the synthesis of perovskite Pb(yiNb,,3)O3 pyrochlore Ph714(Mgo.286Nb1.714)Os.286. Thus, these
[2,4,9,11-13,20-23], a pyrochlore phase whichtwo compounds when subjected to XRD analysis yield
mostly appeared at the early stages of the reaction pressentially identical XRD patterns which are virtually
cess has been identified aszRb;sO;3. In these stud- impossible to distinguish from one another. However,
ies, it has been reported that the pyrochlorgNt O3,  the characteristic microstructural features as observed
which was formed by the solid state reaction betweerby the SEM examinations together with the EDX and
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WDS elemental analysis of the individual phases whichto the volatilization of PbO from the specimens at
appeared at various stages of the reaction process wetemperatures above 800. Since PbO predominantly
foundto be very useful in obtaining reasonably accuratevolatilized off from the surface, a large fraction of the
and consistent results. Thus, microstructural analysis gbyrochlore phase was found near the top along with the
the heat treated specimens has been considered to perovskite Pb(Mg3Nby,3)Os present at the interior of
a more reliable means for phase identification in thishe specimens.
particular system. An interesting point worth mentioning here is that in
In accordance with the various data obtained in thigecent years, an alternate method, commonly referred
study, it seems reasonable to believe that the solid state as the Columbite method [25], has been extensively
reactions between the precursor oxides leading to thesed with considerable success. In this method, solid-
formation of the perovskite Pb(MgNb,,3)Oz proceed  state reaction between appropriate proportions of pre-
intwo stages. Atthe intial stages of the reaction procesgeacted MgNbOg and PbO allows the formation of
a large fraction of PbO present in the stoichiometrica near pyrochlore-free perovskite Pb(iyiNb,/3)Os
Pb(Ma1,3Nbz,3)O3 composition combines with all of material. It was observed that in this method, the reac-
the NbOs and a small amount of MgO to yield the tion proceeds to completion at a much faster rate with
ternary pyrochlore phase according to the equation: very little PbO losses and, as a result, a near single-
phase perovskite Pb(MgNb,,3)Os was readily ob-

6PbO-+ MgO + 3Nb,O5 tained. However, subsequent studies [3, 23, 38] have

3.5Pby 714(Mq 5Ny 7120 revealed that if proper precautions are not taken for

-3 714VIJ0.286' Y-1.714/1-6.286 suppressing the PbO volatilization during the reaction
PsMgNbgO22(Pyrochlore) Q) PP g g

process, itis equally difficult to obtain a pyrochlore-free
o o perovskite Pb(Mg3Nby/3)O3 as an end product. Thus,
The validity of the above reaction |S_further corrobo-_ as in the case of the conventional processing technique
rated by the XRD and thermal analysis data reported ifyy which the precursor oxides are used as reactants, the
several earlier studies dealing with the formation mechjnitial reaction temperature in the Columbite method
anisms of the perovskite Pb(MgNby/3)O03 (20,36)  muyst also be restricted to 830 to obtain a phase-
and the ternary pyrochlore phase (37). The data ObEure material. The reaction chemistry involved in the
tained in the present investigation indicated that akgjiq state synthesis of perovskite Pb(lyiNb/3)Os

the initial stages of the rea.ction process, interac“?”%ymixed-oxide processing techniques using prereacted
between the precursor oxides led to the formationcompounds and their compatibility relations with the
of the ternary pyrochlore phase as a major reactiomyrochiore phase and various Mg- and Pb- niobates in

product while small proportions of unreacted MgO the ternary system PbO-MgO-Bbs will be reported
and PbO remained in the specimen. With increasin part || of this investigation.

ing reaction temperatures and time, the pyrochlore
Pb.l.‘714(M90‘286Nbl.714)06‘286 further combined with
the remaining PbO and MgO to yield the perovskite
Pb(Mgi/3Nb,,3)O3 according to the equation: 4. Conclusions
In the solid state synthesis of perovskite Pb¢Mg

3.5Ph 714(M0 256ND1 714)O6 286 + 3PbO+ 2MgO  Nb2/3)Os [PsMgNb,O6] using precursor oxides, in-

PhsMgNbgO22(pyrochlore) teractions between the constituent oxides allow the for-
mation of an oxygen-deficient ternary pyrochlore phase

— 9Pb(Mg 3Nby/3)O3 with a composition Ph;14(Mgo.28eNb1.714)O6 286 [Pbe

PbsMgNb,Oq(Perovskite) (2)  MgNbsO»;]. The pyrochlore phase thus formed fur-

ther reacts with appropriate proportions of PbO and
Combining Equations 1 and 2, the reaction betweemgO to yield the perovskite Pb(MgNb,,/3)03. The
the precursor oxides leading to the formation of thepyrochlore phase accomodates a small amount of
perovskite Pb(MgsNbz/3)Os can be summarized as PbO into its lattice and forms a narrow homo-
follows: geneity range which extends from the composition

Py 714(MQo0.286Nb1.714)Og 286 t0 the composition Bb
3PbO+ MgO + Nb,O5 — 3Pb(M§h_/3Nb2/3)03 3) (Mgo.286Nb1.714)O6 571 [PyMgNbgO23] with a slight

Pb;MgNb,Og(Perovskite) increase in the cubic unit-cell parameter from

a=10.586 to 10.601A.
It is to be noted that the reaction sequences involved The formation of a phase-pure Pb(MgNb»/3)Os is
in the formation of the perovskite Pb(MgNby,3)O3,  difficult to accomplish by the conventional solid state
and the appearance and disappearance of the ternary processing technique due mainly to the volatilization of
rochlore phase as outlined above are consistent with thebO from the specimens. During the reaction process,
compatibility relationships shown in the phase diagrama PbO loss from the stoichiometric Pb(MegNb,,3)Os
(Fig. 8). However, it should also be noted that regard-mixture results in a compositional change and leads to
less of the various precautions taken during the synthethe formation of a ternary pyrochlore phase. This py-
sis of a phase-pure perovskite Pb(}yiNb,/3)O3, the  rochlore phase, once formed, combines with a part of
resulting products inevitably contained a small amounthe pervoskite Pb(MgsNb,,3)O3 and unreacted PbO
of the pyrochlore phase. As described earlier, the forthat remained in the mixture to yield a ternary eutectic
mation of the pyrochlore phase was attributed mainhliquid at a temperature near 850. The melt formation
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accompanied by an enhancement of the PbO volatilizat2.

tion from the specimen results in a change in the com-

position which leads to an increase in the pyrochlore-®-
14.J. P. GUHA,D.-J. HONGandH. U. ANDERSON, J. Amer.

phase content of the end product.

The pyrochlore Ph714(Mgo.286Nb1.714)Oe.286 Melts
incongruently at a temperature near 1280to yield
Mg4Nb,Og and a liquid. Below this temperature, the

pyrochlore phase is compatible with the perovskite’-

Pb(Ma1,3Nby,3)Os and thus, once formed, these two 18
phases coexist with one another.

The perovskite Pb(MgsNb,,3)Os is not compati-
ble with Nb,Os and a reaction between these phases
results in the formation of the pyrochlore £,
(Mgo_zger1_7l4)Oa_285 and MgO. Thus, a minor addi- 22
tion of excess NjOs to the perovskite Pb(Mgs

Nb,,3)Oz leads to the formation of the pyrochlore phasezs.

and MgO.
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