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(ABSTRACT) 

Pure, single phase stoichiometric Pb(Feo.5Nbo.5)O3 (PFN) powders were 

successfully formed by molten salt synthesis using mixture of NaCl and KCI salts. 

Lower temperatures and shorter times (0.5 hour at 800°C) were needed for single 

phase PFN formation from molten salts relative to those required for solid—state 

methods (4 hours at 1000°C). A systematic study indicating the effects of process 

parameters, such as temperature, time, and amount of flux with respect to starting 

oxides, on the PFN formation mechanism and its resulting powder characteristics is 

reported. The particle size increased with increasing synthesis temperature, the rate 

of increase is greatest above 900°C which is close to the melting point of lead oxide. 

PFN powders formed by molten salt synthesis were cuboidal, and were free from 

agglomerates. 

The sinterability, microstructure, and dielectric properties of these powders 

have been studied for the pure form and with the presence of lead oxide or lithium 

carbonate. The dielectric properties were sensitive to as—sintered density, the type 

of additive and the amount of additive. For pure PFN, the highest valve of



dielectric constant is 12,270 at 1MHz, which is sintered at 1100°C for 13 hours. 

Ceramics sintered with lead oxide additive exhibited inferior dielectric properties 

although lead oxide served as a sintering aid to increase the as—sintered density. 

The dielectric properties of PFN with lithium carbonate sintered at 1000°C were 

attractive: the dielectric constant was increased to 14,000 at 1MHz and the D.C. 

conductivity was reduced. This reduction in the D.C. conductivity was interpreted 

in terms of the substitution of lithium for iron.
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Chapter _1: INTRODUCTION 

Multilayer ceramic capacitors consist of alternating layers (>200) of dielectric 

material (most often BaTiO3) and metal electrodes. Because of their unique design 

they show very high capacitance values. In terms of annual production rate, 

multilayer capacitors, with greater than 12 billion units per annum, outnumber any 

other electronic device currently in production. One of the most important 

applications of the multilayer ceramic capacitors is as decoupling capacitors, 

suppressing voltage transients in integrated circuits. Continued efforts towards 

miniaturization of integrated circuits are placing significant demands on maximizing 

volumetric efficiency of multilayer capacitors. The capacitance per unit volume of a 

single dielectric layer (C/V) is proportional to the dielectric constant (K) and 

inversely proportional to the square of the thickness of the dielectric according to 

the following equation: 

C _  €K (1.1) 
Vo ge 

where €9 (= 8.854 x 10°12 F/m) is permittivity of vacuum, and t is thickness of the 

dielectric layer. Thus to increase the capacitance volumetric efficiency of the 

multilayer ceramic capacitors, there are two alternatives: reduce the thickness of the 

active dielectric and/or utilize a ceramic material with a high dielectric constant. 

Presently the thickness of an active dielectric is in the range of 15 to 35 um, 

which appears to be the lower limit for current processing techniques [1]. Since 

there are certain limitations on the dielectric thickness extensive research has been



carried out on the dielectric materials having high dielectric constants. Lead 

ferroniobate, Pb(Feo.sNbo.5)O3, abbreviated as PFN, is the most promising 

dielectric with reported dielectric constant values close to 26,000, which is 4 to 5 

times higher than that of the conventional capacitor dielectric BaTiO3. 

Lead ferroniobate was one of the first ferroelectrics discovered in which 

magnetic ordering was found. Ferroelectric Curie point of PFN is around 105°C, 

and it is antiferromagnetic. It is also a relaxor ferroelectric of disordered perovskite 

type, in which two kinds of ions (e.g., Fe3* and Nb5*) are randomly distributed in 

the B position of ABO3. Because of its disordered cation arrangement, solid 

solutions based on PFN show diffuse phase transitions (DPT) which are 

characterized by a broad maximum for the temperature dependence of the 

permittivity and a large deviation from Curie—Weiss law in a wide temperature 

range around the transition point. Diffused phase transitions are not only of 

fundamental interest but also are of practical importance in the development of 

ferroelectric materials for capacitor applications [2]. 

PFN system offers several advantages over the traditional BaTiO3 based 

compositions regarding multilayer ceramic capacitor technology. Due to its high 

capacitance per unit volume, more miniature multilayer capacitors than possible 

previously can be fabricated using PFN based compositions. Table 1.1 presents 

lead—based solid solutions that are reported recently for the use in multilayer 

capacitors. The other advantage is the ease in controlling the Curie temperature, at 

which the dielectric constant has a maximum value, within a range of operating 

temperatures. This allows the preparation of capacitors with a low temperature



Table 1.1 Relaxor Composition Families’ for Capacitors 

  

  

Composition Manufacturer 

PFN—PNN3 T.R. Shrout et al. 

PMN-PT4’5 W.Y. Pan et al./A. Morell 

PFN—PFT6 M. Halmi et al. 

PZN—PT? S.R. Winzer et al. 

PMN—PZN8 M. Lejeune et al. 

PFW-PMT, PMW-PFT9 K. Uchino et al. 

PFN—PMW10 A. Tawfik et al. 

PZN—PT-—BT11 S.L. Baumler et al. 

  

*Composition Designations: 

PFN—Pb(Feo.sNbo.s)O3, | PNN—Pb(Nio.g3Nbo.67)03, | PMN—Pb(Mgo.33Nbo.67)03 

PT—PbTiOs, PFT—Pb(Feo.sTao.5)Os3, PZN—Pb(Zno.33Nbo.67)O3, 

PF W-Pb(Feo.67Wo.33)03, PMT—Pb(Mgo.33Tao.67)03, PMW-—Pb(Mgo.sWo.s)Os, 

PFT—Pb(Feo.5Tao.5)03, BT—BaTiO3



coefficient by laminating many ceramic layers with different Curie temperatures. 

Due to the possibility of low firing temperature (<9509C) for PFN based 

compositions, inexpensive electrodes such as silver, or even Ni or Cu can be used, 

thus providing significant savings. In contrast, high sintering temperatures (> 

1300°C) are needed for most compositions based on BaTiO3, which in turn require 

the use of noble metals such as Pd (m.p. 1552°C), Pt (m.p. 1769°C), or their alloys 

for internal electrodes which can make up to 50% to 60% of the selling price of 

capacitor. Yonezawa [12] has reported PFN based dielectric composition that fires 

at <900°C, low enough for the use of 100% silver electrodes. Since then, several 

studies have appeared on PFN based capacitor compositions [3,13—18]. Utilizing 

PFN based compositions (and using 85% Ag and 15% Pd electrodes), a multilayer 

capacitor has been developed and is currently being manufactured by Nippon 

Electric Co. (NEC) in Japan [13]. 

In addition to their use in ceramic capacitors, PFN based solid solutions have 

also been used for the fabrication of piezoelectric transformers and magnetoelectric 

transformers [19]. The presence of Fe, whose oxidation state is sensitive to oxygen 

partial pressure, makes them a very good candidates for ferroelectric—semiconductor 

materials [20]. Nimura and Doi [21], in their one page short note, have first 

reported the positive temperature coefficient of resistivity (PTCR) in PFN. 

Due to its wide applicability, several reports on PFN appeared in the 

literature. But majority of these reports basically concentrated on PFN based solid 

solutions (capacitor compositions) prepared by solid state methods. Very few



reports dealt with the pure PFN compound and furthermore, due to poor control of 

process parameters and/or the use of solid—phase synthesis methods, the reported 

properties of this compound are often inconsistent. 

PFN was first synthesized in late 50's by Smolenskii et al [22] using traditional 

solid—state methods and established its ferroelectric behavior. Bokov et al were the 

first to indicate that this material is antiferroelectric below —130°C [23]. There is a 

considerable discrepancy regarding the measurements of its Neel point [24,25]. 

Astrov et al [24] reported a Neel point of —246°C, whereas, Neel point at —118°C 

was observed by Pietrzak et al [25]. Platonov et al [26], using electron diffraction, 

determined the crystal structure of PFN. At room temperature, the symmetry of 

PFN is rhombohedral which is ferroelectric and antiferromagnetic. The valves of 

the lattice parameters for the rhombohedral are [27]: 

ar = 4.012740.0005A 

Or = 89.91+0.030 

A phase transition occurs at the range from 96°C to 120°C from rhombohedral to 

cubic (paraelectric) state, viz F,(R3m) ————- Cubic (m3m). However, the 

deviation of PFN from cubic structure at room temperatures is too small and thus 

the crystal structure can be considered as pesudocubic [28]. The typical structure of 

this perovskite is shown in Figure 1.1 with Fe*3 and Nb*5 randomly distributed in 

octahedral sites. The unit cell of this perovskite-structured oxide may also be 

presented as the octahedra of (Feo.sNbo.5)O3 units centered on the corners of a cube, 

which are linked to each other by the sharing of oxygen ions. The lead ion is



  

  

Figure 1.1 Perovskite structure (Idealized)



located at the center of the cage formed by the octahedra. The cations in PFN are 

displaced along pseudocubic direction. 

Data on the ferroelectric properties of PFN are, however, fragmentary and 

often inconsistent. In particular, the experimentally determined spontaneous 

polarization of PFN, Ps = 5 x 10-2 C/m? [29] is much lower than predicted value 

based on atomic displacements Ps = 0.12—0.4 C/m? [26] as well as the value Ps = 

0.4 C/m2 for isomorphous compound Pb(Feo.sNbo.5)03, PFN. Furthermore, recent 

optical and X-ray diffraction studies of PFN crystals indicated an additional phase 

transition at 80°C besides the well known transition to cubic phase [30]. The X—ray 

analysis performed on a polycrystalline sample did not show unequivocally the 

existence of a such a transition at 80°C [27]. 

The observed discrepancies may be ascribed to the poor control of the process 

parameters, and/or to the use of traditional solid-phase methods. In solid-state 

method, the PFN powders are prepared by mixing and reacting appropriate 

amounts of PbO, Fe.O3, and NboOs at around 900°C. This simple procedure always 

yielded a multi—phase product, possibly due to the occurrence of several reaction 

intermediates. Several improvements to this simple process were later suggested for 

improving the purity of the product [1,3]. Although, these modifications increased 

the probability of obtaining the single phase PFN, but these disadvantages of 

solid—phase synthesis such as, powders of nonuniform size, and variations of 

stoichiometry due to nonuniform mixing of the reagents and evaporation of the part 

of lead oxide at high reaction temperatures, will still remain.



Development of reproducible synthesis technique and a better understanding 

of process, structure, and property interrelationships of PFN material and its solid 

solutions can have significant impact on electronic industry, especially the billion 

dollar ceramic capacitor industry. It is also becoming increasingly clear that the 

dielectric properties of PFN are very sensitive to ceramic processing and thermal 

history, but no systematic studies have been published so far which relate process 

parameters to PFN properties. 

Molten salt synthesis has been reported to be one of the simplest techniques to 

prepare pure, stoichiometric ceramic powders of multicomponent oxides [31-33]. 

Since the diffusivities of components are much higher in comparison to those of 

solid—state reactions, significantly lower powder formation temperatures and times 

were needed by using the molten salt method. Furthermore, control of powder 

morphology was found to be much easier by using this technique [34]. Recently, 

lead niobate powders formed from both molten salt and solid—state methods were 

systematically analyzed, and the effects of molten salts on the phase stability, on 

stabilization of high temperature polymorphs, on impurity incorporation, as well as 

on powder morphology were documented [35]. The molten salt method had also 

been extensively utilized to prepare PbNb2Og [31], ferrites [36], and BigTigO12 [37]. 

Preliminary studies, based on the recent work of Lopatin et al [38], showed 

that using molten salt method stoichiometric single phase PFN powders can be 

made at temperatures as low as 200°C than those needed for solid—phase methods. 

It was also observed that the room temperature properties are very sensitive to the 

changes in process parameters. Encouraged by the preliminary results, this research



was directed toward developing an understanding of interrelations between process 

parameters, structure and properties of PFN synthesized by molten salt technique 

which is optimized by way of understanding kinetics and mechanism of formation. 

The main objectives of the research are: (1) to develop a synthesis technique 

for reproducibly making PFN powders by way of understanding kinetics and 

mechanism of formation, and (2) to develop a model to interrelate process 

parameters to structure and properties of PFN. The kinetics and mechanism of 

formation were investigated by studying the reaction rate as a function of process 

parameters such as reaction temperature, reaction time, amount of molten salts, and 

amount of excess lead oxide in the starting composition. To interrelate process 

parameters, structure and properties, microstructure and electrical and dielectric 

properties were studied as a function of sintering temperature, anneal, and 

controlled addition of dopants. Emphasis will also be given to the sinterability of 

molten salt derived powders.



Chapter 2: LITERATURE REVIEW 

2.1 Synthesis of Pb(Feo.sNbo.s)Os 

2.1.1 Synthesis of single crystal 

The single crystals of PFN were first synthesized by Galasso et al [39] in 1965 

by using lead oxide flux. The perovskite samples were prepared as powders and 

fired for several hours at 800°C, mixed with the flux, and then packed into platinum 

crucibles. In order to prevent excess vaporization of the flux, crucibles were covered 

firmly. For growing crystals of PFN, 64wt% of lead oxide was mixed, and the 

samples were cooled at 5°C/hr from 1230°C to 800°C. 

In 1969, Astrov et al [24] used PbO—PbCly flux to synthesize PFN single 

crystals. The composition of the flux was: one part of PbO to four parts of PbClo. 

The PFN single crystals were synthesized at 850°C in a stream of oxygen. Crystals 

were grown at the temperature of 1100°C. The rate for cooling of PFN was 15°C/hr 

in this flux. 

However, the single crystals grown from the above methods were of the order 

of 1mm. Brunskill et al [40] proposed a procedure to grow high quality single 

crystals of PFN of the order of 10mm by using accelerated crucible rotation 

technique (ACRT) in PbO flux. The composition of PbO in this method is from 

55wt% to 70 wt% with the soaking temperatures from 1100°C to 1260°C. The 

cooling rate is stepwise with 0.49C/hr in the first series and 0.25°C/hr in the second 

10



11 

series to around 900°C. Then the flux was cooled naturally to room temperature. 

2.1.2 Powder Synthesis 

2.1.2.1 Solid—state reaction synthesis 

Solid-state reactions, which have been applied to most of the ceramic 

powders, have also been applied to the fabrication of PFN ceramic powders since the 

first synthesis by Smolenskii [22]. The formation mechanisms of these conventional 

processes were studied by Lejeune et al [18] and Kassarjian et al [16]. 

In the study of Lejeune et al [18], the formation of PFN was classified into 

three regions. The reaction sequences for the first temperature region, 560°C to 

640°C, correspond to the following reactions: 

PbO + NbeOs ——> Pb3NbeOg (P3N) (2.1) 

PbO + NbeOs ——> Pb2Nb207 (P2N) (2.2) 

PbO + Fex03 —> PboFe2Os (PF) (2.3) 

PbO + Fe203 +Nb205 ——- Pb(Fep.5Nbo.5)O3 (PFN) (2.4) 

The main product is P3N in this temperature region. Reactions 2.1 and 2.2 also 

correspond to an endothermic peak in DTA curve. 

The second region is from 640°C to 730°C. In this region, PgN decomposed 

and the amounts of P3N, PoF, and PFN were increased. The reactions were
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described below: 

Pb2Nb207 (P2N) —> Nb2O; + PbO (2.5) 

PbO + Fe.03 —> PboFe,0s (PoF) (2.6) 

Nb2O5 + PbO —> PbgNb20g (P3N) (2.7) 

PbO + Fe203 + NbyO; —+ Pb(Feo.sNbo.5)O3 (PFN) (2.8) 

The decomposition Reaction 2.5 was also included in the endothermic peak of the 

first temperature region; whereas this peak in the DTA curve spread over a large 

temperature range (~ 100°C). 

In the third higher temperature region of 730°C to 950°C, P3N and PoF were 

decomposed, and consequently the PFN phase was increased. The reactions were: 

Pb3Nb2O0g (P3N) —~ Nb2O5 + PbO (2.9) 

PboF e205 (PeaF) —> Fe203 + PbO (2.10) 

PbO + Feo03 + Nb205 —> 

Pb(Feo.sNbo.5)O3 + traces of P3N (2.11) 

where the decomposition of P3N phase, Reaction 2.9, was connected to an 

exothermic peak corresponding to a liquid phase appearance. 

Although PFN was formed at temperatures as low as 560°C, the amount of 

PFN was increased with increasing temperature up to 950°C. It should also be 

noted that exposures to high temperatures (>950°C) and longer times results in the
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decomposition of the PFN phase, and leads to the increase of pyrochlore phase 

content (P3N). This may be attributed to the volatilization of lead oxide, which 

also causes difficulties in producing other lead based perovskite relaxors [1]. 

Kassarjian et al [16] investigated the sequence of reactions for the 

stoichiometric mixture of PbO/Fe203/Nb2O; through temperatures ranging from 

room temperature to 800°C. The sequence of reactions are presented below: 

PbO + NbgOs + Fe,03; 028°C, ppsnb,O13 (P3N4) 

+ PbyNb207 (PaN) + (PbO-+F e203) (2.12) 

PbO + Fe203 + Pb3Nb4043 (P3N4) + PbgNb907 (P2N) 

100°C , PhsNb20g (P3N) + PbyFe20s (PoF) -+ pyrochlore + 

+ Pb(Fep.sNbo.5)03 + (PbO) (2.13) 

where "pyrochlore" denotes the cubic pyrochlore structure of lead—iron—niobate, 

probably Pb3(Fe,Nb)4013. 

From the two reaction sequences described above, it is noted that the 

intermediate lead niobates of both sequences do not quite agree with each other. 

Below 700°C, Lejeune et al [18] report Pb3NboOg (P3N) being the major phase, 

whereas, Pb3Nb4013(P3N4) or PbgNb2O7 (P2N) were reported by Kassarjian et al 

[16]. The similarities in diffraction patterns of the lead—niobate phases may partly 

account for the reported differences. Nevertheless, it is obvious that high 

temperatures (e.g. 900°C—1000°C) lead to the increase of the amount of PFN, but 

the presence of the second phase Pb3Nb2Og (P3N) cannot be avoided by this route.
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Thus, it is obvious that the pure phase of PFN can not be obtained by using 

the conventional solid—state synthesis due to the formation of stable lead—niobate 

phases at lower temperatures (e.g. 500°C-600°C). A double—calcination was 

proposed by Fu et al [41] to eliminate these lead—niobate pyrochlore phases. They 

reported that nearly pure perovskite PFN phase could be obtained by doubly 

calcining the mixture of 4PbO/Fes:03/Nb2Os at the temperature of 700°C and then 

900°C for 2 hours, each. The reaction sequence is presented below: 

PbO + Fe,03 + NbOs; 22°C, phsnb4043 (P3N2) + PbyNb,O7 (P2N) 

+ PboFe20s (PaF) + PbO + Pb(Feo.sNbo.5)03 20°C, 

Pb(Feo.sNbo.5)O3 (2.14) 

It is believed that the effect of double calcination on obtaining PFN is based on the 

nucleation of PFN accelerated by the appearance of PboFe2Os. 

Swartz et al [3] reported that single phase PFN can be obtained by first 

prereacting the B site refractory oxides of Pb(B'p.sB"o.5)O3 perovskite to form the 

appropriate wolframite B'B"O.4 compounds and subsequently reacting with PbO. 

The purpose of this prereaction is to bypass the formation of the intermediate 

pyrochlore phases. Thus, the amount of pyrochlore phases could be significantly 

reduced. The following reactions were proposed as the possible solution: 

Fe203 + NbO; 00°C, Fenno, (2.15) 

FeNbO, + Pho 820°C, pyrFeo.sNbo.s)03 (2.16)
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The reaction times are 4 hours for both reactions 2.15 and 2.16. Fe2O3 is prereacted 

with NboOs to form FeNbO,. This compound is attractive for two reasons [42]: 

(1) In order for PbO to react with FeNbO, to form pyrochlore phase, it 

would first have to liberate FegO3 from FeNbO,. The kinetics of this 

process must be slow enough to prevent the formation of 

pyrochlore phases. 

(2) The wolframite structure of FeNbO, is an oxygen octahedral 

structure, and should be a good starting point from which the 

perovskite structure can be formed. 

2.1.2.2 Molten salt synthesis 

For solid—state synthesis, the formation of the PFN compound is controlled by 

the solid—state diffusion across inter—particle contacts. In general, great care has to 

be taken to obtain an intimate mixture of the starting oxides. It is very difficult to 

obtain a completely homogeneous product from a single solid—state reaction because 

the diffusional process involved requires long periods of time to be completed. In 

practice, the product from the first solid-state reaction is milled, and then reacted 

again at high temperatures. This process may be repeated several times to attain 

relatively great homogeneity but entails the penalties of milling cost and 

contamination due to the wear of the milling media. 

A technique for PFN powder synthesis, that avoids most of the difficulties 

mentioned above, is molten salt synthesis. The process is based on the use of a 

molten salt solvent to act as the medium of reaction among the constituent oxides.



16 

The desired compound will be formed if it is thermodynamically more stable than 

the constituent oxides, and this stability is based on more than simple entropy of 

mixing [32]. The stability of the product causes a smaller solubility in molten salt 

than any one of the constituent oxides. Solubilities of oxides in molten salt vary 

from less than 110-10 mole fraction to more than 0.5 mole fraction, typically 110-3 

to 1x10-? mole fraction [32]. However, the complete reaction can be accomplished in 

a relatively short period of time because of the small distances for diffusion in an 

intimate mixture of the constituent oxides in molten salt, and the relatively high 

mobility of species in molten salt. Typically, mobilities of oxides in molten salts 

vary from 1x10°5 to 1x10-8cm2sec! and are much higher than those in the 

solid-state reaction (1x10-!8cm2sec-!) [32]. The reaction proceeds by 

supersaturation of the molten salt solvent by the product compound, which in turn 

precipitates from the solution. The reactants are continuously consumed during this 

process until the residual concentration remains in solution commensurate with the 

intrinsic solubility in the melt. Alternatively, some reactants may be introduced in 

excess to drive all other reactant concentrations to effectively zero level, if these 

reactants are more soluble under acidic or basic conditions than is the product. 

These excess reactants are then removed by acidic or basic washing from the 

product. 

In selecting the molten salt solvent, two requirements have to be met: 

(1) The molten salt solvent should not enter into any undesirable side 

reactions with either the reactants or product compounds; 7.e., it is 

a true solvent. 

(2) The salt solvent should also possess sufficient aqueous solubility so
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that it can be removed by simple water washing. 

In addition to the advantages of lower synthesis temperatures and shorter 

reaction times, the control of powder morphology is much easier in molten salt 

method. Hayashi et al [36,43] and Kimura et al [44] used this technique to develop 

different shapes of (Nip.5Zno.5)Fe2O.4 ferrite, rod-shaped BaTiO3, and BigWO. 

powders. The shape anisotropy of starting powder particles plays a dominant role 

and the selection of molten salt solvent is also important. 

When constituent oxides were heated in molten salt solvent, the development 

of the complex oxide particle is followed by two stages [34]: 

(1) the formation of complex oxide particles 

(2) particle growth 

In the formation stage, the size and shape of complex oxide powders are determined 

by the formation mechanisms, which depend on the relative dissolution rates of the 

reacting components into molten salt. The product is formed on the surface of the 

slower dissolving components, and the complex oxide with the same shape as those 

of the slower dissolving components is obtained when one component dissolves faster 

than the others. The dissolution rates of the reacting components depend on the 

particle sizes and the solubilities in the molten salt. On the other hand, when all 

the reactants have comparable dissolution rates in molten salt, the complex oxide 

formation takes place somewhere in the molten salt. If this mechanism is dominant 

during the formation process, the complex oxide powders with a lumpy shape will be 

formed, depending on the degree of interaction between the complex oxide and the 

salts.



18 

In the particle growth stage, even lumpy particles can attain a characteristic 

shape because of the anisotropy in growth rate of different crystalline faces. The 

faster growing facets disappear and the slower growing facets develop. When the 

oxide has a large or moderate growth anisotropy, powder particles with a shape 

anisotropy, such as plate or needle, are obtained. Particle sizes are controlled by 

selections of heating temperatures and time periods. On the other hand, when the 

oxide has a small growth anisotropy, equiaxed particles are produced. Morphology 

of the particle is not only determined by the reactants, but also by the nature of the 

flux and the mole ratio of flux to oxides [34]. 

Although molten salt synthesis has been successfully utilized in synthesizing 

complex oxide powders, the synthesis of lead—based perovskite {Pb(B';B"1-x)O3} 

was not reported until the year of 1987. Lopatin et al [38] reported that PFN 

powders can be synthesized by this technique using molten sodium and potassium 

chlorides. In contrast to the conventional solid-state method, this method bypassed 

most of the intermediate compounds. The reaction mechanism was simplified by 

this molten salt method according to the following equations: 

PbO + NbeOs ——> PbsNb4Q43 (P3Ne) (2.17) 

Pb3Nb4013 + FegO3 + PbO ——- Pb(Feo.sNbo.5)O3 (2.18) 

Thus, The reaction occurs in two stages. Initially Pb3Nb4013 (P3Ne) is formed and 

subsequently Pb(Fep.sNbo.5)O3. (P3Ne), PbO, and FeeO3 react to produce 

Pb(Feo.5Nbo.5)O3 in the second stage, which is limited by the diffusion of lead 

oxide.
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2.2 Stability of perovskite 

There are two basic requirements for forming a stable perovskite structure: (1) 

the ionic radii of cations should be within certain limits and (2) the ionic 

contribution to cation—anion bonds should be high [45]. The first requirement 

relates to the perovskite unit cell size. Goldschmidt proposed the concept of a 

tolerance factor ",t," to describe the stability limits of a crystal structure in terms 

of the ionic radii. For perovskite structure (ABQO3), the tolerance factor is given by 

[45]: 

t = (tattb)/r5 (ta+to) (2.19) 

where rg and fp are the ionic radii of cations A and B, respectively, and rp is the 

ionic radius of oxygen. Shrout et al [1] concluded that for the perovskite structure 

the ",t," value may be within the range from 0.88 to 1.09. 

The second requirement relates to the ionic character of the chemical bonds in 

the compound. The amount of ionic character is proportional to the difference 

between the electronegativities of cations and anions. The tolerance factors and 

electronegativity differences for several known ABO 3—type perovskite compounds 

are shown in Figure 2.1. For compounds containing more than one B—site cation, as 

in the case of ferroelectric relaxors, the weighted average was used for the 

calculation of rp. A weighted average was again used for determining the 

electronegativity difference, as expressed in the following equation:
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(XA.0-XB-0) (2.20) 

where XA.0 is the electronegativity difference between the A-—site cation and 

oxygen, and XB-0 is the electronegativity difference between the B—site cations and 

oxygen. As shown in Figure 2.1, it is evident that ideal perovskite compounds have 

a tolerance factor ts1 and a high electronegativity difference (strong ionic bonding), 

such as SrTiO3. But for PbO—based Pb(B',B";-.)O3 perovskite compounds, the 

electronegativity differences are small; and for many of these compounds, the 

tolerance factor is considerably less than one, and therefore they may be less stable 

in perovskite structure. This prediction agrees with the experimental results with 

regard to the ease of preparation of these compounds with pure perovskite phase. 

Thus the addition of a small amount of stable perovskite compounds (e.g. BaTiOs, 

SrTiO3) was utilized to stabilize the PbO—based perovskites because of the increase 

of the tolerance factor and electronegativity difference [1,45]. This process was 

demonstrated in synthesizing Pb(Zno.33Nbo.67)03 (PZN) ,which is the most difficult 

relaxor perovskite to prepare in single-phase perovskite form, by adding 6 to 7 

mole% BaTiOs [1]. 

2.3 Dielectric properties of Pb(B',B",.)O3 perovskite 

2.3-1 Polarization in dielectrics 

First consider a homogeneous dielectric consisting of polarizable units which 

may be atoms, ions, molecules, unit cells, or macromolecular chains. The 

relationship between the polarization ",P," and the local electric field '",E'," is given



by [46]: 
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P = Nak! (2.21) 

where N is the number of dipoles per unit volume and a is the polarizability. 

There are various possible mechanisms for the polarization in a dielectric 

material. And the total polarizability of the dielectric can be represented as the 

sum of these contributions. For ferroelectric materials: 

where: 

QA = At ai + A+ Ag+ af (2.22) 

ae: electronic polarization, due to the shift of the center of gravity of 

the negative electron cloud in relation to the positive atom nucleus in 

an electric cloud. 

aj: ionic polarization, due to the displacement of ions in an electric field 

from the equilibrium positions, and the accompanying displacements of 

their electron clouds. 

Qo: orientation polarization, associated with the presence of permanent 

electric dipoles which exist even in the absence of an electric field. 

Qs: space charge polarization, the characteristic of polycrystalline 

materials which contain mobile charges. These mobile charges are 

present because they are impeded by surfaces, because they are not 

supplied at an electrode or discharged at an electrode, or because they
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are trapped in the material. This kind of polarization is favored by 

grain boundaries or by the second phase, both of which act as barriers 

against the motion of charge carriers. 

a: due to the co—operative change in direction of dipoles in the domain 

of ferroelectric materials [47]. 

Qe, Q; and Q are the most important contributors to the permittivity 

(dielectric constant K) for ferroelectric ceramics. For high—K dielectric ceramics, 

another polarization contributor, charge hopping, should also be considered [48]. 

This makes a large contribution to dc conductivity and dielectric loss. 

In an ideal capacitor the electric charge adjusts itself instantaneously to any 

change in applied voltage. However, there is an inertia-to—-charge movement that 

shows up as a relaxation time for charge transportation. The phenomenon is 

analogous to the time required for elastic strain to follow an applied stress. Just 

like the relaxed and unrelaxed elastic modulus, the dielectric constant is dependent 

on frequency. The only process, which is rapid enough to follow alternative fields of 

any frequency is in the visible part of the spectrum, the electronic polarization [46]. 

Tonic polarization can follow an applied high-frequency field (in the infrared range). 

The frequency range of orientation and space charge polarization depended on the 

nature of the system but, in general, important only at low frequency. 

The reported dielectric permittivity of PFN varies from 5000 to 26,000 

depending on the frequency [3,6,10,21,22,27,49]. It is also that the dielectric 

permittivity is a sensitive function of heating rate, sintering temperature, sintering
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time and atmosphere. 

2.3.2 Dielectric loss 

The time required for polarization shows up as a phase retardation of charging 

current in an alternating field. Instead of being 90° advanced, it is advanced by 

some angle 90—¢. The tangent of the angle ¢ (tan @) is the dielectric loss The 

electric field and the current flux density are represented in complex notation: 

E = E,eivt (2.23) 

D = Doei!wt-9? (2.24) 

thus D = K*E (2.25) 

and K* = K,e-id = K,(cosd—ising) (2.26) 

where Ks = Do/Eo. In terms of a complex dielectric constant 

K* = K!—iK" (2.27) 

therefore K' = Kgcos@ (2.28) 

K" = Kgsind (2.29) 

From equations 2.28 and 2.29 the loss tangent (dielectric loss) is given by 

tang = K"/K' (2.30) 

This phase shift, corresponding to a time lag between an applied voltage and
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induced current, causes loss currents and energy dissipation in AC circuit. 

For the purpose of obtaining a high capacitance in the smallest physical space, 

such as multilayer capacitor, the material with high dielectric constant material 

need to be used. In addition to high dielectric constant, it is equally important to 

have a low value of the dielectric loss ",tan@,". 

The dielectric loss results from three primary processes [46]: 

(1) Ion migration losses 

a. DC conductivity losses 

b. ion jump and dipole relaxation losses 

(2) Ion vibration and deformation losses 

(3) Electron polarization losses 

The electron polarization losses give rise to absorption and color in the visible 

spectrum. The ion vibration and deformation losses are not a major concern for 

frequencies below 1019 Hz. By far the ion migration losses, which tend to increase at 

low frequencies and high temperatures, are the major factor affecting the use of 

ceramic materials. As shown in Figure 2.2, the total value for tang is the sum of 

individual contributions. At lower frequencies conduction losses become important, 

at moderate frequencies ion jump and dipole losses are most significant, and at 

sufficiently high frequencies ion vibration effects becomes important. 

2.3.3 Ferroelectricity 

The ferroelectricity of cubic perovskites can be explained by barium titanate
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at the temperatures above Curie temperature (120°C) [46]. Since the titanium ion 

fits into the octahedral interstice of this structure, this titanium ion has no fixed 

unsymmetrical position. At high temperatures, the open octahedral site allows the 

titanium ion to develop a large dipole moment in an applied field. On cooling below 

the Curie temperature, the octahedral structure changes from cubic to tetragonal 

symmetry. For barium titanate, the titanium ion is in an off—center position 

corresponding to a permanent electrical dipole, as shown in Figure 2.3. As a 

consequence the dielectric constant falls from the high peak value and shows little 

dependence on temperature. However, the structure of PFN changes from cubic to 

rhombohedral when the temperature falls down to its Curie temperature (10,28,40]. 

Thus the dependence of the dielectric constant on temperature is different from the 

behavior of BaTiO3 below 120°C. 

PFN shows the properties of relaxors which are a class of ferroelectric 

dielectric. For this material, the temperature of the peak of the dielectric constant 

is frequency—dependent and shows a great dependency of the dielectric constant on 

the frequency than normal ferroelectric materials do (e.g. BaTiO3). Generally 

high—K dielectrics show a gradual fall in permittivity with increasing frequency, 

some 2 to 5% per decade, over the range 102 to 108 Hz. In addition, they show a 

broadening of the T, (Curie temperature) peak which can be referred to as a Curie 

region. They are said to possess "diffuse phase transition." 

All relaxors contain two or more species of ion on the same site, such as 

Pb(Feo.sNbo.5)03 (PFN), Pb(Mgo.33Nbo.67)03 (PMN), Pb(Sco.sTao.s)O3 (PST), 

and Pb(Mgo.sWo.5)O3. In these relaxors, the A—site cation is lead. Because these
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compounds can be found with more than one atomic species occupying the B-—sites, 

there is the possibility of structural ordering or disordering for the B—site cations. 

The perovskite-structured relaxors are divided into two groups: those in which the 

B-—site cations are always randomly distributed (7.e. they are disordered), and those 

in which the cations can achieve partial or complete order. It had been reported 

that the degree of ordering can be varied in certain relaxor materials, such as 

Pb(Sco.5Tao.5)O3 (PST), by thermal annealing [51,52]. The schematic results are 

shown in Figure 2.4. The origin of the diffuse phase transition is believed to be a 

distribution of Curie temperatures in the material due to compositional fluctuations, 

or microinhomogeneity (disorder) in the B—site cations [53]. From a dielectric 

engineering point of view, it is clear that ordering should be minimized in order to 

obtain the highest dielectric constant over the maximum temperature range.
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Chapter 3: EXPERIMENTAL PROCEDURE 

3.1 Molten salt synthesis of PFN ceramic powders 

The basic idea of this technique is to utilize the molten mixture of NaCl and 

KCl as a reaction medium. Figure 3.1 shows the continuous solid solution of 

NaCl—KCl system [54]. As seen in Figure 3.1, this binary system exhibits a 

minimum melting point at 670°C with a composition of 50 mole% NaCl. The 

melting points of pure NaCl and KCl are 800°C and 770°C, respectively. The 

temperature of the reaction carried out in this study was higher than that of the 

liquidus in this binary phase diagram. 

"Reagent grade" oxides (PbO, Fe2O3 and Nb2Os) and chlorides (NaCl and 

KCl) were used in this study. Appropriate amounts of these chlorides and oxides 

were ground by using a mortar and pestle with acetone for about an hour to obtain 

uniformly distributed mixtures. Because of the expected loss of PbO possibly due to 

the volatilization or due to the reaction with molten salts, variable amounts of 

excess PbO were added to the starting mixtures. The excess amount of PbO was 

varied from 0 mole% to 20 mole%. The mixed slurry was dried at 120°C for 2 hours 

for the complete removal of acetone. The dried powders were placed in a covered 

alumina crucibles and then fired in a box furnace at temperatures ranging from 

700°C to 900°C for 1 to 3 hours. After the firing, the chlorides were removed from 

the product by washing them in hot water several times until the filtrate showed no 

reaction with a silver nitrate solution. The residual excess PbO was removed by 

treating the powders with boiling acetic acid (5 wt%) solution for 20 minutes. The 
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powders were finally dried at 150°C for 2 hours. 

The resulting phases in the powders were identified by standard X—ray 

diffraction (XRD) techniques, using a model PW—1792 diffractometer with CukKa 

radiation. In addition to identification of phases, this technique was also used to 

quantification of phase content of the powders. The relative amounts of perovskite 

(p) and pyrochlore (7) phases are directly proportional to the observed intensities of 

their respective peaks appearing in the X—ray diffraction patterns. The integrated 

intensity of the (hkl) peak of a phase " ,i," is given by the relation [55]: 

  

: — . 1 -12 o-2mig- 1+c08226; 1 

where I;(hkl) is the integrated intensity of the (hkl) peak; K is a constant dependent 

on the type of the radiation used and the beam size; V; is volume fraction of phase i; 

vi is volume of the unit cell; Fy is structure factor; e-2™2 is Debye-Waller coefficient; 

gi is multiplicity of the given reflection; fm is linear absorption coefficient of the 

mixture, and (1+cos226;)/(sin24;cos4;) is Lorentz polarization factor. 

Moreover, to take into account the volume fraction (Ca) of @ phase in a 

mixture, the intensity of a in the mixture can be written as: 

K,Ca it (3.2) la = 

where K, is a constant. Therefore, for the mixture of perovskite (p) and pyrochlore 

(1), the relationship between their concentrations and the intensities of their peaks



34 

can be expressed as: 

OF =F (3) 

by using the direct comparison method [56]. 

The particle sizes and the morphology of the powders were studied by using 

scanning electron microscopy (SEM) with an energy—dispersive X—ray analyzer. 

3.2 Sintering and microstructure characterization of pure PFN 

powders and PFN powders with PbO or Li,CO; additions 

For sintering and microstructure characterization, stoichiometric, single phase 

PFN powders were used. These powders were synthesized at 800°C for 1 hour using 

10 mole% excess PbO in the starting oxide powder mixture (Section 3.1). 

The PFN powders were pressed into pellets by using 3 wt% of methocel as the 

binder. These pellets were sintered in closed alumina crucibles for periods ranging 

from 0.5 to 15 hours and at various temperatures following the binder burn—out at 

400°C. The sintered pellets were analyzed by X—ray diffraction to ensure that no 

pyrochlore phase was present. This is because longer sintering times and higher 

sintering temperatures might cause PbO loss which may lead to a conversion of the 

perovskite phase to pyrochlore phase. 

For the effect of additions (PbO and LigCO3), the excess amounts of the
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additions added were varied from 0.5wt% to 2.0wt%. The sintering conditions for 

PFN with PbO addition were the same as those described for pure PFN powders. 

However, the sintering of PFN with LixCO3 addition was carried out at sintering 

temperatures ranging from 900°C to 1050°C for 4 hours. 

The fractured surfaces of the sintered pellets were observed using SEM with an 

energy—dispersive X-ray analyzer. The densities of the sintered pellets were 

determined by the ASTM immersion method using water as the immersion liquid 

[57]. 

3.3. The dielectric properties of pure PFN powders and PFN 

powders with PbO or Li,CO; additions 

For measuring dielectric properties, the powders preparation and sintering 

parameters are the same as those described in Section 3.2. 

The sintered pellets were polished and coated with silver exopy on both sides, 

and then cured at 120°C for 15 minutes. The dielectric property measurements were 

carried out using a HP 4192A LF impedance analyzer. The temperature dependence 

of dielectric properties was characterized during cooling cycle of the sample from 

temperatures close to 200°C. The sample temperature was controlled using a 

(Thermodyne type 1300) furnace which is equipped with a (Omega CN 900) 

temperature controller. The capacitance ",C," contains both a geometrical as well 

as a material factor. For a large plate capacitor of area A and thickness d, the 

geometrical capacitance is given by [46]:
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Co = (A/d)eo (3.4) 

where €) (= 8.854 x 10°12 F/m) is the permittivity (dielectric constant) of a 

vacuum. For a material having permittivity ¢', the capacitance is expressed as: 

C = Co(e'/€o) = CoK' = K'eo(A/d) (3.5) 

where K' is the relative permittivity or relative dielectric constant. K' is the 

material property which determines the capacitance and of principal concern for this 

study. 

DC conductivity of PFN was measured at room temperature, 100°C and 150°C 

using (HP 4140B) a picoammeter. The o (conductivity) was calculated from the 

following equation [58]: 

V = IR = I(d/A)/o (3.6) 

where V is the applied voltage, I is the current measured, d and A are thickness and 

area of the sample,respectively. Thus o (conductivity) can be obtained from the 

slope of V vs I(d/A).



Chapter 4: RESULTS AND DISCUSSION 

4.1 Synthesis and reaction mechanisms of PFN in molten salt 

4.1.1 Formation process 

XRD profiles of the PFN powders formed at various temperatures and times, 

and having different amounts of excess lead oxide in the starting mixture (flux to 

oxide weight ratio is one and flux is a mixture of equimolar NaCl and KCl) were 

determined. The X-ray diffraction patterns, as depicted in Figure 4.1(b), showed 

that for low formation temperatures (< 700°C) and short times (< 1 hour), the 

powders are a two—phase mixture of the PFN phase and a significant amount of 

second phase [pyrochlore Pb3Nb4013 (P3N,)|. Increasing the formation temperature 

to about 800°C led to powders having a single phase of PFN (Figure 4.1(a)). For 

reaction temperatures between 900°C to 1000°C, only the pure phase of PFN was 

obtained irrespective of the time and the amount excess lead oxide in the starting 

oxide mixture. The resulting percentage of the perovskite phase was determined by 

the following equation: 

%Perov. = 100 x Tperov/(Iperov+I pyro) (4.1) 

where Iperoy and Ipyro are intensities of major peaks [(110) and (222)] for perovskite 

and pyrochlore phases, respectively. The variations of %Perov. with formation 

temperature, time, and amount of excess lead oxide can be seen in Figure 4.2. For 

formation temperatures below 900°C, the % Perov. increased with increasing 
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reaction temperature, time, and amount of excess lead oxide. It was also evident 

that the formation temperature had the most significant effect on the %Perov., as 

compared to the excess lead oxide concentration and the formation time. It should 

also be noted that a pure perovskite phase was not obtained at 700°C for all the 

investigated times and compositions of the starting oxide mixture. However, pure 

single phase PFN could be easily obtained at 800°C for 30 minutes with 10 mole% 

excess lead oxide. 

Our results are different from those of Lopatin et al [38] who reported that (1) 

single phase PFN can be formed at 700°C for 1 hour with 20 mole% excess of lead 

oxide and (2) at 800°C, the amount of perovskite phase is always less than 100% 

and decreases significantly with increasing time. These discrepancies can be 

attributed to the differences in the purity and particle sizes of the starting oxide 

powders. Their observed decrease in %Perov. with increasing formation time at 

800°C can also be explained by considering secondary reactions. For the formation 

of PFN from molten salts (NaCI—KCl), there is only one second phase (Pb3Nb40i3) 

formed in the product powders. The following formation reactions need to be 

considered: 

2PbO +:Nb20s; — Pb3Nb4013 (P3N2) (4.2) 

Pb*2 + Cl- — PbCla;g) T (4.3) 

PbO (5) — PbO: ¢)T (4.4) 

Pb3Nb4033 + PbO + Fe203 ——> Pb(Feo.sNbo.5)03 (4.5)
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since the boiling point of PbClg is 950°C, one can expect a significant loss of lead 

oxide due to Reaction 4.3. It follows from Reaction 4.5 that this loss of lead oxide 

obviously decreases the perovskite yield. The loss of lead oxide via the formation of 

PbClg (Reaction 4.3) may also be the reason for the addition of excess lead oxide to 

the starting oxides to form stoichiometric PFN (Figure 4.2(C)). It is interesting to 

note that for the PbO, FeoO3, and NboOs powder mixture the number of possible 

reactions in molten salt is significantly smaller than the number of reactions 

possible in solid state (Chapter 2). 

The lattice parameter of the PFN powders, prepared by molten salt synthesis, 

were calculated from the XRD peaks for 2@ values higher than 60°, as they gave 

more accurate values. Irrespective of the preparatory conditions that were used in 

this study, the calculated lattice parameter was 4.011A, which is close to the valves 

reported in literatures [27,59]. However, this calculation was based on the 

assumption that the structure of PFN is cubic perovskite at room temperatures. In 

fact, as stated in Chapter 1, PFN possesses a rhombohedral structure below curie 

temperature (#100°C) which in this case is very similar to the cubic structure. The 

splitting of the high angle diffraction lines, characteristic of the rhombohedral 

structure, were also observed in the diffraction pattern. Although the formed PFN 

powders were not chemically analyzed, we can indirectly conclude, from these 

observation, that the powders contained are of pure PFN phase. 

In order to understand the formation mechanism of PFN from molten salts, 

sintered discs of the individual constituent oxides were analyzed for weight loss and 

by X-ray diffraction before and after heat treatment with molten salts. These
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results were presented in Table 4.1. The solubility of FegO3 reported in the table is 

taken from the results of Haysshi et al [36]. It can be clearly seen from Table 4.1 

that PbO and FesO3 are more soluble in molten salts than NboOs. This indicates 

that PbO and FeoO3 species may be the transporting species during the reaction in 

molten salts. It should be noted that the interaction of NboOs with molten salts at 

800°C to 900°C for 2 hours results in the formation of a new phase in trace 

quantities which could not be identified. Further, analysis of products at various 

stages of reaction in molten salt, for the PbO, Fe2O3, and Nb2Os5 mixture, did not 

yield any complex oxides containing either Pb and Fe or Fe and Nb. 

The presence of significant quantities of pyrochlore phase (P3N2) for times as 

short as 5 minutes at 700°C implied that Reaction 4.2 in the sequences of molten 

salt synthesis is the fastest reaction. At no stage of PFN formation in molten salts 

were compounds other than PFN, PbO, and Pb3Nb40i3 (P3Ne) observed. In 

contrast to molten salt synthesis, several intermediate compounds, such as 

Pb3Nb4043 (P3No), PhoFesOs (Pak), PbeNboO7 (P2N), and PbsNboOg (P3N), were 

identified at different stages in solid—state synthesis of PFN. Thus one can conclude 

that the reaction mechanism of PFN formation is much simpler in molten salt than 

that in solid—state. Therefore, when solid—state methods are used for the formation 

of PFN, it is not surprising to see secondary phases such as Pb3Nb2Og (P3N) even 

for temperatures as high as 900°C.
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Table 4.1 Solubility of Oxides in Molten Salts 

  

  

Oxide T(°C) Time(h) Change in weight* Product 

Nb 2Os5 900 2 8.51«10°5 Nb205+UP 

Nb2O5 800 2 5.9x10°5 Nb205+UP 

PbO 900 2 —8.8x10°5 PbO 

PbO 800 2 —1.4x10°5 PbO 

Fe,0 336 900 — —2.2x10°6 — 

  

*mole/g- salt 

UP : Unknown Phase
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4.1.2 The effects of flux composition and flux/oxide weight ratio 

The effects of flux composition (NaCl/KCI ratio) and flux/oxide weight ratio 

on the formation of PFN were studied by fixing other parameters such as 

temperature, time, and amount of excess lead oxide at 800°C, 60 minutes, and 10 

mole%, respectively. The variation of either the flux composition or flux/oxide 

ratio did not have any effect on the ability to form single phase PFN. The only 

compositional difference seen was in the powders prior to the acetic acid wash. 

Figures 4.3 and 4.4 show the effects of flux/oxide ratio and the composition of flux, 

respectively, on the residual quantities of lead oxide before acetic acid wash. Figure 

4.3 shows that no residual quantity of lead oxide could be detected when the 

flux/oxide ratio was smaller than unity. However, raising the flux/oxide ratio, 

increased the amount of residual lead oxide indicating that the conversion factor of 

lead oxide decreased with increasing amount of flux. This conversion rate decrease 

may be attributed to the increase in distance required for the lead oxide to diffuse 

with increasing flux/oxide ratio. Irrespective of the flux/oxide ratio, the excess 

amount of lead oxide observed was always smaller than 10 mole% indicative of some 

loss due to the formation of lead chloride (Reaction 4.3) and the evaporation of lead 

oxide (Reaction 4.4). In contrast to the flux/oxide ratio, the flux composition 

(NaCl/KCl ratio) had negligible effect on the amount of residual lead oxide (Figure 

4.4)
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4.1.3 Morphology 

Scanning electron micrographs (SEM) of PFN crystallites, prepared at 800°C 

and 900°C for various formation times ranging from 30 minutes to 180 minutes, are 

shown in Figure 4.5. For comparison, SEM of the PFN powders prepared by 

solid—state method is also shown in Figure 4.5. It can be clearly seen from the 

pictures that in contrast to the highly agglomerated powders obtained by the 

solid—state method, no stable aggregates were observed for the molten salt 

synthesized PFN powders. Molten salt synthesized PFN crystallites were fairly 

rounded (cuboidal) and did not show any well defined facets. However, the 

crystallite size was governed by the formation conditions. In general, the resultant 

powder morphology is controlled mainly by the size and the shape of the slowly 

dissolving raw material (Nb2O; in our case), and by the crystal growth process. 

Because PbO is the fastest dissolving component, and PFN is formed by the 

reaction of PbO and Fee03 with Pb3Nb.40j3, initially the morphology of PFN 

powder is controlled by the size and shape of Pb3Nb4Q13, which in turn is 

determined by the morphology of starting NbeOs (Figure 4.6). Therefore the 

development of the morphology of PFN powder is first controlled by the diffusion of 

PbO to the surface of NboOs particle to form Pb3Nb4013. Further the species of 

PbO and Fe2O3 diffuse to Pb3Nb40,3 to form PFN. Although it is expected that 

the shape of PFN crystallites are initially controlled by size and shape of Nb2Os, the 

final PFN morphology is determined by the anisotropy of the particle growth 

process. Lack of faceting at almost all sizes indicates that the growth anisotropy of 

PFN crystallite is very small. In other words, the interfacial energies of various 

faces of PFN in molten salt may have approximately the same values.
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(B) 

Figure 4.5 SEM photographs of PFN powders made by (A) solid-state reaction, 

(B) molten salt synthesis at 800°C from 0.5 hr. with 10 ml.% PbO in excess.(Bar = 

1pm)



dl 

  
Figure 4.5 SEM photographs of PFN powders made by molten salt synthesis (C) at 

800°C for 1 hr with 10 ml.% PbO in excess, (D) at 800°C for 2 hrs with 10 ml.% 

PbO in excess. (Bar = lym)
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(F) 

Figure 4.5 SEM photographs of PFN powders made by molten salt synthesis (E) at 

800°C for 3 hrs with 10 ml.% PbO in excess, (F) at 900°C for 0.5 hr with 10 ml.% 

PbO in excess. (Bar = lym)
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Figure 4.5 SEM photographs of PFN powders made by molten salt synthesis (G) at 

900°C for 1 hr with 10 ml.% PbO in excess, (H) at 900°C for 2 hrs with 10 ml.% 

PbO in excess. (Bar = lym)
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Figure 4.5 SEM photograph of PFN powders made by molten salt synthesis (I) at 

900°C for 3 hrs with 10 ml.% PbO in excess. (Bar = lym)
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Figure 4.6 The morphology of starting Nb2Os powders. (Bar = 4um)
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Figure 4.7 depicts the relation between the average particle size (APS) of PFN 

powders and the formation time (t) at different formation temperatures (T). 

Although there are some deviations, the particle size appears to increase with 

increasing formation time for a fixed temperature (for example at 800°C, increase of 

formation time from 30 minutes to 3 hours increased the average particle size from 

1.1lum to 1.58um). The relationship between the average particle size (APS) and 

formation times (t) can be expressed as: 

APS « t® (4.6) 

where n is a constant having a value of 0.2 calculated using the slopes in Figure 4.7. 

The APS had an Arrhenius dependence on the formation temperatures which 

is evident in Figure 4.8. The two distinct regions seen in Figure 4.8 indicate two 

different growth mechanisms. The apparent activation energies for particle growth, 

calculated using the data presented in Figure 4.8 and the empirical equation: 

APS = t®exp(-AQ/RT) (4.7) 

are 18.83 and 209.2 KJ/mole for the formation temperatures in the range 800°C to 

900°C and 900°C to 1000°C, respectively. The increase in the activation energy 

above 900°C (above the melting point of PbO) may be attributed to the changes 

either in melt viscosity or in the solubility of PFN in the melt.
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Figure 4.7 The relation between average particle size (APS) and formation time 
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The effects of flux/oxide ratio and the composition of the flux (NaCl/KCl) on 

the morphology of PFN powders in molten salt system are shown in Figures 4.9 and 

4.10. It is evident that the particle sizes decreased with increasing flux/oxide ratio 

(Figure 4.9). This can be attributed to the increased distances for the constituent 

oxides (Fe2O3 and PbO) to diffuse to the surfaces of Pb3Nb4043 particles due to the 

increasing amount of flux. The growth rate of PFN particles also decreased by 

increasing this ratio. However, the particle sizes of PFN were insensitive to the 

composition of flux as compared to the flux/oxide ratio (Figure 4.10).
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(B) 

Figure 4.9 The SEM micrographs of PFN powders with different flux/oxides ratio; 

flux/oxides (A)= 4 (B)= 2 (C)= 0.5. The fabrication condition is 800°C for 1 hour 

with 10 mol.% excess PbO. (Bar = 2um)
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Figure 4.9 (Continued)
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Figure 4.10 The SEM micrographs of PFN powders with different flux composition; 

NaCl (A)= 16.5% (B)= 33.5% (C) 67.5% (D) 83.5%. The fabrication condition is 

the same as Fig. 4.9. (Bar = 2um)
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Figure 4.10 (continued)
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4.2 Sintering and Microstructure Characterization of the PFN 

Powders 

It has been demonstrated that pure PFN powders can be prepared at lower 

temperatures and shorter times in molten salts in comparison to the solid—state 

methods. However, as shown in Figure 4.5, the morphology and particle sizes of 

PFN powders prepared by molten salt synthesis are different from those of the 

powders prepared from solid-state methods. Since these two factors can have 

significant effect on the sinterability, grain growth as well as the dielectric 

properties, the following sections are going to discuss these characteristics. The 

effects of additives such as PbO and LigCOx3 on these characteristics will also be 

discussed. 

4.2.1 Sinterability of pure PFN powders 

Figure 4.11 shows the density, in terms of percentage of theoretical density 

(8.456 g/cm3), of the sintered PFN pellets as a function of sintering time at various 

temperatures. PFN powders with an average particle size of 1.3m, prepared at 

800°C for 1 hour using 10 mole% excess lead oxide were used in the starting 

composition. For the investigated sintering temperatures, it was seen that the 

densities seemed to be independent of the sintering times. However, increasing the 

sintering temperature resulted in a increase of the density of the pellets except for 

the higher sintering temperatures (e.g. 1050°C and 1100°C).
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Figure 4.11 The densities of sintered pure PEN pellets as a function of time for 

various temperatures.
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4.2.2 PFN powders with lead oxide additive 

Owing to the volatile nature of lead oxide, it is not advisable to sinter 

Pb(B';B"-~)O3 ceramics at high temperatures (e.g. 1000°C), unless measures are 

taken for minimizing the loss PbO. In addition the loss of lead oxide, this may lead 

to an increase in the amount of the pyrochlore phase in as—sintered pellets because 

of the reverse reaction of Reaction 4.5. In order to increase the as—sintered 

densities, excess lead oxide was added to serve as a densification aid and to displace 

Reaction 4.5 towards the right [60,61]. Figure 4.12 shows the effect of lead oxide 

additive on the densification of PFN powders in the range 900°C to 1000°C for 4 

hours. From Figure 4.12, it is evident that for a given sintering temperature the 

density of PFN increased, as expected, with increasing the amount of PbO additive. 

It can also be observed from Figure 4.12 that the rate of density increase with the 

amount of PbO additive is higher for temperatures 900°C to 950°C as compared to 

1000°C. The phase diagram for PbO and PFN was presented in Figure 4.13, which 

clearly shows the absence any compound formation [62]. Based on this, one can 

neglect reactive liquid sintering process for accounting the affects of PbO additive 

on PFN density. The higher densification rate of PFN in presence of PbO additive 

can be clearly attributed to capillary forces exerted by liquid PbO. It should be 

noted that the melting point of lead oxide is 889°C. SEM micrographs, 

corresponding to the sintering condition of 1000°C for 4 hours with the excess lead 

oxide varying from 0 to 2.0 wt%, are shown in Figure 4.14. It can be clearly seen 

that the grain size increased and the pores were eliminated with increasing amount 

of lead oxide. When the sintering temperature and time were increased to 1100°C 

and 12 hours, respectively, the densities were almost independent of the amount of
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Figure 4.12 The effect of PbO additions on the densification of PFN sintered for 4 

hours at the temperature range from 900°C to 1000°C.
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(B) 

Figure 4.14 Microstructure of PFN sintered at 1000°C for 4 hr. with various 

amount of PbO addition: (A) Owt%, (B) 0.5wt% (C) 1.0wt% (D) 2.0wt%. (Bar = 

2um)
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Figure 4.14 (Continued)
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lead oxide addition (Figure 4.15). Microstructures, shown in Figure 4.16, depict 

that the grain size did not increase with increasing amount of lead oxide addition. 

This indicated that the liquid phase sintering is less probable at higher sintering 

temperatures due to the volatile nature of lead oxide. 

4.2.3. PFN powders with LioCOs3 additive 

Figure 4.17 depicts the effect of LigCO3 addition on the densification nature of 

PFN. In contrast to the results for the addition of lead oxide, as—sintered PFN 

densities decreased with increasing the amount of LigCO3 addition. It can also be 

noted that in the case of LigCO3 addition, sintering temperature had very small 

effect on the PFN sintered density. 

The average grain size for PFN samples for various sintering temperatures is 

plotted as a function of the amount of LigCO3 additive in Figure 4.18. The grain 

size increased with increasing sintering temperature for a fixed amount of LigCO3 

additive (Figure 4.18). In contrast to the effect of sintering temperature, the grain 

size increased very rapidly with small amounts LigCO3 addition, but later decreased 

with further increase in the amount of LigCQ3. The grain size was largest for 0.5 

wt% LieCO3 addition. For a given sintering temperature and time, the grain sizes 

of PFN with LigCO3 additions are significantly larger than those of pure PFN and 

PFN with lead oxide addition (Table 4.2). 

In general, in oxides like PFN the grain growth is controlled by the diffusion 

coefficient of oxygen. One way to increase the diffusion constant of oxygen is to
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Figure 4.15 The densities of PFN sintered at 1100°C for 12 hrs. with various 

amount of PbO.
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Figure 4.16 Microstructure of PFN sintered at 1100°C for 12 hrs. with various 

amount of PbO: (A) Owt% (B) 0.5wt% (C) 1.0wt%. (Bar = 10ym)
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Figure 4.16 (Continued)
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Table 4.2 Average grain size for different PFN composition 

sintered at 1000 C for 4 hours 

  

  

composition grain size 

PEN 1.0m 

PFN + 2.0 wt% PbO 2.0um 

PFN + 0.5 wt% LioCO3 20um 
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increase the oxygen vacancy concentration (Equation 4.8). 

Do = Dx [Vo'] exp (—Ea/kT) (4.8) 

Lattice parameter studies and compositional analysis (Section 4.3.3) indicated 

that Lit ions (x 2 wt% LigCO3) substitute for Fe3* in PFN. In other words, for 

every two substituted Li* ions one oxygen vacancy is generated (Equation 4.9). 

* Fe sO - on oe 1 . 
LigO —23— 2Li, + Vo + >" O2 + 2h (4.9) 

e 

Thus, the addition of LigCO3 increases the oxygen vacancy concentration, which in 

turn increases the oxygen diffusion constant and enhances the grain growth rate. 

As seen from the SEM micrographs of PFN with LieCO3 additions (Figure 

4.19), the second phase started to appear when the amount of LigCO3 additive was 

0.5 wt%. This indicates that the solubility of LigO in PFN is lower than 0.5 wt% 

LigCO3. For LisCO3 amounts greater than or equal to 0.5wt%, liquid phase 

sintering can also contribute to the densification of PFN (the melting point of 

LigCO3 is 723°C) . The contribution of liquid phase sintering coupled with the 

solubility limit of Lit can account for the decrease in the grain size for LigCOQ3 

additions greater than 0.5wt%. Loss of LigCO3 by evaporation from the liquid at 

grain boundaries is also possible. This LigCO3 loss can leave pores behind and thus, 

can reduce the density (Figure 4.17).
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Figure 4.19 Microstructure of PFN with (A) 0.25wt% (b) 0.5wt% (C) 1.5wt% (D) 

2.0wt% of LigCO3. (Bar = 10um)
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Figure 4.19 (Continued)
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4.3 Dielectric properties 

4.3.1 Dielectric properties of pure PFN powders 

Table 4.3 shows the dielectric properties and the densities as a function of the 

firing conditions for pure PFN and PFN with PbO addition. As can be seen from 

Table 4.3 the dielectric constants were dependent upon the sintering conditions. In 

this study, for pure PFN the dielectric constant at 1 MHz varied from 1980 to 12270 

when the sintering conditions are changed from 950°C /4 hours to 1100°C/13 hours. 

Further increase in the sintering time (e.g., 15 hours) at higher temperatures 

(1100°C) led to the formation of Pb3Nb4013 and lowered the value of dielectric 

constant (3000). The sintered density of pure PFN varied from 60% to 92% of the 

theoretical density when the sintering conditions are changed from 950°C/4 hours to 

1100°C/13 hours. Since the sintered density is not 100% of theoretical density, the 

effect of porosity need to be included in interpreting the properties of PFN. This 

requires the consideration of dielectric properties of mixtures. A general empirical 

relationship, mixture rule [46, 63], was applied: 

k™ = Doki (4.10) 

where n is a constant, and v; and kj are the volume fraction and dielectric constant 

of phase i, respectively. When n = —1, the structure of the mixture corresponds to 

the capacitive elements in series, and their inverse capacitances are additive. Then 

for phase 1 and 2, the effective dielectric constant ",K'," is given by:
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Table 4.3 Dielectric Properties as a Function of Firing 

Condition for Pure PFN and PFN with lead oxide addition 

  

  

  

Composition Fi ring Density* T,(°C) Dielectric properties # 
Condition  (%theor) K¢ max) tand(% ) 

PFN 950°C /4h 68 100 1980 _ 

PFN 1000°C /4h 86 104 4280 3.2 

PFN 1100°C/30m = 85.5 95 3771 3.2 

PFN 1100°C/1h 89 100 6009 3.4 

PFN 1100°C /2h 89.5 100 6464 4.0 

PFN 1100°C/4h 90 97 8260 4.8 

PFN 1100°C /9h 90 100 7500 10.2 

PFN 1100°C/12h 91 100 10000 13.1 

PFN 1100°C /13h 92 96 12270 7.8 

PFN** 1100°C /15h 87 108 3000 23.2 

0.5wt%PbO 1000°C /4h 88 104 3910 6.6 

1.0wt%PbO 1000°C /4h 89 110 4100 5.6 

2.0wt%PbO 1000°C /4h 91 110 4630 8.4 

0.5wt%PbO 1100°C /12h 91 101 7500 7.9 

1.0wt%PbO 1100°C /12h 90 105 5600 7.1 

2.0wt%PbO 1100°C /12h 89 110 3750 8.1 

  

*Theo. Density of PFN = 8.456 g/cm3 

** Two—phase mixture: PFN + Pb3sNb4013 

# Measured at the frequency of 1MHz
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1/k' = (m/k1') + (m»/ko') (4.11) 

In contrast, when n=1, the structure corresponds to capacitive elements parallel to 

each other and therefore the applied field is similar for each element making the 

capacitances additive: 

k' = mky'+ wk! (4.12) 

As n approaches zero, k" equals 1 + nlogk, and we have the so called logarithmic 

mixture rule: 

logk = Lujlogk; (4.13) 

This rule gives a valve intermediate between the two extremes n = 1 and n = —1 

Figure 4.20 depicts the comparison between the experimental data and the 

prediction from the empirical mixture rule for pure PFN sintered at different 

conditions. Since the permittivity of air (or pore) can be treated as unity, Equation 

4.10 becomes 

k® — Vetnkptn® + Vair (4.14) 

A reasonable empirical fitting was obtained for the n value of 0.2, and the kpfn 

value of 14,900 was obtained, which agrees very closely with the dielectric constant 

of well sintered PFN [22,27,49]. For comparison, the predicted curves for n = 0.4



84 

16   

@ : experimental data 14900 — 

12 7 ° 

K/
10
00
 

Co
 e 

      

0.0 0.2 0.4 0.6 0.8 1.0 

Vol. fraction of PFN 

Figure 4.20 Comparison of experimental data with theoretical expressions of 

Mixture rule for permittivity of PFN—Air diphasic mixtures.
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and n = 0.1 are also included in the Figure 4.20. 

For pure PFN powders, sintered at 1100°C for 13 hours, the variation of the 

relative dielectric constant (k) and dielectric loss factor (tané) as a function of 

temperature and frequency, are shown in Figure 4.21. It is evident from Figure 4.21 

that the dielectric constant increased with decreasing frequency. In contrast, the 

dielectric loss did not show any systematic frequency dependence. At Curie point, 

the dielectric constant increased significantly with decreasing frequency. For low 

frequencies (0.1 kHz), the dielectric loss in the paraelectric region increased very 

rapidly with increasing temperature. The temperature at which the maximum 

dielectric constant is observed (Curie point) moved to higher temperatures with 

increasing the applied field frequency. The curve in Figure 4.21(A), which exhibits 

broad ferroelectric—paraelectric phase transition is a characteristic of “relaxor" 

ferroelectrics. The broad peak transition can be explained by the existence of 

fluctuations in composition throughout the material, which are attributed to a 

statistical inhomogeneity in the distribution of Fe*? and Nb*5 ions in octahedral 

sites [64]. The microregions within a grain having different chemical compositions 

can have different Curie temperatures. Thus, the observed broad peaks can be 

viewed as the superposition of many individual peak associated with these regions 

having different Curie temperatures. 

Figure 4.22 depicts the specific heat of sintered PFN powders as a function of 

temperature, and shows an endothermic reaction with small amount of latent heat 

around the Curie temperature region. This endothermic reaction was also reported 

by Brunskill et al for single crystal PFN [30]. The small amount of latent heat is
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believed to originate from the slow change in spontaneous polarization over the 

Curie temperature region. This broad transition peak was also reported by Strenger 

for the disordered Pb(Sco.5Tao.5)O3 ceramics [51]. 

4.3.2 Dielectric properties of PFN with PbO additive 

As mentioned above, lead oxide served as a densification aid in sintering PFN 

and increased the as—sintered densities by reducing the volume fraction of porosity. 

Because of this and according to Equation 4.7, the dielectric constant of the 

as—sintered pellets should increase as a result of the addition of lead oxide. This 

expected increase in dielectric constant due to the reduction in porosity was seen for 

pure PFN (Section 4.3.1) and also was reported for Pb(Mgo.33Nbo.67)O3 ceramics 

[61]. However, for PFN, as shown in Figure 4.23, the dielectric constant depending 

on the sintering conditions either decreased (1100°C/12 h) or stayed almost 

constant (1000°C/4 h) with increasing amount lead oxide addition. 

The decrease in the value of dielectric constant with increasing excess amount 

of lead oxide, for samples sintered at 1100°C/12 h, can be attributed to the presence 

of a low dielectric constant (k ~ 20) amorphous or partially amorphous PbO-—rich 

grain boundary phase. Such phases, in fact, have been identified in 

Pb(Mgo.33Nbo.67)O3 (PMN) [65,66] and Pb(Sco.sTao.5)O3 (PST) [67] ceramics by 

using transmission electron microscopy (TEM). Barber et al [68] proposed a 

mechanism for the early entrapment of lead oxide at grain boundaries and within 

pores during the early stage sintering. Such phases, which are believed to be 

mechanically weak, give rise to intergranular fracture [1], which was in fact
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observed for our samples (Figure 4.16). The pure PFN showed partial intergranular 

fracture (~¥ 50%) as compared to the PFN with 1 wt% PbO additive, where in the 

intergranular fracture (x 94%) dominated. Although the grain boundary phase was 

present in relatively small volume fraction, because of its very low dielectric 

constant it prevented the achievement of optimum dielectric properties [65]. 

For samples sintered at 1000°C for 4 hours (Figure 4.23), the two factors 

increased density and the formation of PbO-rich grain boundary phase might have 

compensated each other. Since the additions of lead oxide had little effect on the 

density of the as—sintered samples for sintering conditions of 1100°C for 12 hours, 

the dielectric constants was governed by the grain boundary phase. 

4.3.3 Dielectric properties of PFN with LigCO3 additives 

The dielectric properties of sintered PFN with LigCO3 additions are 

summarized in Table 4.4. For the specimens sintered for four hours at various 

temperatures, the dielectric constant values, measured at 1 MHz, were plotted in 

Figure 4.24 as a function of the amount of LigCO3 additive. In general, as shown in 

Figure 4.24, the dielectric constant increased with increasing sintering temperature, 

and an optimum dielectric constant (14,000) is achieved for specimens sintered at 

1000°C with 1.5 wt% LieCOs3 additive. It is interesting to note that for pure PFN 

specimens 12,270 is the highest dielectric constant that was obtained, which 

required sintering conditions of 1100°C/13 h. In contrast, a dielectric constant 

value of 14,000 was obtained at sintering conditions of 1000°C/4 h for PFN 

specimens with 1.5 wt% LioCO3. The smaller values of the dielectric constant for
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Table 4.4 Dielectric Properties of PFN as a Function of Firing 

Condition with Li,C QO, Addition 

  

  

Composition Firing Density T,(°C) Dielectric Properti esit 
x wt% LieCO3 Condition ( %Theor) K ¢ max) tand(%) 

0.25 900°C /4h 87 103 3760 5.3 

0.5 900°C /4h 83 97 4910 5.5 

1.5 900°C /4h 81 95 6960 5.4 

2.0 900°C /4h 79 95 3800 4.9 

0.25 950°C /4h 84 104 5450 7.5 

0.5 950°C /4h 84 105 6330 4.8 

1.5 950°C /4h 81 104 7300 8.4 

2.0 950°C /4h 79 104 6970 8.1 

0.25 1000°C /4h 87 104 10250 3.5 

0.5 1000°C /4h 86 105 11000 1.9 

1.5 1000°C /4h 81 96 14000 Al 

2.0 1000°C /4h 81 93 10150 4.4 

0.25 1050°C /4h 85 106 10600 5.9 

0.5 1050°C /4h 83 107 11900 5.7 

1.5 1050°C /4h 80 106 11220 3.0 

2.0 1050°C /4h 77 98 10020 3.0 

  

# : Measured at the Frequency of 1MHz
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the 0.25wt% LieCOgs than those for 0.5wt% LigCO3 might have been caused by the 

significant difference in grain sizes (Figure 4.18). A second phase formation was 

observed around each grain for the compositions > 1.5 wt% LigCO3 (Figure 4.19). 

Therefore, the dielectric constants for these compositions should be interpreted by 

two phase mixture rule. From the investigation of DC conductivities of these 

samples it was found that the conductivities of PFN specimens with LisCO3 

additives are much smaller than those of pure PFN samples, which indicated that 

grain—boundary phase might be a higher resistivity phase than the grain bulk. For 

such materials, the dielectric properties can be described in terms of an effective 

permittivity ",Ker,". According to Mauczok et al [69], Ker can be expressed as: 

Kef = Kyi(da/di) (4.15) 

where K,;j is the relative permittivity of the insulating layer, da the average grain 

size, and dj the thickness of the insulating layer. Thus, including the contributions 

from all the phases, the dielectric constant K of a sample can be expressed as: 

K® = Vair + VptnKef® (4.16) 

by applying the mixture rule (Equation 4.10). 

For the case of 1.5wt% LieaCO3 addition sintered at 1000°C, the values of da 

and dj might be optimum, and thus, resulted in the highest value of Ket. The 

additions of LigCO3 in excess of 1.5wt% resulted in a decrease in the dielectric 

constants, as shown in Figure 4.24, mainly due to the small grain sizes (da), small
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densities as well as probably large thickness (dj). 

Table 4.5 shows the D.C. conductivity for PFN specimens with different 

compositions and and for different sintering conditions. Because of the insulating 

grain—boundary layers, the samples with LigCO3 addition showed lower D.C. 

conductivities at 100°C and 150°C than those for PFN. However, the conductivity 

value was higher at room temperature due to the decreased as—sintered density. It 

can also be seen from Table 4.5 that PFN with lead oxide additions or for cases with 

lower density (PFN 1000°C for 4 hours) exhibited much higher conductivity values. 

The second phase observed on the surface of the samples of PFN with LigCO3 

as observed on the free surfaces of sintered samples is shown in Figure 4.25. The 

nature of this second phase could not be identified because its X—ray pattern did not 

closely match with any known phase. Energy dispersive X—ray analysis (Figure 

4.25) showed that the second phase is highly enriched with iron. However, the 

presence of lithium in this second phase cannot be excluded. This indicated that the 

Li* cations tend to substitute the Fe*3 cations in the octahedral sites of perovskite. 

This substitution can also be confirmed by the increased lattice parameter of PFN 

from 4.011A to 4.021A due to the larger radius of Lit (0.78A) comparing to that of 

Fet3 (0.674). The reduced conductivities can also be explained by considering the 

defect equilibrium for the introduction of lithium cations.
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Table 4.5 D.C Conductivity as a Function of Firing Condition 

and Composition 

  

Composition & 

  

  

  

  

Firing Temperature(°C) Conductivity(Q—cm)! 
Condition 

RT 2.95 x 10°12 

PFN 11009C/12h 100 3.05 x 10-10 

150 2.90 x 10°8 

PFN+1.5 wt% LigCO3 RT 5.17 x 10°12 

1000°C /4h 100 1.42 x 10°10 

150 2.33 x 10°9 

PFN+2 wt% PbO RT 7.42 x 10°9 

1100°C/12h 100 1.20 x 10-6 

150 7.59 x 106 

RT 1.22 x 10°8 

PFN 1000°C/4h 100 1.01 x 10°6 

1350 5.31 x 10°6 

  

RT : Room Temperature
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Figure 4.25 SEM micrograph and energy dispersive X—ray analyses of PFN with 

LigCO3 addition show the second phase grains and their iron—rich content. (Bar = 

5pm)
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The incorporation of LigO can be expressed by the following equations: 

Lio —Fe20s, 2Li," + Oo + 4h’ (4.17) 
4 

Oo “4 Vo + 2e! + > Oy (4.18) 

Ko ei + Fe, —4 Fe,’ (4.19) 

e'+h —& Null (4.20) 

To maintain the charge neutrality, 2[Li,"] + [Fe,] + fe'}] = [hi] + 2[Vol],. 

Considering a limited charge neutrality condition of Lin] = [Vol], the following 

equation can be derived: 

[Fe] = KiKoKe{h'}[Li"]/Kx[Li0]P (4.21) Fe f 12tKe Fe x 2 09 ° 

where Fe. and [Vol], are the concentrations after the addition of LigCOs. 

The [Fe]. which is the concentration without the addition of LigCO3, can be 

calculated from Equations 4.18, 4.19, and 4.20. This concentration is given by the 

following equation: 

[Fe,'], = [h']KiK2Ke/[Vo],P3° (4.22) 

where [V,']_ represents the concentration of oxygen vacancy without the addition of 
1 

LigCO3. Then
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[Fe,!], _ 14 Tip" ] [Val], 
  (4.23) 

[Fe,']. Kx [Li20] 

Substitute Kx = Li, J} }*/ [LigO] into Equation 4.23. Then 

' ae 

Ped _ Well, (4.24)   

[Fe], (Li, 

Therefore, the D.C. conductivities and dielectric losses, which are attributed 

to electron hopping by the formation of [Fe,’], can be reduced as a result of the 

introduction of LigCO3 according to Equation 4.24.



Chapter 5: SUMMERY 

Pure, single phase Pb(Feo.sNbo.5)O3 powders were successfully prepared by 

molten salt synthesis using equimolar mixture of NaCl and KCl at formation 

temperatures as low as 800°C and for times as short as 1/2 hour. Optimum results 

were obtained for the weight ratio of flux/oxide less than or equal to 1, and with 

addition of 10 mol.% excess lead oxide to the starting powders. Carrying out the 

reaction in closed crucibles minimized the loss of lead oxide. 

For all the investigated temperatures and times of powder formation, the 

resultant particles were cuboidal and without any facets. The particle size showed 

an Arrhenius dependence on the formation temperature. The apparent activation 

energy for particle growth was found to be at least an order of magnitude higher at 

high temperatures (1000°C) than at lower temperatures (800°C). Furthermore, the 

PFN powders were free of agglomerates. 

These ceramics have the characteristic of relaxor with broad peak around the 

Curie temperature and frequency—dependent dielectric constants, which are 

attributed to a statistical inhomogeneity in the distribution of B—site cations. The 

dielectric properties are a function of the sintering conditions, type of additive and 

additive concentration. Optimum dielectric constants for pure PFN specimens were 

obtained at the sintering conditions of 1100°C/ 13 hours. 

The addition of lead oxide, which assisted densification and promoted grain 

growth through liquid phase sintering, adversely affected the dielectric properties. 

100
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The adverse effects were attributed to the formation of low dielectric constant grain 

boundary phases which are enriched with lead oxide. 

The sintering temperatures and times could be considerably reduced and the 

dielectric properties were improved by the introduction of small amounts of LigCO3 

despite the poor densification of the specimens. These improvements were 

attributed to either the formation of a higher insulating second layer around each 

grain or to the reduction in concentration of Fe, The resultant large grain size 

was explained by the enhancement of oxygen diffusion constant by the substitution 

of the Lit ions for Fet*3 ions.
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