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ABSTRACT

SrujBainNbP' (SBN53) ceramics were textured by the templated grain growth 

(TGG), in a matrix of SrNt> 2 0 6  and BaNb2 0 6  powders. Acicular KSriNbsOis (KSN) 

template particles, synthesized by a molten salt process, were used to texture the samples 

in the c direction (i.e., [001]). Template growth was assisted by adding V2Os as a liquid 

phase former for some compositions. The texture fraction also increased with higher 

sintering temperatures or times and with initial template concentration due to the 

preferential growth of the template particles.

When V20 , was present, SBNS3 phase formation initiated on the KSN templates 

and texture development started at temperatures as low as 950°C. Phase formation in the 

VjOj-free samples, however, initiated in the matrix (i.e., independent of the KSN 

templates). The liquid phase adversely affected the template growth by favoring 

anisotropic grain growth in the matrix, which caused lower texture fraction and broader 

texture distribution in [001] at low template concentrations. Increased template-template 

interaction (e.g., tangling) during tape casting also resulted in broader texture 

distribution. Therefore, an optimum template content was found to be -  10-15 wt%. 

However, a texture fraction of 0.93 to 0.98 was obtained using only 5 wt% templates 

when anisotropic matrix grain growth was prevented.

Phase evolution was studied in the randomly oriented samples as a function of 

quenching temperature, heating rate, and liquid phase, using KSN powder (rather than 

acicular particles) as a seed material. The formation temperature for SBN53 was lowered 

substantially by adding more seeds, decreasing the heating rate, and introducing a liquid.

iii
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The temperature decreased from 1260°C for the samples with no seeds to U30°C for the 

samples with 15.4 wt% seeds + 0.8 mol % V2Os at a heating rate of 4 °C/min. For the 

VjOs-free samples, the activation energy was considerably lowered from 554 ± 15 kJ/mol 

for the samples with no seeds to 241 ± 17 U/mol for the samples with 15.4 wt% seeds.

The dielectric and piezoelectric properties were enhanced in samples with better 

orientation (i.e., high texture fraction (/) and narrow degree of orientation parameter (r) in 

the texture direction). The presence of nonferroelectric phases (V20 5 or Nl^Os-based) at 

the grain boundaries suppressed the observed dielectric properties, especially at the 

transition temperature. Therefore, the maximum dielectric constant. Kg, was 7,900 in the 

VjOj-containing and 23,600 in the V:0,-free samples, both of which are low compared to 

single crystal (Kg = 81,000). The ferroelectric transition temperature was found to be 

higher than that of SBN50 single crystals due to filling of interstitial sites with IT ions 

from the KSN templates and Vs* ions from the liquid phase former. Dielectric spectra 

showed normal ferroelectric behavior for the V20,-containing and weak relaxor behavior 

for the VjOj-free samples.

A model was developed to correlate the processing parameters (i.e.,/and r) to the 

polarization. It was found that the remanent polarization (Pr) increased sharply (after/s  

0.5) when the charge transfer (via percolation) between elongated grains was effectively 

established.

Polarization fatigue, caused by charge accumulation at defects such as grain 

boundaries and domain walls, decreased the remanent polarization on successive 

application of the field in the V20,-free samples. V2Os-containing samples, however, did 

not experience any evidence of polarization fatigue due to more uniform cation

iv
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distribution. However, some samples showed aging in the form o f'‘pinched” loops during 

polarization reversal, which was eliminated by increasing the number of driving field 

cycles.

The best room temperature electrical properties obtained in the c (polar) direction 

of TGG samples are the remanent polarization (Pr) of 20.3 |iC/cm\ an estimated 

saturation polarization (P J  of 24 iiC/cm2 (69-96% of single crystal), and the 

piezoelectric charge coefficient (d„) of 8 8  pC/N (80-98% of single crystal).

V
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CHAPTER 1

STATEMENT OF THE PROBLEM AND THESIS ORGANIZATION

1.1 STATEMENT OF THE PROBLEM

The physical properties of materials can be optimized by controlling the 

microstructure. The conventional approach in ceramics has been to fabricate 

microstructures with small, equiaxed grains to obtain reproducibility, reliability, and 

predictability of properties in the fabrication of a large number of parts. Although most 

inorganic crystals exhibit anisotropy in structure, habit, and properties, property 

averaging in a randomly oriented ceramic prevents the harnessing of useful anisotropy 

observed in the single crystal form. This problem is most pronounced in materials with 

low symmetry crystal structures.

The tungsten bronze ferroeiectrics are useful for electro-optic, piezoelectric, 

pyroelectric, millimeter wave, and photorefractive applications [1 ,2 ]. Sro.75BaojjNb2 0 6 

(SBN75) single crystals have some of the largest known linear electrooptic coefficients 

[2,3]. Particularly, the application of optical phase conjugators for adaptive optics is 

important for high-power laser or microwave systems [4,5]. At the paraelectric to 

ferroelectric phase transition, one unique fourfold axis exists and 180° ferroelectric 

domain walls form during cooling (e.g., non-180° domain walls are absent) [6,7]. 

Therefore, high transverse fields can be applied without depoling tungsten bronze 

compositions such as Sr2-*CaxNaNb50 i5 (SCNN), SrxBai.xNb2 0 6  (SBN), and 

Ba2 .iSr*Ki.yNayNbsOis (BSKNN). This means that a very high drive field can be applied

i
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for shear mode transduction with the low loss levels, and, thus, these materials can be 

used for high power shear mode actuators [6 ].

Despite the recent progress in growing high quality tungsten bronze single 

crystals [2 ,8 ], the use of single crystals has been limited because of low mechanical 

strength, difficulty in fabrication, the presence of defects (e.g. striadon bands) and 

compositional fluctuations, and a high price. Therefore, if SBN ceramics with properties 

close to single crystal values are fabricated, ceramics would be advantageous due to their 

ease of fabrication and shaping, thermal and stress resistance, and cost-effectiveness.

Abnormal grain growth and the high calcination temperatures of SBN ceramics 

with high Sr content make conventional sintering (e.g., of precalcined SBN powder) of 

SBN ceramics difficult [9]. Dense SBN ceramics were obtained by reactive sintering [10] 

but they show properties inferior to the single crystals because of the random orientation 

of grains.

Ceramics with preferred crystallographic orientation (i.e. texture) are known to 

have improved electrical and electromechanical properties in certain orientations. While 

processing of grain-oriented (or textured) tungsten bronze ceramics such as SBN30- 

SBN6 S [11], Pb0.6oBaa4oNb20 6  [12], and KSr2NbsOls (KSN) [13] has been done by hot 

pressing and hot-forging, the resulting ceramics are limited by restrictions on the product 

shape, small production scale, high cost, and, in most cases, limited texture.

As an alternative to techniques such as hot pressing and hot forging, templated 

grain growth (TGG) is a pressureless sintering technique for inducing grain orientation in 

bulk, polycrystalline materials. The process entails providing a dense, fine-grained matrix 

for the growth of oriented, anisotropically-shaped (i.e. fiber, whisker, or platelet)

2
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template particles dispersed in the matrix. By orienting the grains in the c direction using 

template particles, it should be possible to achieve improved directionally dependent 

electrical properties. It is expected that materials with a high degree of texture should 

have properties that are similar to those of single crystals of the same composition.

12  RESEARCH OBJECTIVES

The primary objectives of this study are to develop high quality textured 

Sroj3Bao.47Nb2 0 6  (SBNS3) ceramics by templated grain growth (TGG), to measure the 

electrical properties as a function of crystallographic orientation (e.g., in the non-polar a 

(or b) and polar c directions), and finally, to develop processing-property relations for the 

textured samples. Samples with equiaxed grains and single crystals of similar 

compositions will be used to compare to the textured samples.

13 THESIS ORGANIZATION

The availability of single crystal template particles is a key element in the 

fabrication of grain-oriented SBNS3 ceramics by TGG. Therefore, acicular KS^NbsOis 

(KSN) template particles were synthesized by molten salt synthesis (MSS). The reaction 

sequence and the effect of processing parameters such as salt to powder ratio, reaction 

temperature and time, and cooling rate on the morphology and phase-purity of the 

resulting particles are discussed in Chapter 3. It is also shown that physical separation of 

as-synthesized template particles by their differential settling rates in water helps separate 

the templates less than -  1 0  pm in length, which enables better orientation during tape 

casting.

3
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In Chapter 4, the densification and kinetics of SBNS3 phase formation in random 

samples (e.g., prepared with KSN powder additions instead of KSN templates) were 

described as a function of the KSN powder content, the presence and amount of a liquid 

phase (e.g., V2O5 , Nl^Os), and sintering conditions. V2OS was added to form a liquid at 

lower temperatures (the melting temperature is 690°C). For the V2 0 s-free compositions, 

a liquid formed at ~ 1260-1350°C due to excess Nb2 0 s, depending on the KSN seed 

content. The impact of the introduction of isostructural KSN seeds on the activation 

energy for phase formation was investigated. In addition, the intrinsic anisotropic grain 

growth in SBNS3 is described in this chapter. An understanding of the requirements for 

grain growth enables careful control of TGG and the results obtained from the random 

samples form the basis for subsequent TGG experiments.

Chapters 5 and 6  are based on TGG and the electrical properties of SBNS3 

ceramics as a function of initial template concentration. Alignment of template particles 

in a fine matrix was achieved by tape casting, which gave rise to an axisymmetric (i.e., 

fiber) texture along the crystallographic c direction. Template growth was investigated as 

a function of sintering time and temperature. The amount of texture was determined by 

the Lotgering factor and stereology, and the distribution in the texture (e.g„ [001]) 

direction was characterized by rocking curves. The dielectric and piezoelectric properties 

were measured in the polar c direction and in the non-polar a-b plane, and then correlated 

with the texture fraction, degree of orientation, and grain boundary phases. Processing- 

property relation was developed by taking the polarization and texture distribution 

functions into account

4
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CHAPTER 2 

INTRODUCTION AND BACKGROUND

2.1 TEMPLATED GRAIN GROWTH

In many cases, single crystals with useful piezoelectric, ferroelectric, optical, and 

superconducting properties have not been exploited because of the difficulty or high cost 

of conventional crystal growth techniques [1,2]. However, some materials lose their 

useful properties in randomly oriented polycrystalline ceramics. Sometimes, 

microstructures with randomly oriented anisotropic grains have been utilized to improve 

the properties, as in the case of Si3N4  ceramics [3,4]. Anisotropic grain growth has been 

attributed either to anisotropic surface energies of different crystal planes that result from 

an anisotropic crystal structure or the poisoning of a few crystallographic planes by 

impurities that results in anisotropic grain boundary mobilities [5,6].

Several recent studies have focused on aligning (i.e., texturing) anisotropic grains 

to access anisotropic single crystal properties in polycrystalline ceramics. The shear 

forming of slurries that contain only anisotropically shaped particles (e.g., fiber, whisker, 

or platelet) results in highly oriented green bodies that produce strongly textured 

materials after sintering [7,8]. However, anisotropic particles do not pack very well 

during forming and inhibit densification by creating rigid networks (e.g., constrained 

sintering); therefore, pressure (hot pressing and sinter forging) or a liquid phase is 

required to attain high density.

Templated grain growth (TGG) is a relatively new, pressureless sintering 

technique for inducing grain orientation in bulk, polycrystalline materials. TGG entails

7
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providing a dense, fine-grained matrix for the growth of oriented template particles 

dispersed in the matrix. Because template particles are separated by a matrix powder, 

rigid template networks do not form. Textured microstructures can be achieved by 

applying a field gradient (e.g., mechanical [9], magnetic [10], or temperature [11]) during 

fabrication. Common methods to apply a shear field to the slurry or matrix and align the 

templates are hot-forging [12], hot pressing [13], tape casting [9], dry pressing [14] and 

slip casting [IS]. Texture development in a polycrystalline body is schematically 

presented in Figure 2.1 The initial microstructure consists of large template particles 

oriented in a fine matrix. In many cases, early microstructure development is 

characterized primarily by template elongation. When the template growth in the 

longitudinal direction is stopped (for example by impingement), growth continues in the 

thickness direction, which leads to thickening of the elongated grains.

Currently, the most prevalent commercial technique for producing high quality 

ferroelectric single crystals is top-seeded solution growth [2,16]. However, this method 

requires long periods of time at high temperature and careful control of complex 

processes (e.g. cooling rate, seed rotation rate, and atmosphere) which affect the quality 

of grown crystals and therefore result in high costs. TGG is also an alternative process for 

growing large single crystals. It involves contacting a single crystal "template" to a 

sintered polycrystalline matrix and then heating the assemblage to a temperature that 

promotes the migration of the single crystal boundary through the matrix. Single crystals 

of millimeter size can be grown by this method. Growing single crystals by TGG is 

schematically shown in Figure 2.2. When the seed crystal and the matrix are brought into 

contact, a single crystal with the same orientation as the seed crystal is produced by

8
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Figure 2.1 Texture development by TGG in a polycrystalline body.
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Figure 2.2 Growth of a single crystal in a polycrystalline body by TGG.
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directional growth of the interface into the polycrystalline matrix. The impetus for 

boundary migration comes from the grain boundary free energy, which increases with 

decreasing grain size [17,18]. Therefore, the grain size of the matrix plays an important 

role in successful crystal growth.

The TGG approach can be either homoepitaxial, in which the growing single 

crystal or textured ceramic has the same composition and crystal structure as the template 

material, or heteroepitaxial when the template material differs from the matrix materials 

[19,20].

2.1.1 Application of Textured Microstructures

Textured ceramics hold promise for improved structural and functional properties. 

For example, the poling efficiency of textured ferroelectric ceramics, particularly in 

systems where the number of possible polarization directions is low, can be improved 

considerably [20]. The critical current density in superconductors [21] and ionic 

conductivity in ^"-alumina [22] were enhanced by texturing. A fracture toughness of 6.3 

MPa-ml/z in textured Al^Oj perpendicular to the basal surface was obtained compared to 

3-4 MPa-m1* for equiaxed, fine-grained A ip , [23]. Toughness increases due to crack 

deflection and bridging by the aligned anisotropic grains. TGG has been used to produce 

textured A ip , [24], mullite [25], Sr^NbA [26], Bi4Ti30 12 [27], SijN4 [9], SiC [15], A1N- 

SiC [28] ceramics, and single crystal A^O, [29], and BaTi03 [19,30].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 .1 .2  Requirements for TGG

The critical factors that affect TGG can be summarized as follows: a dense, 

homogenous, and fine-grained matrix powder (to provide the driving force), 

morphologically stable template particles (or single crystals), an epitaxial match at the 

template/matrix interface, a mechanism for boundary migration (surface energy, kinetics, 

anisotropic template growth rate, and liquid phase), avoidance of exaggerated grain 

growth in the matrix, and uniform contact between the matrix and seed crystal. For a 

boundary to migrate (either for an oriented single crystal dr many well-oriented template 

particles in a fine-grained matrix), the matrix should be dense and fine-grained since the 

energy for boundary migration arises from grain boundary free energy. Therefore, by 

starting with a fine grain size matrix, the grain boundary free energy is increased and the 

driving force for migration is maintained. The final texture also depends strongly on the 

initial number of template particles since the degree of grain orientation increases due to 

the growth of these particles. In addition, the relative size of the matrix and template 

particles during (falsification plays an important role in the texture development In other 

words, templates must be large enough to initiate oriented grain growth in the matrix 

during heat treatment. Template particles must also be anisometric in shape so that they 

can be oriented in the matrix during forming. It has been found that template particles in 

the size range of 5 to 50 pm resulted in successful texture development by TGG [15,31]. 

Template particles must be larger than the matrix grains because coarsening of the matrix 

grains during heat treatment reduces the thermodynamic driving force for the growth of 

template particles by decreasing the total grain boundary area. There is also a critical 

template content above which orientation of the texture direction broadens. This critical

12
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template content varies depending on factors such as the matrix grain size, and the 

presence and amount of liquid content It has been shown that template contents of 

around 5 to 10 vol% are adequate to induce highly textured microstructures [20,32,33].

2.1.3 Kinetics of Exaggerated Grain Growth

Since TGG relies on the preferential growth on the seed particles, it can be treated 

as a special case of exaggerated grain growth. When template growth is assisted by a 

liquid, the growth of templates occurs by solution-reprecipitation, in which small 

particles dissolve in a liquid due to their smaller size, and then reprecipitate on the larger 

template particles. If diffusion through this liquid layer is rate-controlling, a thinner layer 

would result in a steeper concentration gradient and faster mass transport kinetics. It has 

been discussed by Hennings et al. [34] for exaggerated grain growth in BaTiOa ceramics. 

Those authors considered that the growth of exaggerated grains was controlled by the 

supersaturation of the intergranular liquid phase which separates the matrix grains from 

each other and from the growing template grains (Fig. 2.3). The growth rate is driven by 

a constant gradient composed of the difference in solubility between the template and the 

matrix (i.e., supersaturation) across the intergranular liquid phase thickness (5). From a 

solubility point of view, small spherical matrix grains have a slightly higher equilibrium 

solubility, c,. than very large templates of solubility cr (where Cr > Cr). The Kelvin 

equation [35] can be modified to show the increased solubility of the smaller grains:

RT\n
f  \  
£

K C* J
(2.1)

r
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Figure 2.3 Template growth based on Hennings’ model [34],
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where R is the gas constant, y the surface energy of the solid-liquid interface, T the 

temperature, and Q is the molar volume of the solid in contact with the liquid phase. It 

was assumed that all grains are wetted by a thin liquid film whose thickness, S, is a 

function of the volume of liquid phase. The concentration difference, Ac, and the average 

radius are assumed to be constant during this initial growth period [34].

Ac = cr - c R ~ cR( ilr  (2.4)

The concentration gradient of the solid dissolved in the liquid film is defined as:

dcldx = Ac/<5 (2.5)

The mass transport through the liquid film by diffusion is:

dm ldt = ApG = -A J  (2.6)

where p is the density, m the mass, t the time, A the cross sectional area, G the growth 

rate, and J the flux per cross section and time:

J  = -D dcldx * -D A c/8  (2.7)

where D is the diffusion coefficient in the liquid. By combining Eqns. (2.4), (2.6) and 

(2.7), the growth rate or boundary migration of the crystal face is:

This equation shows that the growth rate is directly proportional to y, and 

inversely proportional to both r and S. The crystal faces with the highest packing density

15
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and the fewest unsaturated bonds will have the lowest y and hence the slowest growth 

rates [1]. The presence of a liquid is necessary for boundary migration to occur; however, 

the diffusion is limited with increasing 8  due to decreased mobility. The grain boundary 

mobility can be increased considerably when the matrix grain size is in the submicron 

range and the advancing template face has a high surface energy (e.g., ( 1 1 1 ) vs. (1 0 0 ) in 

BaTiCh) [36]. hi brief, the growth rate of a template is mostly influenced by changes in 

liquid layer thickness, matrix grain size, and template orientation.

22  TUNGSTEN BRONZE (TB) STRUCTURE FAMILY

The tungsten bronze family has an oxygen octahedral framework structure that is 

much more open than the perovskite structure [37]. The TB structure is characterized by 

oxygen octahedra linked at the comers to yield three different interstitial sites A, B, and 

C that extend through the structure along the 4-fold symmetry (z) axis (or c direction) 

(Figure 2.4). The linkage is regular along the c axis, but markedly puckered in the a and b 

directions. The B cations are inside the oxygen octahedra. Tungsten bronze compositions 

are characterized by the chemical formulae (A ^ A ^ C ^ O ,,  or (A^AJjB^Oj,, in 

which the At cations are in the 15-fold coordinated site, the Aj cations are in the 12-fold 

coordinated site, the C cations are in the 9-fold coordinated site, and the B cations are in 

two different 6 -fold coordinated sites. The A sites (A,, A,) can be occupied by large 

monovalent (e.g., Na, K), divalent (e.g., Sr, Ba), or trivalent (e.g., La) ions, the two 

different B sites (B,, B2) are usually occupied by smaller, highly charged cations (e.g., 

Nb, Ta, W, Ti), and the C site may be vacant or occupied by small cations such as Li 

[37,38,39].

16
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Figure 2.4 Projection of tungsten bronze structure [39].
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TB crystals are in the prototypic point group 4/mmm. The ferroelectric phase 

transition is from 4/mmm to 4mm (tetragonal-tetragonal) or from 4/mmm to mni2 

(tetragonal-orthorhombic). The tetragonal TB family can be divided into four groups 

based on ferroelectric and optical studies [38,39];

1) Crystals with 4mm symmetry and <001> polar axis (e.g., SrJJa^Nbp,, 

KSrjNbj0 13, BatTi2NblO]0). These materials show large dielectric constants (K„), and 

electro-optic ( r j  and piezoelectric strain (djj) coefficients. They have nearly cylindrical 

shapes (24-facets), Te<150°C, and moderate polarization (Pj).

2) Crystals with 4mm symmetry and <001> polar axis (e.g., 

Ba2.,SrJK,.yNayNbJ0 1J, KjLijNbjOy). These materials show large r„, K„, and d13. They 

have square or octahedron shapes, T,>150oC, and moderate polarization (Pj).

3) Crystals with mm2 symmetry and <001> polar axis (e.g., Sr2.(Ca(NaNb]Ou). 

These materials show large rls, rD, dl3, and d^. They have cylindrical shapes, Te-200- 

300°C, and large polarization (Pj).

4) Crystals with mml symmetry and <001> or <010> polar axis (e.g., 

PbjKNb30 ,3, PbtBa,.tNb20 6). These materials show large r31, K„, and du. They have 

Tc~350°C and large polarization (P2).

Sr^Ba^Nbp, (SBN) is a ferroelectric solid solution, where x = 0.25-0.75. It is the 

best example of a material with high K„, rn, and d*, [39-42]. SBN single crystals have a 

distinct growth habit with 24 well-defined facets with definite crystallographic 

orientation [39]. SBN single crystals are useful for electro-optic (e.g., optical wave guide, 

switches, and modulators), piezoelectric, pyroelectric (e.g., uncooled IR detectors), 

millimeter wave (e.g., optical computing and modulators), photorefractive (e.g., image

18
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processing, 3-D storage, phase conjugation), and surface acoustic wave (e.g., filters and 

resonators, delay lines) applications [39,40,43]. Sr^jBaajjNbjOj (SBN7S) single crystals 

have some of the largest known linear electrooptic coefficients [39,44]. The piezoelectric 

and electro-optic properties of tungsten bronze crystals are summarized in Table 2.1. For 

SBN, the Curie temperature decreases with increasing Sr content, and the dielectric 

spectra changes from normal to relaxor ferroelectric [45].

Tungsten bronzes are referred to as either “filled” or “unfilled” bronzes when the 

C sites are vacant and the A sites are either fully, or partially occupied, respectively. For 

example, Pb5Nb1Q0 M and (SrtBa),Nbl0O]0 have A sites which are only 5/6 filled. In SBN, 

Ba2* predominantly occupies the 15-fold coordinated site since Ba2* (1.74 A) is 

substantially larger than Sr2* (1.54 A) [39]. Therefore, Sr7* occupies either the A, site or a 

combination of the A, and sites depending on the composition. In SBN34, for 

example, the Sr/Ba ratio on the A, site reaches 0, which means Sr7* occupies only the Aj 

site [46]. This disordered atomic arrangement of Sr7*, Ba2*, and vacancies on the A sites 

has been related to the diffuse phase transition [47]. The A,, A,, and C sites can be filled 

by alkali and alkaline earth metal ions, leading to a large family of solid solutions. 

Therefore, a wide spectrum of Curie temperatures and dielectric constants are observed in 

this family [48,49].

2 3  TEXTURED CERAMICS WITH TB STRUCTURE

Grain-oriented tungsten bronze ceramics have been fabricated by several 

techniques without using template particles. Neurgaonkar et al. [50] hot-forged 

Pbo4 oBao.4oNb2 0 6  (PBN60) and La-doped PBN60 ceramics. They obtained improved
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Table 2.1. The piezoelectric and electro-optic properties of tungsten bronze crystals (From ref. 38).

Crystal Tc, °C Electrooptic coeff. 
x 10"m /V

Piezoelectric coeff. 
pC/N (25°C)

Dielectric Constant 
(25°C)

Sro.7sBao.2sNb206 (SBN75) 56 T33 = 1350 d33 — 670 K33 = 3000
Sro.6oBao.4oNt>206 (SBN60) 75 r33 = 420 d33 = 180 k 33 = 1000
Sr0.5oBao.5oNb206 (SBN50) 128 T33 = 2 10 d33 = 110 K33 = 450
Ba2..SrxK|.vNavNbsO|S (BSKNN-1) 209 r33 = 100 du — 80 K„ =370
Ba2.>Sr.K|.vNavNbsO,s (BSKNN-2) 178 r33 = 160 dis = 2 0 0 K,, =690

d33 = 80 K33 = 190
Ba2..Sr.Ki.vNavNbsOis (BSKNN-3) 180 r33 = 210 dis = 93 K„ = 750
Sr2.MCa*NaNbsO,5 (SCNN) 270 T33 = 650* d33 = 270 K33 = 1740

r5, =450* p. ui II £ 00 K„ = 1700
Pbo.6oBao.4oNb206 (PBN60) 300 r5| = > 1800* dis = >300 K]| = 1900
K3U2NbsO,9 (KLN) 405 rs, = 100 d,s = 147 K„ = 350
Sr2KNbsO |S (SKN) 157 f33 — 210 d33 = 95 k 33= 1100
(Ba,Sr)6Ti2NbgO30 (BSTN) 114 r33 = 300* d33 = 125 K33 = 345
Ba2NaNbsOiS (BNN) 560 T33 = 48 d33 = 20 K33 = 47

r5i =94 d,s=45 K„ = 240
*  Calculated values



anisotropic dielectric and piezoelectric properties with respect to the randomly oriented 

ceramic. However, the saturation polarization (Pot) remained well below the single 

crystal values (24 pC/cm2  vs. 60-70 pC/cm2). Kimura et al. [SI] applied 1-stage and 2- 

stage hot pressing (HP) techniques to improve grain orientation and the dielectric 

properties of KSr^NbjOu ceramics. Grain orientation was highly improved by 2-stage hot 

pressing from 23 to 8 6 % (measured by the Lotgering factor). Nagata et al. [52] hot- 

pressed SrxBai.xNb2 0 6  ceramics, where x = 0.30-0.65, to improve the optical and 

electrical properties, but their piezoelectric values remained well below the single crystal 

values. Slightly anisotropic properties were obtained in directions perpendicular (1) and 

parallel (//) to the hot pressing direction. For example, they reported maximum dielectric 

constants (Knu) of 4,400 (1) and 3,000 (II), and remanent polarizations (Pr) of 2.1 

pC/cm2 (1) and 1.6 pC/cm2 (//). In a recent paper [20], Duran et al. reported enhanced 

electrical properties in highly textured Sro.53Bao.47Nb2 0 6  (SBN53) ceramics fabricated by 

TGG, using KSriNbjOi5 particles as templates. Highly grain-oriented ceramics (> 90% as 

measured by the Lotgering factor) had Kmu = 7,550 (// to the texture direction) and 600 

(1 to the texture direction), Pr = 13.2 pC/cm2 (//) and 1 pC/cm2 (1), Pa, = 21 pC/cm2  (//) 

(60-85% of single crystal value), and a piezoelectric strain coefficient @33) = 78 pC/N (//) 

(70-85% of single crystal value).

2 1
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14 PHASE FORMATION AND SINTERING OF SBN CERAMICS

Fang et al. [S3] studied the formation mechanism of SrojBaosNbjOfi (SBNSO) 

ceramics from the respective oxides. They proposed the following reaction sequence 

based on the XRD analysis; BaC0 3  or SrC0 3  reacts with Nt^O; to form BasNb4Ois or 

SrjNb^is, respectively, on heating to 600-900°C for 2 h. These phases react with the 

remaining Nb2 0 s to yield final intermediate products of B a N h ^  (BN) and SrNlfeOt 

(SN) after calcining at 800-1100°C for 2 h. The final product SBNSO forms by gradual 

consumption of SN and BN between 1000 and 1150°C.

The formation fraction of SBN phase decreases with increasing Sr concentration 

and increases with increasing calcination temperature [47,S3,S4]. The difficulty of 

forming SBN with higher Sr contents (e.g., SBN7S) at lower calcination temperatures 

was attributed to increasing lattice distortion resulting from the high concentration of Sr2* 

ions in the Ai site of the tetragonal tungsten bronze (TTB) structure [S3.S4] (because the 

space of the A| site is relatively larger than the Sr2* ions). The highly distorted lattice can 

make the diffusion of ions, especially larger Ba2*, more difficult. Therefore, a higher 

calcination temperature is needed for full TTB structure formation. For example, 

complete SBNSO formation takes place at 1230°C compared to 1300°C in SBN60 and 

1400°C in SBN70 for the same heating rate of 20°C/min. The activation energy of phase 

formation was reported to be 735, 900, and 1300 kJ/mole for SBNSO, SBN60, and 

SBN70, respectively [54].

SBN ceramics have been sintered by conventional and reactive routes. In solid 

state powder processing, unreacted oxides are likely due to incomplete calcination,
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leading to compositional heterogeneity in the system. Lee et al. [55,56] showed in the 

conventional sintering of SBN60 ceramics that heterogeneities could cause liquid phase 

formation at temperatures lower than the sintering temperature required for densification. 

They found by TEM that the Nb2 0 j/(Sr0 +Ba0 ) ratio is different between the grains (<1) 

and grain boundaries (>1 ). Therefore, the resulting grain boundaries are Nl^Os-rich, 

which leads to liquid phase formation at T > 1260°C. It was reported that the temperature 

at which the liquid phase forms decreases with increasing excess Nl^Os [57]. This liquid 

phase formation gives rise to a duplex microstructure consisting of millimeter-sized 

grains together with smaller grains. Cracking, caused by excessive localized grain growth 

in the microstructure, takes place due to high internal stresses. The result is low density 

ceramics. Similar abnormal grain growth behavior was also observed in other tetragonal 

tungsten bronze ceramics such as (Pb3 a)Nb2 0 6  and (K,Sr)Nb$Ois (KSN) [58,59].

One way to retard the onset temperature at which liquid forms in conventional 

sintering is to presinter a compact below the actual sintering temperature. It was found in 

KSN ceramics that presintering delayed abnormal grain growth by limiting particle 

coarsening and pore growth during prefiring; and this reduced the number of nucleation 

sites for abnormal grain growth [58].

An alternative way to obtain dense SBN ceramics without abnormal grain growth 

is reactive sintering [60]. This is a process in which chemical reaction of the starting 

powders and densification of the powder compact are both achieved in the same heating 

cycle. The reaction and densification may occur either in sequence, simultaneously, or by 

some combination of the two [60,61]. Due to the complexity of the mechanisms during 

reactive sintering, suitable reactants are very important to obtain high density and a

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



uniform microstructure. In SBN, reactive sintering occurs by reaction of SrNt> 2 0 6  (SN) 

and BaNbjOg (BN). Phase formation is initiated by forming necks between particles in 

the early stage of reactive sintering. Compositional homogenization takes place as 

interdiffusion occurs through these necks, which helps eliminate or retard uncontrolled 

liquid formation due to local composition variations. Densification occurs very rapidly 

following homogenization as a result of the high driving force from the porous, fine­

grained, and uniform microstructure [60].

It has been variously reported that the desired SBN composition can form either 

directly or via intermediate SBN compositions. Fang et al. [S3] reported that when 

SBNS0-SBN7S compositions were calcined at 11S0°C for 2 h from the respective oxides, 

phase pure SBNSO was formed. However, compositions with higher Sr contents (e.g., 

SBN60 and SBN7S) had some unreacted SN. The amount of unreacted SN increased with 

the Sr content. It was suggested that SBN with lower Sr content forms first, and then 

reacts with the remaining SN to form the final SBN60 or SBN7S with increasing 

temperature. However, Lee and Fang [59] indicated that the shift of the major peak of the 

developed SBN at different reaction stages of reactive sintering is due to lattice mismatch 

between SBN and residual SN (or BN), and penetration of Sr2* and Ba2* ions through the 

SBN during the reaction. These results suggest that reactive sintering and calcination may 

change the sequence the desired SBN forms.
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CHAPTER 3

TEMPLATE PARTICLE SYNTHESIS IN THE SrO-NlfcOrBaO SYSTEM

3.1 INTRODUCTION

Anisometric single crystal particles (e.g., templates) are very important in the 

fabrication of textured ceramics by templated grain growth (TGG) [1]. The initial 

template orientation in the green ceramic and the relative growth rate of templates during 

sintering determines the degree of texture that is developed during TGG. Therefore, 

template size and morphology affect the amount of growth and final texture. Highly 

textured ceramics have been fabricated by TGG using whiskers or platelets £2-5]. These 

template shapes are suitable for orientation by tape casting or extrusion [6,7]. The 

morphology and crystal symmetry of the templates determine the texture direction. By 

regulating the morphology of templates and suitably orienting them in the matrix, it is 

possible to fabricate one dimensionally oriented (fiber textured) [1 ,8 ]) or even three 

dimensionally oriented (sheet textured) [9]) ceramics that could exhibit properties close 

to single crystals of the same composition. The requirements for the template particles 

can be summarized as: ( 0  larger size relative to the matrix grains, (ir) anisometric 

morphology, (iii) morphological stability in the matrix, (rv) epitaxial relationship to the 

final phase, and (v) cost-effective synthesis method.

Solution growth [10,11,12] and hydrothermal [13,14] techniques are two common 

methods to synthesize single crystal particles. For materials which melt incongruently or 

exhibit low temperature phase transitions, flux growth can be very useful in effecting 

crystal growth at temperatures far below the melting point of the product phase. For
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example, reactive solvents in the hydrothermal technique increase the solubility of the 

material that is sparingly soluble in an ordinary solution below the boiling temperature 

[13,14]. An alternative method is molten salt synthesis (MSS). This process is based on 

the use of a molten salt solvent to act as the medium of reaction between the constituent 

oxides (e.g., reactants). MSS has been used extensively to prepare ferrites [IS], titanates 

[16], niobates [17,18,19], and mullite [20]. The desired compound will form if it is 

thermodynamically more stable than the reactants. In addition, the higher the product 

stability, the lower the molten salt solubility relative to the reactants. The solubility of 

oxides in molten salts varies greatly, from less than lxlO' 10 mole fraction to more than 

0.S mole fraction, and is typically lxlO' 3 to lxlO*7 mole fraction [21]. However, because 

of the small diffusion distances in an intimate mix of the reactants, and the relatively high 

mobility of species (lxl0 's to lxlO' 8 cm2/sec compared to as low as lxlO*18 cm2/sec in 

the solid state), complete reaction is accomplished in a relatively short time [21]. It is 

desirable to have a molten salt viscosity of ~ 1-100 mPa-s because high viscosity can 

retard the growth process [12]. The reaction proceeds by supersaturation of the molten 

salt solvent by the reactants with respect to the product compound, which precipitates 

from the solution. This process continues to consume reactant until a residual 

concentration remains in solution commensurate with its intrinsic solubility in the melt, 

as determined by the solubility product, typically < lxlO*3 mole fraction [21]. The 

requirements of the molten salt solvent are; ( 0  it should not undergo any undesirable side 

reactions with the reactants, product compounds, and crucible material, (it) the salt 

solvent should possess sufficient aqueous solubility so that it can be removed by simple 

washing, (iii) the salt must have a low melting temperature [12,17,21]. The vapor
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pressure of the salt must be low at the reaction temperature to prevent salt evaporation, 

which causes surface crystallization, and to maintain a constant salt bath chemistry [1 2 ]. 

Some of the disadvantages of MSS process are the possible inclusion of the salt ions in 

the product, precipitation of inseparable impurity phases, and relatively slow growth rates 

compared to crystallization from pure melts. Therefore, it is advantageous to have a 

common cation between the salt and the solute to minimize contamination by other metal 

ions [9].

Molten salt synthesis was chosen to form the anisometric particles in this work, hi 

particular, the aim was to synthesize large, acicular template particles (e.g., SrNbjOt, 

Sro.5oBao.5oNb2 0 6 , and KS^NbjOu (isostructural with SBN)) that are suitable for 

orientation and templated grain growth of SBNS3 ceramics.

32 EXPERIMENTAL PROCEDURE

Alkaline and alkaline earth metal chloride salts such as KC1 (Alfa Products), NaCl 

(Alfa Products), LiCl (Baker Analyzed), and SrCl?6 H2 0  (Aldrich) were used to 

synthesize anisometric particles in the SrO-BaO-NbjOj system. As constituent oxides, 

SrC0 3  (Alfa Products), BaC0 3  (J. T. Baker), NbjOj (Ceramic grade, H.C. Starck), 

S rN b ^  (SN), and SrojoBaosoNt^Oe (SBNSO) powders were used. SN was prepared by 

ball milling S1CO3 and Nt^Oj for 24 h in ethanol using zirconia balls. The ethanol was 

evaporated during fast stirring to avoid differential settling. The powder mixtures were 

dried at 100°C for 24 h, and calcined at 1050°C for S h. SBNSO was prepared in the same 

way as SN by mixing S1CO3 (S), NI^Os (N), and BaCOs (B), and then calcining at
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1200°C for S h. X-ray diffractometry (XRD) showed the formation of single phase SN 

and SBN powders.

For each mixture, the metal salts and reactant(s) at different salt to powder ratios 

(R) by weight were hand-ground in a mortar and pestle for 30 min and then put into an 

A I 2 O 3  crucible. The crucible was covered with a flat A I 2 O 3  lid and sealed with A I 2 O 3  

cement (Saint-Gobain/Norton Industrial Ceramic Corporation) to minimize salt 

evaporation. The assemblage was heated at 5°C/min to 900-1100°C and held for 1 to 6  h, 

and then cooled to ambient temperature at a cooling rate (CR) of 1 to 3°C/min. As- 

synthesized single crystal particles were washed - 8  times with hot deionized water, and 

sonicated for 2 0  min to dissolve the remaining salt on the particles and to deagglomerate 

the clumped needles. As-synthesized particles were characterized for phase formation 

and morphology by using XRD and scanning electron microscopy (SEM).

33 RESULTS AND DISCUSSION

33.1 Effect of Molten Salt Composition

Since anisometric particles are required for TGG templates, the initial screening 

was done on the basis of particle morphology. LiCl + SBNSO mixtures (R = 1) formed 

cubic LiNb0 3  particles when heated to 800 - 1100°C and held for 6  h (CR = 2). Small 

needlelike SBNSO particles (< 3 |un in length) were obtained in NaCl + 

(SrO+BaOfNb2Qs)SO or NaCl + SBNSO mixtures (R = 1) heat-treated at U00°C for 4 h 

(CR = 2). Reacting NaCl + SN mixtures (R = 1) from 900 to 1100°C for 4 h (CR = 2) 

yielded single phase SN, but with equiaxed morphology. No shifts in the XRD peak
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positions (with respect to the positions given in the respective JCPDS cards) of the 

SBNSO and SN were observed. Because anisometric particles could not be synthesized 

using either LiCl or NaCl salts, further efforts were concentrated on the KC1 and 

SrCh’dHzO salts because they have common cations to the product phases.

3.3.2 Molten Salt Synthesis in KC1

To prepare acicular SBNSO particles, SBNSO or (S+B+N)50 powders were mixed 

with KC1 at various salt to powder ratios (e.g., R = 1 to 2.5) and then heat-treated at 

U00°C for 3 to 8  h (CR = 1 to 3). Figure 3.1 depicts the XRD pattern (indexed to the 

SBNSO composition (JCPDS # 39-265)) and SEM micrograph of SBNSO needles from 

KC1 + (S+B+N)50 mixture (R = 1) synthesized at 1100°C for 4 h (CR = 1). Once formed, 

the SBNSO needles were always £ 3 pm in length regardless of the R, CR, and SBN form 

(e.g., precalcined or individual oxides), which indicates that SBNSO is not very soluble in 

KC1.

In order to increase the size of the particles, seeded MSS was performed. Equal 

weights of needlelike SBNSO (Fig. 3.1) and (S+B+N)50 were mixed with KC1 (R = 1) 

and then reacted at 1I004C for 4 h. Again, single phase SBN needles < 3 nm in length 

were obtained even at a very slow cooling rate of l°C/min. This suggests that the final 

product phase (or seed) does not behave as nucleation sites for further growth, and that 

the nucleation frequency to form SBNSO from the reactant oxides is higher. A slight shift 

in the XRD peak positions was observed, which may indicate that either SBN forms with 

a different St/Ba ratio (other than SBNSO) or K* incorporates into the SBN lattice.
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Figure 3.1. XRD pattern (top) and SEM micrograph (bottom) of SBN50 needles from 
a KQ+(S+B+N)50 mixture (R = I) heat treated at 1100°C for 4 h (CR = 1). Peaks are 
indexed to the SBN50 composition.
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Figure 3.2 shows a temperature-time diagram for the KC1 + SN system (R= 1  and 

CR = 2). The numbers at each point indicate the ratio of KSN/SN/S^NbjO; (SN*), which 

was qualitatively determined from the main XRD peak heights. Figure 3.3 shows the 

phase and morphology evolution as a function of reaction temperature (for 4 h). With 

increasing temperature and time, first KSN and then SN* start to form, and they increase 

in amount. This may indicate that SN has some solubility in the molten KC1. At 900 and 

1000°C, only SN is present in the form o f - 1  equiaxed particles (Fig. 3.3a). SrO has a 

solubility of -  0.2 g/(100 g of KC1) at 800°C and 1 g/(100 g of KC1) at UOO°C [22]. 

Therefore, an appreciable amount of Sr-rich SN* forms at higher temperatures and longer 

times. This may take place either by diffusion of strontium and oxygen ions onto the SN 

particles or by a solid-state reaction between SrO and SN.

Nl^Os is reported to be insoluble in alkaline chlorides [23]. Therefore, KSN may 

possibly form by

KC1(Q + A  NbaOjfs) + 2 SrNb2 0 6(s)+ V* 0 2(g) -> KSr2Nbs0 1JCs)+ xh  Cl2(g) (3.1) 

It seems that KSN formation is a melt-aided reaction rather than a crystallization process. 

No phases in the K-Nb system were observed by XRD, which indicates that KSN forms 

directly according to Eqn. (3.1). The reaction takes place at the bottom of the cmcible due 

to the density difference between the salt (1.98 g/cc) and the solid phases (density 

(Nt^Os) = 4.47 g/cc and SN = S.16 g/cc). Note that the KSN needles (Fig. 3.3b-d) appear 

to be thicker due to aggregation of several individual needles, possibly due to multiple 

nucleation sites when the KSN phase forms. At 1100°C (Fig. 3.3d), acicular particles 

range from 3 to 20 nm in length. Smaller particles are the unreacted SN phase.
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Decreasing R to 0.6 at 1100°C resulted in considerable reduction of the KSN phase 

(47/S0/3) due to lower potassium ion concentration in the medium, hi addition, more 

needles were stuck together when less liquid was present

3 J J  Molten Salt Synthesis in SrClr6H2<)

Figure 3.4 shows a temperature-time diagram for the SrClr6H20 + N system (R = 

2 and CR = 2). R = 2 was selected because the salt behaves both as a reaction medium 

and the Sr2+ ion source for the product phase. The numbers at each point again indicate 

the fractional ratio of SN/SN* phases. SN* formation takes place with increasing reaction 

temperature and time. Figure 3.5 shows the phase and morphology evolution as a 

function of reaction time at 1050°C. In contrast to small, equiaxed SN in the KC1 system 

(Eg. 3.3a), acicular SN particles were synthesized in the SrClr6H20 system because 

particle growth in the molten salt tends to reflect the crystal symmetry (SN is an 

orthorhombic crystal). The needles vary greatly in size and small ones (-1-3 pm) are 

lumpy at 900°C (for 1 h) but they grow in size with temperature and time (Figure 3.5a). 

After 8 h of reaction time, big SN* particles with an irregular morphology were formed 

(Fig. 3.5b). Brahmaroutu et al. [19] determined by thermogravimetry and XRD that the 

possible reactions in the SrCU + N (4:1 molar ratio orR  = 2.5) system are:

SrCl2(s) + Nb205(s) + '/i 0 2 (g) -> SN(s) + Cl2(g) (3.2)

SN(s) + SrCl2(0 + Vi 02 (g) -> SN*(s) + Cl2(g) (3.3)

SN forms at about 550-750°C by a solid-state process (the melting temperature of SrCh 

is 875°C) (Eqn. 3.2). Reaction of SN and S1CI2  above the melting temperature results in
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the formation of Sr-rich SN* (Eqn. 3.3). In our case, the retardation of SN* formation to 

higher temperatures andi tiroes (Fig. 3.4) is due to a lower SrCfe + N ratio (2:1 molar ratio 

or R s  1.2 by weight, excluding H2O). They also reported that formation of SN and SN* 

depends on the initial SrCfcN ratio. Diffusivity of Sr2* and O2' ions near the surface of 

the SN particles is the rate-limiting step. Since diffusion increases with reaction 

conditions, so does SN* formation. These results indicate that the kinetics of the different 

reactions and relative thermodynamic stability of the phases at various reaction 

conditions control phase formation in this system.

33.4 Physical Separation of Anisotropic Particles

A simple sedimentation method was used to separate smaller SN particles from 

the KSN and SN* because it is very difficult to orient templates with low aspect ratio 

during tape casting. After washing, as-synthesized particles were sonicated for 20 min., 

and the supernatant was removed quickly with a pipette after several minutes. Figure 3.6 

shows the effect of separation on particles synthesized at 1100°C for 6 h (R = 1 and CR = 

2). As-synthesized particles have a relative KSN/SN/SN* ratio of 71/24/5 (Fig. 3.2) and 

SEM shows that there are many smaller (e.g„ SN) particles (Fig. 3.6a). After separation, 

large KSN needles and blade-like SN* particles (arrowed in Fig. 3.6b) remained as 

sediment and smaller SN particles remained suspended in the supernatant (Fig. 3.6c). The 

peak ratio is 63/36/1 for the supernatant and 73/15/12 for the sediment particles, which 

shows that particles with low aspect ratio can be separated by this method. Note that SN* 

particles synthesized in the KCl + SN system have a well-defined rectangular-platelet
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morphology compared to the large, irregularly shaped SN* in the SrClrfiHjO + N system 

(Fig. 3.5b).

It was seen in the KC1 + SN system that the KC1 salt behaves as both a reaction 

medium and the K* source for KSN template formation. Although the alumina crucible 

was sealed with alumina cement to minimize salt evaporation, it was very difficult to 

retain the salt at high reaction temperatures due to its high vapor pressure. Evaporation of 

the salt reduces the number of the K* ions available for the KSN needle formation 

according to Eqn. (3.1). To compensate for the evaporation, the salt to powder ratio was 

increased to 1.25, and then the mixture was reacted at 1100°C for 6 h (CR = 2). Figure 

3.7 shows KSN particles after the physical separation. XRD shows that the relative peak 

ratio is 93/0/7, that is, there was no SN detected by XRD. The pattern is indexed to the 

KSN composition (JCPDS Card # 34-108). The most intense peak is (410), instead of 

(311)/(420), and the intensity of (211) decreases by more than half, which indicates that 

the fiber axis is along the crystallographic [001]. The SEM micrograph shows that the 

acicular particles are not clumped and range from 10 to 30 pm in length. Therefore, in 

TGG experiments, acicular KSN particles were used because these particles are more 

uniform and the easier to reproduce in size relative to SBN50 and SN needles. In 

addition, KSN is isostructural with SBN (tetragonal tungsten bronze structure) with a 

polar axis in the c direction (i.e., [001]) and the lattice parameter difference between them 

is less than 0.5% in both a (or b) and c directions at room temperature [24,25].
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(sediment) from KG + SN mixture (R = 125) heat treated at 1100°C for 6 h (CR = 2). 
Peaks are indexed to the KSN composition.
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3.4 CONCLUSIONS

Particles (i.e., templates for TGG) such as KS^NbjOis. SrosBosNl^Ot, and 

SrNb206 were synthesized in the SiO-BaO-Nt^Oj system, using alkaline (LiCl, NaCl, 

and KCl) and alkaline earth (SrClrffl^O) salts. No anisotropic particles were obtained 

using LiCl or NaCl salts. In the SrCly6H20 + Nl^Os system (salt to powder ratio = 2), 

acicular S rN b ^  particles formed by a solid state reaction of the salt and NbjOs. Large, 

irregularly-shaped (Sr-rich) S^Nt^O? particles formed with increasing reaction 

temperature and time. Small but finite solubility of SrO in the KCl + SrNb206 system 

(ratio = I) favored the formation of acicular KSrjNbjOu and blade-like S^Nl^Or 

particles (at higher temperatures). SrNb2 < )6  particles were fine (~1 pm) for all conditions 

examined. KCl evaporation limited complete KSN formation but increasing the KCl 

content (ratio = 1.25) yielded more KSN. The physical separation of as-synthesized 

particles by differential settling in water eliminated almost all of the unreacted, smaller 

SN particles. Therefore, the KSN needles were selected as the most suitable templates for 

SBN53 matrix crystallization during TGG process.

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5 REFERENCES

1* E. M. Sabolsky, A. R. James, S. Kwon, S. Trolier-McKinstry, and G. L  Messing, 

“Piezoelectric properties of <001> textured PbfMgi/jNb^JOj-PbTiOs ceramics,” Appl. 

Phys. Utters, 78[17], 2551-53 (2001)

2 -  K. Hirao, T. Nagaoka, M. E. Brito, and S. Kanzaki, “Microstructure control of silicon 

nitride by seeding with rodlike P-Si3N4 particles” J. Am. Ceram. Soc., 77[7], 1857-62, 

(1994)

3 -  M. J. Sacks, G. W. Scheiffele, and G. A. Staab, “Fabrication of textured silicon 

carbide via seeded anisotropic grain growth,” J. Am. Ceram. Soc., 79[6], 1611-16, (1996)

4 -  M. M. Seabaugh, IiL  Kerscht, and G. L  Messing, ‘Texture development by 

templated grain growth in liquid-phase-sintered a-alumina,” J. Am. Ceram. Soc., 80[5], 

1181-85,(1997)

5 -  S.-H. Hong and G. L. Messing, “Development of textured mullite by templated grain 

growth,” J. Am. Ceram. Soc., 82[4], 867-72, (1999)

6 -  H. Watanabe, T. Kimura, and T. Yamaguchi, “Particle orientation during tape casting 

in the fabrication of grain-oriented bismuth titanate,” J. Am. Ceram. Soc., 72[2], 289-93, 

(1989)

7 -  C. G. Kang and S. S. Kang, “Effect of extrusion on fiber orientation and breakage of 

alumina short fiber composites,” J. Composite Mater., 28[2], 155-66, (1994)

8- C. Duran, S. Trolier-McKinstry, and G. L. Messing, “Fabrication and electrical 

properties of textured Sroj3Bao.47Nbj06 ceramics by templated grain growth,” J. Am. 

Ceram. Soc., 83[9], 2203-13 (2000)

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9* B. Brahmaroutu, ‘Templated grain growth of textured strontium niobate ceramics,” 

Ph J). Thesis, The Pennsylvania State University (1999)

10- D. Elwell and H. J. Scheel, Crystal growth from high-temperature solutions, 

Academic Press, London (1975)

11- A. Linz, V. Belruss, and C. S. Naiman, “Solution-growth perovskites,” J. 

Electrochem. Soc., 112[6], 60-66C, (1965)

12- B. N. Roy, Crystal growth from melts: Applications to growth of groups 1 and 2 

crystals, John Wiley & Sons Ltd., New York (1992)

13- S-L Hirano, “Hydrothermal processing of ceramics,” Ceramic Bull., 66[9], 1342-50 

(1987)

14- W. J. Dawson, J. C. Preston, and S. L. Swartz, “Processing issues of hydrothermal 

synthesis of dielectric powders,” pp. 27-32 in Ceramic Powder Science IV, Vol.32, 

American Ceramic Society, Westerville, OH (1991)

15- R. H. Arendt, “The molten salt synthesis of single magnetic domain BaFeuOw and 

SrFeuOw crystals,” J. Solid State Chem., 8,339-47 (1973)

16 -  A. Aboujalil, J. P. Deloume, F. Chassagneux, J. P. Scharff, and B. Durand, “Molten 

salt synthesis of lead titanate (PbTiOa), Investigation of the reactivity of various titanium 

and lead salts with molten alkali-metal nitrides,” J. Mater. Chem., 8,1601-606 (1998)

17- K. H  Yoon, Y. S. Cho, and D. H. Kang, “Review: Molten salt synthesis of lead- 

based relaxors,” J. Mater. Sci., 33,2977-84 (1998)

18- C. C. Li, C. C. Chiu, and S. B. Desu, “Formation of lead niobates in molten salt 

systems,” J. Am. Ceram. Soc., 74,42-47 (1991)

SO

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19 -  B. Brahmaroutu, G. L  Messing, and S. Trolier-McKinstry, “Molten salt synthesis of 

anisotropic S^NbzOj particles,” / . Am. Ceram. Soc., 82,1565-68 (1999)

20- S. Hashimoto and A. Yamaguchi, “Synthesis of needlelike mullite particles using 

potassium sulfate flux,” J. Eur. Ceram. Soc., 20,397-402 (2000)

21-R. H. Arendt, J. H. Rosolowski, and J. W. Szymaszek, “ PZT ceramics from molten 

salt solvent synthesized powders”, Mat. Res. Bull., 14,703-709 (1979)

22 - A. Packter, “The crystallization of alkaline-earth metal oxides from metal chloride 

melts: solubility-temperature phase diagram analyses and preliminary experimental 

studies,” Krist. Tech., 15[4], 413-20 (1980)

23 -  G. Picard and P. Bocage, “The niobium chemistry in molten LiCl + KCl eutectic,” 

Mater. Sci. Forum, 73-75,505-12 (1991)

24- R. R. Neurgaonkar, W. K. Cory, and J. R. Oliver, “Growth and applications of 

ferroelectric tungsten bronze family crystals,” Ferroelectrics, 51,3-8 (1983)

25- R. R. Neurgaonkar, J. R. Oliver, and L. E. Cross, “Ferroelectric properties of 

tetragonal tungsten bronze single crystals,” Ferroelectrics, 56,31-36 (1984)

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4

REACTIVE SINTERING OF Sro^Ba^NbjOt CERAMICS

4.1 INTRODUCTION

Reactive sintering is a process in which chemical reaction and densification are 

both achieved in the same heat treatment. The two steps can occur in sequence or 

concurrently, or some combination of these, depending on the material and processing 

variables [1]. For example, smaller particle size or external pressure increases the 

densification rate compared to the reaction rate [2].

Typically, reactive sintering is done by sintering either the constituent oxides or 

intermediate products [3,4], which eliminates the prereaction (or calcination) step(s) and 

imparts an additional driving force for sintering due to the free energy of the chemical 

reaction. However, difficulty and complexity in controlling the reaction processes may 

outweigh these advantages [1]. Yangyun and Brook [2], for example, reported that 

reaction sintering does not usually yield a chemically homogenous product with 

controlled microstructure. They further proposed that products with a high density and 

controlled microstructure can be obtained if the densification takes , place before the 

chemical reaction. However, Rahaman and De Jonghe [1] found in Zn0 -Fe2 0 3  that the 

fundamental concept in reaction sintering is the degree of microstructural disruption 

caused by the chemical reaction because, in the case of no microstructural disruption, 

sintered ceramics with high density and controlled grain size are not dependent on 

whether the reaction occurs prior to, or after, the densification.
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Reactive sintering has been applied to the sintering of (Sr3 a)Nb2 0 6  (SBN) 

ceramics and was found to be better than conventional sintering in that the latter resulted 

in low densification and cracking due to abnormal grain growth [4-6]. In SBN formation 

from its respective oxides, SrNb2 0 6  (SN) and B aN h ^  (BN) were reported to be the 

final reaction products [7]. Phase formation takes place by forming necks between the 

particles in the early stage of reactive sintering, and then compositional homogenization 

(e.g., chemical reaction) takes place as interdiffusion of ions occurs through these necks. 

It was found that the densification occurs very rapidly following homogenization as a 

result of the high driving force for the porous, fine-grained, and uniform microstructure 

[4].

In this chapter, the densification and kinetics of phase formation in SBNS3 will be 

reported as a function of initial KSr^NbjO^ (KSN) seed content (0 to 1S.4 wt%) at 

constant heating rates of 4, 7, and 10 °C/min. KSN is a suitable seed material for SBN 

crystallization during reactive sintering because KSN has the same crystal structure (i.e., 

tetragonal tungsten bronze) as SBN and the lattice parameter difference between them is 

less than 0.5% in both a and c directions at room temperature [8,9]. It has also been 

shown that SBN60 single crystals can be used as a seed material to grow KSN single 

crystals by the Czochralski technique [10].

The effect a liquid phase on densification and reaction kinetics was also 

considered. In the literature, liquid phase sintering of SBN ceramics has been attempted, 

both intentionally and unintentionally, to promote densification at lower temperatures. 

Lee and Freer [5,6] reported that Nb20 5-excess grain boundaries gave rise to 

unintentional liquid formation at temperatures > 1260°C in the conventional sintering of
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SBN60 ceramics. Nishiwaki et al. [11-13] conventionally sintered SBN30 ceramics in the 

presence of PbO, Bi,03, Nb20 5, and V20 , (0.5 or 1 mol %) and found that only Nb20 , and 

V20 , accelerated densification. Therefore, in this work V2Os and excess Nb2Os were used 

as liquid phase formers.

Fundamentally, the goal of this work was to determine how seeding and the 

presence of a liquid phase change the temperature for densification and phase 

transformation. Microstructure evolution was also studied. The electrical properties of 

random ceramics will be given in comparison to those of textured samples in Chapters 5 

and 6 .

4 2  EXPERIMENTAL PROCEDURE

SrNb2 0 6  (SN) and B aN h ^  (BN) powders were used to prepare 

Sroj3Bao.47Nb2 0 6  (SBN53) ceramics by reactive sintering. SN and BN were prepared 

separately by ball milling SrC0 3  (Alfa) or BaC0 3  (J.T. Baker) and NfeOs (H.C. Starck, 

Ceramic grade) for 24 h in ethanol using zirconia balls. The ethanol was evaporated 

during fast stirring to avoid differential settling. The powder mixtures were dried at 

100°C for 24 h, and calcined at 1050°C for 5 h. Using the same procedure, KSN powder 

was prepared by the solid state reaction of K2C03 (J. T. Baker), STCO3 , and NtfcOs at 

1250°C for 5 h in a closed AI2O3 crucible. X-ray diffraction (XRD) showed the formation 

of SN, BN, and KSN after calcination.

Appropriate amounts of SN, BN, and KSN powders were mixed with a vinyl- 

based (Ferro 73210) binder solution and (Ferro M l 111) modifier (Electronic Materials 

Division, MSI products group, San Marcos, CA) for tape casting. For some compositions,
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VjOj (0.8S mole %) was added as a liquid phase former during sintering. Table 4.1 

summarizes the sample designation, KSN concentration, and initial amount of additives 

in the SBNS3 samples. Extra BN powder was added to the slurry to compensate for the 

strontium and niobium introduced by the KSN seeds. However, the potassium and some 

of the excess niobium from the KSN could not be removed from the final composition. 

Therefore, the concentration of KjO and NbzO, increases with increasing KSN 

concentration. The slurry was prepared by ball milling the powder mixture, binder 

solution, and modifier for 24 h in toluene using 1-mm zirconia balls. Tape casting for 

each slurry was performed on a glass substrate at a casting speed of 7 cm/sec and a blade 

gap of 200 pm. After 24 h drying at room temperature, tapes were cut and laminated at 

83 MPa. Organics were burned out by heating at 0.S °C/min to S00°C and then holding 

for2 h.

For kinetic analysis, the samples were heated at 4, 7, and 10 °C/min to 

temperatures between 900 and 1450°C, and then air-quenched. Initial and final 

dimensions in the thickness direction were measured and the amount of shrinkage was 

calculated. The sample density was determined by the Archimedes technique. The 

quenched samples were ground for XRD analysis. The scan rate was 1°26 per min with a 

step size of 0.02°. The strongest line intensities of SBN (20 -  32.054°) (JCPDS # 39- 

265), KSN (20 = 32.077°) (JCPDS # 34-108), SN (20 = 29.211°) (JCPDS # 28-1243), 

and BN (20 = 28.245°) (JCPDS # 32-77) were integrated to find the peak areas, using 

curve fitting. For BN, the second most intense peak was used because the main BN peak 

at 20 = 29.625° corresponds to the second most intense peaks of SBN and KSN. The

fraction of SBN53 formed was calculated by comparing the integrated peak areas of the
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Table 4.1 Sample designation, KSN content, and additive contribution in SBN53.

Sample V20 5, KSN content, Additive Contribution, wt%
Designation* wt% wt% K20 Nbi05

RO 0 0 0 0

RVO 0.37
R5 0 5 0.26 0.72

RV5 0.37
R9 0 9.1 0.47 1.32

RV9 0.37
R1S 0 15.4 0.80 2.23

RV15 0.37
* R  and RV denote V jO rfrce and VjOj-containing samples, respectively.
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(SBN and/or KSN) to SN + BN. For the compositions without KSN seeds (e.g., RO and 

RVO), only the SBN peaks were used to determine the extent of phase formation. 

However, for the others, the sum of the SBN and KSN main peaks was used because their 

26 peak positions are too close to be distinguished.

A nonisothermal reaction kinetics equation, proposed by Lee and Fang [14], was 

used to find the activation energy. For a constant heating rate, 0:

ln[p(da/dT)] = ln[A/(a)] + (-Q/RT) (4.1)

where A is a frequency factor, Q is the activation energy, R is the gas constant, T is the 

absolute temperature, and a  is the reaction fraction. The function/(a) can be dependent 

on the particle size. The activation energy can be found by plotting In [0(da/dT)] vs. 1/T 

at different heating rates for a constant a  value.

For sintering experiments, samples were heated at 7 °C/min to 1200-1400°C for 1 

min to 12 h. For microstructure analysis, samples were polished to 0.3 pm using fine 

ALjOj powder and then thermally etched 100°C below the sintering temperature for lh.

43 RESULTS AND DISCUSSION

43.1 Densification and Reaction Kinetics in the Quenched Samples

4.3.1.1 Densification Behavior

Figure 4.1 shows the densification behavior as a function of quenching 

temperature and composition, at a heating rate (0) of 7 °C/min. The relative density was 

calculated based on the density of the SBNS2 single crystal (5.33 g/cc) [25], which is 

close to the composition of interest RO and R15 samples have a steep increase in
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(falsification after 1250 and 1200°C, respectively, and reach full density above 1400°C. 

Densification in the RVO and RV15 samples, however, starts much earlier (just after 

900°C) and increases continuously until 1200-1300°C, depending on the KSN content, 

and then remains constant The onset of early densification in the RVO and RV15 

samples can be attributed to the melting of V2O5  at 690°C. The density slightly increases 

with decreasing heating rate. It was found that KSN slows densification in the V2O5- 

containing samples, and improves it in the V2 0 s-fiee samples. The other samples with 

various amounts of KSN show trends in between the end member compositions. These 

data will be discussed in Section 4.3.2.1 together with the sintered samples.

All samples had nearly 17% shrinkage in the thickness direction upon full 

densification. In addition, densification curves indicate that there is no volumetric 

expansion during reactive sintering.

4.3.1.2 Phase Formation

Figure 4.2 shows the XRD patterns for the RVO samples at various stages of 

reaction fraction (a) at f) = 4 °C/min. The XRD pattern of the sample after burnout 

(500°C) is given as a reference for the a  = 0 case. The amount of SBN53 increases with 

the reaction temperature. At 900°C, an unknown phase starts to appear and, at the same 

time, BN peaks disappear. The amount of this unknown phase first increases up to 

1000°C and then gradually disappears at higher temperature. The other characteristic is 

that peak positions of the unknown phase steadily shift to higher diffraction angles with
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temperature. Note that the integrated peak area of the most intense unknown phase was 

also taken into account in the calculation of a.

Figure 4.3 shows that a higher seed content, assisted by a liquid, increases a  

considerably (e.g., RO vs. RV1S at the same temperature (1100°C)). It is apparent that the 

unknown phase also forms in the RO samples but the BN peaks do not disappear. In both 

cases, the amount of the unknown phase decreases with increasing seed content and 

temperature, and its formation is almost independent of the heating rate. No phases in the 

SrO-BaO-Nb20 3-V2Os system were found to match the unknown phase.

The existence of the unknown phase has not been reported in the literature. Fang 

et al. [7] proposed that BaNb20 6 (BN) and SrBa10 ( (SN) are the last intermediate 

products in SBNSO formation from the respective oxides and that they form at 800- 

1I00°C. The SBNSO forms by gradual consumption of SN and BN between 1000- 

US0°C. Nishiwaki et al. [11] reported that SrNb2V2Ou and BaNb2V20 „  form at 700 to 

800°C and melt at around 900°C when V20 , (1 mol %) is present. In this study, however, 

the unknown phase forms even in the V2Os-free compositions, although the amount is 

small compared to the V2Os-containing samples. This indicates that the presence of a 

liquid favors the formation of this phase. The possible formation mechanism may be as 

follows; here it is assumed that the niobium ion diffusion is the rate-limiting species in 

sintering of SBN ceramics [IS]. Because the strontium ion is smaller than the barium ion, 

strontium ions diffuse faster. Therefore, the unknown phase might form on the surface of 

the BN particles, and this process is accelerated by the liquid phase. The evidence is that 

the BN peaks disappear in the V2Os-containing samples (i.e., RVO to RV1S) and the 

intensity of the BN peaks decreases considerably in the V2Os-free samples (i.e., RO to
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R1S). The formation of the unknown phase is consistently suppressed with increasing 

seed content (see Fig. 4.3) and, furthermore, is almost nonexistent in the R15 samples. 

The isostructural KSN seeds apparently prevent the formation of this phase and promote 

SBNS3 formation. The SN-BN binary phase diagram [16] in Figure 4.4 shows that SN 

has some solubility in the BN and vice versa. SN and BN do not have the TTB structure 

as SBN. For example, SN has an orthorhombic crystal structure (a = 11, b -  7.71, and c -

S.6 A (JCPDS# 28-1243)), BN has a monoclinic crystal structure (a = 10.43, b = 6.03, 

and c = 3.95 A (JCPDS# 32-77)), and SBN50 has a tetragonal crystal structure (a = 12.46 

and c = 3.95 A (JCPDS# 39-265)). The unknown phase does not appear to be a solid 

solution based on BN, since the unknown phase XRD peaks do not show a 1:1 

correspondence with BN. The lattice parameter of the unknown phase changes as the 

reaction temperature increases because the peak positions shift continuously to higher 

diffraction angles. More study is required to identify this unknown phase.

Table 4.2 shows the variation in the diffraction angle of the main peak (311) of 

SBN as a function of a  and composition at P = 4 °C/min. The change in the diffraction 

angle (A20) between a  = 20-30 and 100 is very small, which indicates that the desired 

SBN composition forms directly, rather than via a variety of intermediate SBN solid 

solutions (i.e., other than SBN53). A similar result was also observed by Lee and Fang 

[4]. They also suggested that penetration of strontium and barium ions through the SBN 

phase during the reaction can cause a slight shift in the main peak position.

Figure 4.5 shows the reaction fraction (a) of SBN53 as a function of heating rate 

and seed content The lines are drawn to guide the eye. The curves show a sigmoidal 

shape. For each composition, a  decreases with increasing heating rate at the same
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Table 4.2. Change in the diffraction angle (20) of the main peak (311) of the SBN.

a R0(°) RVO (°) R15 (°) RV15 (°)

20-30 32.06 32.08 32.14 32.08

70-80 32.10 32.10 32.08 32.10

100 32.14 32.14 32.12 32.10

A20* (°) 0.08 0.06 0.02 0.02

* At {$ =  4 °C/min
* Between a  values o f 20-30 and 100
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Figure 4.5. SBN53 formation (a) as a function of KSN content and heating rate.
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temperature. In addition, increasing the seed content accelerates a  sharply; that is, 

SBN53 formation is promoted with increasing seed content and decreasing heating rate. 

For example, the R1S samples reach a  = 100 at 1175°C (P = 4 °C/min) compared to 

1260°C (P = 4 °C/min) and 127S°C (P = 10 °C/min) in the RO samples. Also, the 

temperature at which detectable reaction (a  = 20) occurs decreases with increasing seed 

content. Figure 4.6 indicates that introduction of a liquid during the reaction drastically 

improves a  at lower temperatures (P = 4 °C/min). The lines are again drawn to guide the 

eye. For instance, the phase formation is complete at 1260°C for the RO samples and 

1130°C for the RV1S samples. These results indicate that the phase formation gets easier 

because the liquid phase provides a path for faster transport and that the KSN seed 

particles lower the activation energy for the SBN formation by epitaxy.

Comparison of the densification (Fig. 4.1) and phase formation (Fig. 4.6) 

behaviors reveals that the presence of a liquid during the reaction sintering changes the 

sequence of whether the densification or the phase formation takes place first. For 

example, densification starts after 1250°C and phase formation (a  = 100) is complete at 

127S°C for the R0 samples (P = 7 °C/min), which shows that phase formation is initiated 

prior to the densification. However, the densification and phase formation take place 

simultaneously in the RVO samples because when the phase formation is finished at 

1225°C (P = 7 °C/min), the samples have already reached > 95 % relative density. In 

both cases, ceramics with > 95 % relative density were obtained, which indicates that it is 

not very critical whether the densification occurs prior to, simultaneously, or after the 

phase formation during the reactive sintering of SBN ceramics.
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4.3.1.3 Reaction Kinetics

The activation energy was calculated using Eqn. (4.1) for the R0-R15 samples 

because the particle size increases only slightly (~ £ 2-3 tun) with temperature during 

SBN53 formation. Therefore, the /(a) term can be considered constant at a fixed value of 

a  [14]. For the RV0-RV15 samples, however, particle (or grain) size changes 

considerably with temperature due to the melting of V2Os at 690°C, and hence theyfa) 

term may not be constant.

Figure 4.7 shows a plot of In [P(da/dT)] vs. 1/T at P = 4,7, and 10 °C/min for the 

RO samples at a  of 30, SO, and 70. The lines are results of linear curve fitting to 

experimental data at a given a . The (da/dT) can be calculated from the slope of the lines 

in the a  vs. T plots (i.e., curve fitting to the linear section in Fig. 4.S). For each 

composition, the lines are parallel to each other at constant a , which shows that one 

mechanism dominates during the reaction. Lee and Fang [14] also observed parallel lines 

for SBN50 to SBN70 compositions. Figure 4.8 indicates that the slope decreases with 

increasing KSN seed content The activation energy calculated from the slopes of the In 

[P(da/dT)] vs. 1/T plots is 554 ± 15 kJ/mol for the RO, 239 ± 36 kJ/mol for the R9, and 

241 ± 17 kJ/mol for the R15 samples. This result shows that introduction of isostructural 

KSN seed particles drastically decreases the energy barrier for SBN53 formation. An 

activation energy of 735 kJ/mol was reported for SBN50 formation in the literature [14]. 

The lower activation energy (i.e., 554 ± 15 kJ/mol for RO) obtained in this study may be

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ln
((

3(
do

/d
T

))
1/T (K*1)

6.6&04 6.8E-04 7.0&O4 7.2&0* 7.4R04
-1 7 ^

-19 H

a  =
-3.1 H

-3.7 H

-3.9 H

4.1

Figure 4.7. Plot of ln(P-(da/dT)) vs. 1/T for the RO samples as a function of a  and (J.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ln
(P

(d
a/

dT
»

1/T (K*1)

6.8E-04 7.0E-04 7.2E-04 7.4E-04 7.6E-04
- 2.7

■ RO
♦  R9
•  R1S

-2.9

-3.3

-3.5

-3.7

-3.9

10 °C/min 
7 °C/min 
4 °C/min

-4.1

-4.3

Figure 4.8. Plot of In(P(da/dT)) vs. 1/T as a function of heating rate at a constant a  = 50.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



attributed to the difference in the processing variables such as green body formation (tape 

casting vs. dry pressing), initial particle size and mixing of the reactants.

It is expected that the V2Os-containing samples (RVO to RV1S) would have a 

lower activation energy because the liquid enables faster transport for SBN formation 

during the reaction. This conclusion is supported by the fact that the RVO and RV1S 

samples have a  = 100 at lower temperatures than RO or RVO, as seen in Figure 4.6.

43.2 Densification and Microstructure Evolution in the Sintered Samples

4.3.2.1 Densification

Figure 4.9 shows the densification behavior as a function of sintering conditions 

and composition. The RV0-RVI5 samples have almost constant density (93-95%) 

between 1200 to 1450°C after sintering for 4 h due to the liquid phase sintering, which is 

consistent with Figure 4.1. The sintered R0-R15 samples reach maximum density (97- 

99%) at 1350°C (Fig. 4.9a) compared to 1400-1450°C for the quenched samples (Fig.

4.1), due to the longer hold times. Note that they have -60% relative density at 1200°C. 

The densities of the sintered samples remain almost constant (> 93%) with sintering time 

at 1400°C except for samples R0 and R9 (Fig. 4.9b). These samples require longer time 

to reach higher densities.

Comparison of Figure 4.1 and Figure 4.9a indicates that the density decreases 

with increasing KSN content in the RV0-RV15 samples (Fig. 4.1) and vice versa in the 

R0-R15 samples (Fig. 4.9a). This difference in the densification behaviors stems mainly
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from the presence of a liquid phase and homogenization of ions in the tungsten bronze 

structure.

A liquid phase is present all the time for the RV0-RV15 samples due to the 

melting of V2Os at 690°C. For the R0-R15 samples, however, a liquid forms due to 

excess Nb20 5 introduced from the KSN seeds. Therefore, with increasing KSN content, 

the liquid amount increases and its formation temperature decreases. The liquid formation 

due to excess Nb20 , was observed in conventional sintering of SBN60 ceramics [5,6], 

and the details were given in section 2.4 of Chapter 2. For the KSN-free samples (i.e., RO 

and RVO), SN and BN react to form SBN in a single homogenization step. For the KSN- 

containing samples, however, the first homogenization step is again the formation of 

SBN in which, depending on the seed content, SBN either nucleates on the seed particles 

and/or forms between SN and BN. The second reaction is the formation of the solid 

solution between SBN and KSN, during which excess Nb2Os forms the liquid phase for 

the R0-R15 samples.

The homogenization process is closely related to the crystal structure. There are 

six interstitial (A) sites in the TTB structure, five of which are occupied by Sr/Ba ions 

[17]. Also, the K+ ions go to vacant A sites and fill the structure. Because the Ai site (15- 

fold coordination) is larger than the A2  site (12-fold coordination), relatively bigger ions 

like Ba2* and K* ions presumably prefer to occupy the A| sites and smaller Sr2+ ions 

occupy either the A2  site or a combination of A2  and At sites. As the KSN content 

changes, the distribution of these ions and remaining vacant sites may change in the A 

sites. For example, the lattice will be distorted more as the fraction of Sr2+ ions increases 

on the Ai site because the size of this site is relatively larger than the Sr2+ ion. Fang et al.
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[7] reported that a high concentration of Sr2+ ions in the At site makes the formation of 

SBN difficult at low calcination temperatures due to increased lattice distortion, if K*
'\

ions occupy the A2  site, then additional KSN content might promote lattice distortion. 

The more-distorted lattice would make the diffusion of ions through the product layer 

more difficult. This might account for slower densification in the RV0-RV15 samples 

with increasing KSN content (Fig. 4.1). The homogenization of SN and BN to form a 

SBNS3 phase in the RVO samples is faster compared to the additional K* homogenization 

with increasing KSN content Particle rearrangement due to liquid formation can also 

promote densification at lower temperatures compared to the R0-R15 samples (see Fig.

4.1).

Because the R0-R1S samples do not have a liquid at lower temperatures, the 

compositional homogenization to form SBNS3 and the subsequent solid solution with 

KSN takes place in the solid state after 1200°C. Therefore, a sharp chemical gradient 

difference between different regions promotes the diffusion of the ions in the absence of a 

liquid. Lee and Fang [4] stated that the densification rate of reaction-sintered SBNSO and 

SBN60 samples could be pronouncedly enhanced when the homogenization is almost 

completed. The reason is that homogenization due to a chemical gradient does not change 

the state of the microstructure because it happens through the necks. For example, 

Figures 4.11a and b show that a uniform, highly porous, and One grain microstructure is 

retained during the homogenization steps. Interdiffusion is a dominant process when the 

necks form because the material transport due to the chemical gradient is more important 

than the material flow due to the surface curvature [18]. When the necks grow larger, the 

interdiffusion of ions becomes easier and predominant, which stops additional sintering
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until the homogenization is further advanced [4,19]. After the disappearance of the 

chemical gradient, the retained high surface area microstructure induces a high driving 

force for further densification, which can sharply increase the density. Because the 

temperature at which SBNS3 formation is complete decreases with increasing KSN seed 

content (e.g., 1210°C for the R1S and 1275°C for the RO samples (3 = 7 °C/min)), the 

density increases sharply after 1200°C for the R1S samples, hi contrast, densification is 

retarded to higher temperatures with decreasing seed content (i.e., at T £  1350°C in Fig. 

4.9a).

Therefore, the amount of liquid phase, the temperature at which it forms, and the 

possibility of K+ contribution to the lattice distortion are all competing processes. Each is 

dependent on the presence and amount of the KSN phase, which markedly affects the 

densification behavior of the SBN ceramics. It is evident from Figures 4.1 and 4.9 that 

the presence of a liquid is the major contributor to attain a high density at lower 

temperatures.

4.3.2.2 Microstructure Evolution

Figure 4.10 shows the microstructure development in the V2Os-containing 

samples sintered at 1400°C for 4 h. The samples have elongated grains of various aspect 

ratios due to liquid phase sintering. They have the same characteristic microstructures 

irrespective of sintering temperature and time. Figures 4.11 and 4.12 show the 

microstructure evolution for the RO and R1S samples as a function of sintering 

temperature and time, respectively. The other random samples have microstructure 

evolutions in between these two compositions, depending on the KSN concentration. At
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Figure 4.10. Microstructure development in the V20 5-containing samples sintered at 
1400°C for 4h; (a) RVO, (b) RVS, and (c) RV15.
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Figure 4.11. Microstructure evolution in the RO (left column) and R15 (right column) 
samples as a function of sintering temperature; (a and b) 1200°C, (c and d) 1300°C, 
and (e and f) 1400°C for 4 h .
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Figure 4.12. Microstructure evolution in the RO (left column) and R1S (right column) 
samples as a function of sintering time; (a and b) 1 min, (c and d) 12 h at 1400°C.
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1200°C, samples show very porous microstructures and fine grain sizes (~ 2 pm). With 

increasing temperature, neck growth continues and the sintering rate rises. At 1300°C, the 

pore structure is closed and is mostly concentrated at the triple points in the R1S sample, 

while RO shows open porosity. The presence of small (-2 pm) and relatively larger 

grains (~5 pm) suggests that a bimodal grain size distribution start to appear in the R1S 

sample. Figures 4.12a and b show that the R1S sample has very dense microstructure 

after sintering 1 min at 1400°C compared to very fine and porous microstructure for the 

RO sample. The microstructures of the R1S sample at high temperatures and times (Figs. 

4.11f and 4.12d) show a duplex microstructure consisting of mm-sized grains together 

with smaller grains. Cracking (possibly due to polishing or the higher internal stress 

generated by the grain size difference) and spherical porosity entrapped within the big 

grains are easily observable.

Despite the homogenization step, the RO samples show abnormal grain growth 

behavior as seen in Figure 4.12c. This suggests that, even in a stoichiometric mixture of 

SN+BN, abnormal grain growth can be observed, though at high sintering temperatures 

and times (e.g., T >1400°C for 12 h). Abnormal grain growth in the R1S sample, for 

example, started earlier (e.g., after sintering at 1400°C for 4h) due to the higher liquid 

phase content (e.g., more excess NbjO,). The duplex microstructure formation in these 

samples can be attributed to the non-uniform wetting of the grains by the liquid. That is, 

grain growth localizes before the liquid spreads out, which causes liquid phase sintering 

in selected parts of the specimen. As seen for the R1S sample in Figure 4.12b, a bimodal 

grain size distribution is observed after sintering for 1 min at 1400°C. The presence of a 

liquid film increases the grain boundary mobility by providing a path for rapid diffusion,
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especially for the wetted grains. This gives rise to the formation of very big grains (>100 

pm) and entrapped porosity within these grains. Similar microstructure evolution was 

also reported in conventional sintering of SBN60 ceramics [5,6].

Microstructural evolution indicates that samples with high density and uniform 

grain size are obtained at different KSN contents. Abnormal grain growth in the R0-R15 

samples takes place because of off-stoichiometric grain boundary phases, only when the 

samples are overheated.

4.4 CONCLUSIONS

Sroj3Bao.47Nb206 (SBN53) ceramics were reactively sintered from SrNt^Oe (SN) 

and BaNb206 (BN) powders. KSr2NbjOis (KSN) was used as a seed material to 

accelerate the SBN53 formation.

An unknown phase started to form in the samples during the SBN53 formation. 

The amount of this phase was greater in the V2Os-containing samples, and decreased with 

increasing seed content and reaction temperature.

V2Os-containing samples densified at lower temperatures due to the V2Os liquid 

phase and they reached maximum density atT  < 1250°C, compared to T > 1350°C in the 

V2Os-free samples. The heating rate did not affect the densification much, except that the 

density was slightly higher at lower heating rates.

The presence of a liquid changed the sequence of the reactive sintering, hi the 

V20$-containing samples, densification and phase formation occurred simultaneously. In 

the V2Os-fiee samples, however, the phase formation was completed before 

densification. hi both cases, ceramics with > 95% relative density were obtained,
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indicating that it is not critical whether the densification or phase formation takes place 

first

The formation temperature for S8NS3 was lowered substantially by adding more 

seeds, decreasing the heating rate, and introducing a liquid. For example, the temperature 

decreased from 1260°C for the samples with no seeds to 1130°C for the samples with

1S.4 wt% seeds + 0.8 mol % V20$ at a heating rate of 4 °C/min. For the ViOs-fTcc 

samples, the activation energy was lowered from SS4 ± IS kJ/mol for the samples with no 

seeds to 241 ± 17 kJ/mol for the samples with 15.4 wt% seeds. In addition, for all 

compositions, the SBNS3 was formed directly, rather than via a variety of intermediate 

SBN solid solutions (i.e., other than SBN53).

Samples with high density and uniform grain size were obtained at different KSN 

contents. Unlike the VjOj-containing samples, abnormal grain growth in the V^Os-free 

compositions took place because of off-stoichiometric grain boundary phases, only when 

the samples were oversintered.
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CHAPTER 5

TEMPLATED GRAIN GROWTH OF SrtoBaM̂ b 20 ( CERAMICS 

WITH V20 , ADDITTVES

5.1 INTRODUCTION

Electroceramics are used in a variety of applications such as sensors, actuators, 

capacitors, and varistors. In these applications, the ceramic microstructure is usually 

equiaxed, randomly oriented grains. Ferroelectric transducers require poling to obtain 

useful piezoelectric properties. Poling is difficult for some ferroelectric ceramics (i.e., 

uniaxial ceramics like SbSI [1]) because the symmetry-related orientations available for 

the spontaneous polarization are limited. Thus, ceramics with preferred crystallographic 

orientation (I.e. texture) are one way to improve electrical and electromechanical 

properties. Texturing piezoelectric ceramics may enable access to the directionally 

dependent properties and ultimately to a property set similar to that of single crystals. As 

an alternative to techniques such as hot pressing and hot forging, templated grain growth 

(TGG) offers the possibility of fabricating grain-oriented polycrystalline ceramics which 

exhibit single crystal-like properties.

In this chapter, the fabrication, texture characterization, and electrical properties 

of grain-oriented SrasBaaANb20 ( (SBN53) ceramics by TGG are described. 0.8 mol % 

VjOj was added to form a liquid. Acicular KSr^NbjOu (KSN) particles were utilized to 

texture SBN53 ceramics. These particles are suitable template particles for matrix 

recrystallization because KSN has the tungsten bronze structure with a polar axis in the c 

direction as in SBN and the lattice parameter difference between them is less than 0.5%
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in both a and c directions at room temperature [2,3]. Texture development, as well as the 

dielectric, piezoelectric, and pyroelectric properties, was investigated as a function of 

initial template concentration, sintering conditions, crystallographic direction, and the 

degree of orientation. For comparison, random samples with the same compositions were 

prepared using solid state synthesized KSrjNb50 13 powder (see Chapter 4).

5.2 EXPERIMENTAL PROCEDURE

SBN53 ceramics were prepared by reactive sintering of SrNb3Os (SN) and 

BaNb2Oc (BN) powders. The synthesis of SN and BN was given in Chapter 4. 

Appropriate amounts of SN and BN were mixed with a vinyl-based (Ferro 73210) binder 

solution (35.1wt%) and (Ferro Ml 111) modifier (1.3 wt%) (Electronic Materials 

Division, MSI products group). Extra BN powder was added to the slurry to compensate 

for the SN from the template particles. V20 5 (0.8 mole %) was added as a liquid former 

during sintering. The powder and template slurries were prepared separately to avoid 

whisker breakage during milling. The powder slurry was prepared by ball milling the 

powder mixture, binder solution, and modifier for 24 h in toluene using 1-mm zirconia 

balls. The template slurry, consisting of 5 to 1S.4 wt% template particles, was mixed in 

toluene with the same binder solution and stirred for 24 h. The powder and template 

slurries were then mixed and stirred for 24 h.

Tape casting for each slurry was done on a glass substrate at a casting speed of 7 

cm/sec and a blade gap of 200 fun. After 24 h drying at room temperature, tapes were cut 

and laminated at 83 MPa, and then burned out at 500°C for 2 h with a heating rate of 

0.5°C/min to prevent cracking and delamination. Samples were sintered between 1100°
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and 1450°C for 4 to 12 h. Sections, as shown in Figure S.l, were cut parallel (//) and 

perpendicular (1) to the casting direction from the textured samples to measure electrical 

properties in the a-b (non-polar) plane and the c (polar) direction, respectively. Table S.l 

summarizes the sample designation and initial amounts of KjO and Nb}0 , from the KSN 

templates. T refers to textured samples. All samples have 0.8 mol % (0.37 wt%) VzOs. 

Extra BN powder was added to the slurry to compensate for the strontium and niobium 

introduced by the KSN seeds. However, the potassium and some of the excess niobium 

from the KSN could not be removed from the final composition. Therefore, the 

concentration of KjO and Nb20 , increases with increasing KSN concentration. For the 

TV5-9 and TV5-15 samples, only S wt% KSN templates were used. However, their 

compositions were adjusted to TV9 and TV15, respectively, by adding K fi  and Nb,Os 

according to the additive difference.

The surfaces of the samples were polished to 10 jun prior to the electrical 

measurements. For microstructure analysis, samples were polished to 0.3 tun using One 

Al̂ O, powder and then thermally etched 100°C below the sintering temperature for 1 h. 

The density was determined by the Archimedes technique. Elemental mapping analysis 

was performed on the thermally etched samples using an Energy Dispersive 

Spectroscopy (EDS) attached to a Field Emission Scanning Electron Microscopy.

Crystallographic texture was characterized using the 0-20 scan (20 ranges from 

20 to 50°) on the 1-cut samples and the texture fraction, using the Lotgering factor, was 

calculated:

/=(P-P°y(l-P°) (5.1)
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Figure S.l. Sectioning of samples from sintered pieces.
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Table S.l. Sample name, KSN concentration, and amount of K2O and NfyOs in SBNS3. 

All Samples have 0.8 mol % (0.37 wt%) V2Oj.

Sample

Designation

KSN content, 

wt%

Additive Contribution, wt%

K20 N b A

TV5 5 0.26 0.72

TV9 9.1 0.47 1.32

TV 12 12 0.62 1.74

TV 15 15.4 0.80 2.23

TV5-15 5 0.80 2.23

TV5-9 5 0.47 1.32
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where P and P° are tI,ooi)+I(OB2)l^(i*n *n textured and random cases, respectively. 

Scanning Electron Microscopy (SEM) micrographs of //-cut samples were used to 

characterize the morphological texture and anisometric grain dimensions. The major and 

minor axis of the grains were measured and analyzed using stereological analysis 

software [4]. Anisometric grains were defined as those with an aspect ratio > 2. The 

fraction of oriented material was determined by measuring the area fraction of anisotropic 

grains. The measured dimensions were corrected, using a stereological correction factor 

(See Appendix A). The crystallographic orientation distribution was obtained from 

rocking-curve (or to scan) measurements [S], using the (002) SBN peak on the 1-cut 

samples. The range in specimen tilt was - 23° to + 23°, the step size was 0.02°, and the 

dwell time was 0.S s. The rocking curves were corrected for background, absorption, and 

defocus using TexturePlus software [11]. These corrections can be viewed as dividing the 

measured rocking curve intensities by a “random" rocking curve calculated using the 0- 

26 scan of the Bragg peak [5]. The orientation distribution was calculated by fitting 

corrected rocking curves to the March-Dollase equation [7,8]:

Qtf,r,a) = /(  i^cos^+ r ‘sin2a  J'372 + (1 -/) (5.2)

where / i s  the texture fraction, r  is the degree of orientation, and a  is the misalignment 

angle from the texture direction (e.g., [001]). The r  parameter is closely related to the 

width of the texture distribution of the anisotropic grains and ranges from r  = 1 for 

random to r  = 0 for perfectly textured materials. Schematic views of 6-26 scan (for the 

Lotgering factor) and o) scan (for the rocking curve) are shown in Figure 5.2.
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Figure 5.2. (a) 6-26 scan (e.gM standard XRD) and (b) to scan (for rocking curve).
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For dielectric, piezoelectric, and pyroelectric measurements, samples were 

electroded with sputtered platinum. The tempetature dependence of the dielectric 

constant and loss tangent was measured using a Hewlett Packard 4284A precision 

inductance-capacitance-resistance (LCR) meter at frequencies of 1 to 100 kHz and at I 

Volt Before each run, samples were heated to 300°C to depole them, and then data were 

recorded during cooling to room temperature at 2°C/min. The polarization and coercive 

field were determined from polarization-electric field (P-E) hysteresis loops recorded at 

10 Hz, using a Sawyer-Tower circuit The fatigue behavior of the samples as a function 

of cycle was also measured using the same P-E circuit at SO kV/cm, 10 Hz, and 2S°C. 

The poling was performed by applying 20 kV/cm at ~10-15°C above the Curie 

temperature for IS min and then cooling to room temperature while maintaining the field. 

The piezoelectric charge coefficient d*,, of poled samples was measured 24 h after 

poling, using a Berlincourt d,, meter (Model ZJ-2) operating at 100 Hz. The saturation 

polarization, P.., and pyroelectric coefficient were determined as the poled samples were 

heated from room temperature to 2S0°C at 3°C/min., using a Hewlett Packard 4140B 

picoammeter. Prior to the measurements, the samples were short-circuited to neutralize 

any space charge accumulated at the metal/dielectric interface.

S3 RESULTS AND DISCUSSION

53.1 Densification and Texture Development

Figure S3 shows the densification graphs of the samples sintered at 1400°C from 

I min to 12 h. The density increases slightly with sintering time and decreases with 

increasing KSN content 1S.4 wt% KSN containing samples (i.e„ TV 15 and TV5-15)
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Figure 5.3. Densification graphs of the samples as a function of sintering time at 
1400°C.
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reached lower densities. As mentioned in Chapter 4 for the random samples, densification 

is retarded to higher temperatures with increasing KSN content, possibly due to the 

compositional homogenization between the SBN and KSN. Ceramics sintered at 1300°C 

for 4h reached a relative density of 88-92% due to the presence of a liquid. The formation 

of a liquid phase in SBN containing V20 , was reported to occur through a series of 

intermediate steps [9,10]. It was reported [9,11] that V* is rarely dissolved in the tungsten 

bronze structure and precipitates as separate islands at the triple junctions after sintering. 

For all samples, a single-phase tetragonal tungsten bronze (TTB) structure was obtained 

after sintering at 1100°C for 4h.

Figure S.4 shows crystallographic texture development in the TV15 samples (1  

cut) as a function of sintering temperature, as well as a reference pattern of random 

SBN53. The [001) peaks start to dominate the diffraction pattern at temperatures as low 

as 9S0°C, even though the phase formation is not fully completed. This suggests that the 

texture development commences early due to the presence of a liquid (V2Os melts at 

690°C). After 1100°C, the relative intensity ratio of [001] peaks to [hkO] peaks stays 

almost constant Figure S.5 shows that morphological texture development increases with 

increasing sintering temperature in the TV15 samples (// cuts). Initially aligned template 

particles consumed the matrix grains and started to impinge on each other with increasing 

temperature, which causes grain growth to slow down.

Figure S.6 compares the texture development as a function of initial template 

content Samples were sintered at 1400°C for 4 h. Morphological texture development in 

the c direction improves as the template concentration increases for the TV5-TV15 

samples (Figs. 5.6a-d). In Chapter 4, it was shown that random samples with V2Os
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Figure 5.4. XRD patterns of the TV151 samples after sintering for 4 h at; (b) 950°C, (c) 
1100°C, (d) 1200°C, and (e) 1300°C. Curve “a” is for the random sample (heated at 
1250°C for 5 h) and is given as an untextured reference pattern. Major SBN53 peaks are 
marked.
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Figure S3. SEM pictures of the TV15// samples after sintering for 4 h; (a) 950°C, (b) 
1200°C, (c) 1300°C, and (d) 1400°C.
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Figure 5.5. Continued.
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Figure S.6. SEM micrographs of the samples sintered at 1400°C for 4h; (a) TVS, (b) 
TV9, (c) TV12, (d) TV15, (e) TV5-9, and (f) TV5-15.
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Figure 5.6. Continued.
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underwent anisotropic grain growth because of the liquid phase. Growth of the 

anisotropic grains occurs by solution-reprecipitation in which small particles dissolve in 

the liquid phase due to their smaller size, and then reprecipitate on the larger particles 

[12]. For TGG, the liquid facilitates preferential growth of template particles at the 

expense of matrix grains. Consequently, the aspect ratio of the template particles must be 

high and the matrix grain size must be as fine as possible at the time of densification. 

Samples with low template content such as TVS and TV9 were not as strongly textured 

due to the lower fraction of template particles combined with anisotropic grain growth in 

the matrix. Matrix grain growth competes with the anisotropically growing grains by 

decreasing the total grain boundary area, and thereby decreasing the driving force for 

TGG. Increasing the template concentration (i.e., TV 15 in Fig. 5.6d) resulted in better 

texture development because the larger number of template particles consumed the fine­

grained matrix in less time because of the smaller inter-template spacing. Figures 5.6e 

and 5.6f show that the TV5-9 and TV5-15 samples are highly textured despite their low 

template contents (i.e., S wt%), as compared to TVS (Fig. 5.6a). The possible reason may 

be the retardation of matrix densification (and possible grain growth) due to the 

compositional homogenization step (see Chapter 4 for details) because these samples 

have KjO and Nb2Os in the matrix (see Table S.l). Therefore, template growth is highly 

favored at low temperatures in the presence of a liquid before the matrix grain growth 

starts. At later stages, off-axis anisotropic grain growth in the matrix is minimized by 

impingement with the templates, and the matrix grains are aligned in the direction of 

template particles.
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Figure 5.7 shows the effect of temperature on IT homogenization in the TV15// 

samples. IT ions are shown as the white areas on the maps. At 1200°C, the IT ions are 

mainly found in the elongated grains (especially in thicker ones) but the distribution 

homogenizes with increasing temperature. At 1450°C, for example, there seems to be no 

segregated K* ions in the elongated grains.

Figures S.4 to S.7 indicate that SBNS3 formation from SN and BN takes place 

primarily on the template (e.g. KSN) particles. Depending on the frequency of the 

template particles, SBN formation also takes place in the matrix. Because the liquid 

phase promotes anisotropic grain growth, SBNS3 formation and subsequent grain growth 

in the matrix is much faster in the samples with lower template content (except for the 

TV5-9 and TV5-15 samples) due to the larger inter-template spacing, which can cause 

wider orientation distributions for the c (polar) direction and thus deteriorate the electrical 

properties, as will be seen later.

Texture analysis was performed on the 1-cut samples, using the Lotgering factor 

(Fig. 5.8). Texture fraction if) increases substantially with increasing template content for 

the TV5-TV15 samples. For example, the TV5 samples reached/s 0.56 whereas a n /= 

0.93 was obtained in the TV15 samples at 1400°C. In addition,/does not change much 

with temperature. For instance, the TV5-15 samples h a s /s  0.91 at 1200°C and 0.93 at 

MOOT after sintering for 4 h.

Anisotropic grain dimensions in the TV9 and TV15 samples (// cuts) were 

calculated by stereological analysis. Table 5.2 summarizes the average values between 

1200°C and 1450°C. The average grain thickness and length increase with increasing 

temperature but the average aspect ratio decreases slightly in both samples. When growth
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Figure 5.7. Effect of temperature on K+ homogenization in TV15// samples after 
sintering 4h. (Bar=20 |im).
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Figure 5.7. Continued.
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Table 5.2. Summary of the average dimensions and texture for the TV9 and TV15 samples 

sintered between 1200°Cand 1450°C.

Sample

Average 
Thickness, urn

Average Length, 
Uin

Average Aspect 
Ratio

Textured Fraction

1200°C 1450°C 1200°C 1450°C 1200°C 1450°C 1200°C 1450°C

TV9 2.0 3.2 9.8 14.6 4.9 4.6 0.42 0.53

TV 15 2.7 3.9 14.4 18.7 5.3 4.8 0.74 0.82
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in the longitudinal direction is obstructed either by impingement with other growing 

template particles (See Figures 5.6d-f) or large matrix grains (See Figures 5.6a-c), grain 

growth continues in other directions, leading to thickening of the needle-shaped grains. 

The TV9 samples show smaller average values in length, thickness, and aspect ratio, 

which implies that impingement due to the matrix grains starts earlier. The evidence is 

that random (e.g., untemplated) samples show strong anisotropic grain growth (See 

Chapter 4), which can easily compete with (and hinder) template growth unless such 

growth is avoided by template growth.

The texture fraction as determined by stereological analysis (e.g., 0.82 at 14S0°C) 

is lower than the Lotgering factor (e.g. 0.92 at 1450°C). This may be because grains with 

aspect ratios <2 were not measured although they may be crystallographically oriented in 

the c direction. While stereology is a valid characterization of texture, experimental error 

is introduced as a result of some of the assumptions for measurements [5]. 

Anisotropically-shaped grains whose shape arises from factors other than crystallography 

(e.g. by grain accommodation) cannot be separated from the template grains by SEM 

observation and, thus, are included in the measurements. The crystallographic orientation 

of these grains is likely more random than the anisotropically-shaped grains (e.g. in 

samples with 9.1 wt% templates). It is also possible that texture has developed in the 

sample matrix. In this case, a fraction of the matrix grains can be crystallographically 

oriented, but do not have an anisotropic morphology, and therefore are not included in the 

morphological analysis. Finally, during sectioning of samples, a number of anisotropic 

grains in the sample will be cut such that they project an isotropic cross section. These 

grains would not be counted in the measurement of the anisotropic fraction. These
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considerations reveal that a somewhat different orientation distribution is obtained by the 

stereological technique, which results in a lower calculated volume fraction of template 

grains.

Although the Lotgering factor is a simple method to qualitatively characterize the 

texture fraction, it does not provide information about the distribution of angles in the 

materials, which is very important in processing-texture-property relationships. 

Therefore, the texture distribution in the c (e.g., texture or [001]) direction was 

determined from rocking curves. Figure 5.9 shows a graph of orientation distribution 

curves as a function of the angle a  for the samples sintered at 1400°C for 4 h. The curves 

on the plot are the result of curve-fitting to Eqn. (5.1). The r  parameters are given on the 

plot. The correlation coefficient (R2) is > 0.95 for each curve. The r  value increases with 

decreasing template content. As seen in Figure 5.6a for TVS sample, there are 

considerable amounts of off-axis elongated grains from the matrix, which gives rise to an 

increase in the r  parameter, and correspondingly the widening of orientation distribution 

about the texture direction.

Figure 5.10 shows the texture evolution as a function of densification for the 

samples sintered between 1200 to 1450°C for various times. It is apparent that /  remains 

almost constant for each composition. This result suggests that texture evolution starts 

earlier than the densification due to the presence of a liquid in the system that facilitates 

template growth by a solution-precipitation mechanism, as mentioned earlier.
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Figure 5.9. Orientation distribution curves for the 1-cut samples sintered at 1400°C for 
4 h. The curves are March-Dollase fits to the corrected rocking curve data.
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5.3.2 Electrical Properties

5.3.2.1 Dielectric Properties

Figure 5.11 shows the orientation and temperature dependence of the dielectric 

constant and dielectric loss at different frequencies for sample TV 15 sintered at 1400°C 

for 4 h. The dielectric constant at room temperature in X cuts (770) is higher than for 

either the // cuts (370) or the random ones (430), which is consistent with the known 

dielectric anisotropy of SBN single crystals. Very high anisotropy in the dielectric 

constant between 1  and II cut samples can be observed at Te (e.g., K^, = 7,600 vs. 540). 

The dielectric loss increased sharply in the a-b plane as temperature increased (Figures 

5.11b and c), presumably because the electrical conductivity in the a-b plane (// cuts) is 

higher than the c direction (1 cuts) in SBN.

Figure 5.12 compares the dielectric spectra as a function of sintering time (1 min 

to 12 h) at 1400°C for the TV5-91 samples. The dielectric constant improves with 

sintering time, but, at the same time, Tc remains almost the same (i.e., between 141.5 to 

143.7°C). increases from 4,970 to 7,120 because of the improved orientation in the c 

direction as the sintering time at 1400°C is increased from 1 min to 12 h. That is ,/is  0.88 

for 1 min and 0.93 for 12 h of sintering.

SBN is a relaxor ferroelectric as long as the Sr/Ba ratio is >0.34/0.66. The relaxor 

characteristics become more pronounced as the Sr/Ba ratio increases. As seen from 

Figure 5.11a and 5.12, the SBN53 samples showed relatively little dispersion, which can 

be attributed to the homogenous distribution of cations (especially K*) within the TTB 

structure due to the liquid phase sintering. Above Te, the dielectric constant decreases

i l l
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Figure 5.11. (a) Temperature and crystallographic direction dependence of dielectric 
constant for the sample TV15, (b) dielectric loss in the c direction (1 cut), and (c) in 
the a-b plane (// cut). Random sample is RV1S.
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Figure 5.12. Dielectric constant as a function of sintering time for the TV5-9X samples. 
Samples were sintered at 1400°C.

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



slightly with increasing frequency due to the gradual loss of the space charge contribution 

to the permittivity.

Figure S. 13 shows that the average (i.e., arithmetic mean of at least 3 

measurements on different samples) K*,, improves sharply with increasing / . The best 

dielectric constant is obtained in the TV151 samples (K ^ = 7,900) because, from a 

processing point of view, it was found that the TV15 samples have attained a high /  

(0.91) (Fig. 3.8) with a low r  parameter (0.24) (Fig. 5.9), as compared to the TV5-TV12 

samples. However, this maximum value is well below the single crystal values. For 

example, = 81,000 [13] and 40,000-63,000 [13,14] were measured for the SBNS0 

and SBN60 single crystals, respectively. The average K,^ for the random samples (i.e., 

RV5-RV15) is -1430.

Lower dielectric properties in textured samples can be attributed to the existence 

of possible nonferroelectric grain boundary phase(s). Figure S. 14 proves for the R0 (no 

V2Os and template) and RV0 (no template) samples sintered at 1400°C for 4h that the 

RV0 sample shows consistently lower dielectric constants than the R0 sample that did not 

contain vanadium. This suggests that there may be a continuous non-ferroelectric layer of 

vanadium-rich compound(s) at the grain boundaries, which considerably suppress the 

observed dielectric properties, especially at the T,,.. The same phenomenon is expected 

to occur in the templated samples containing vanadium oxide sintering aids. This would 

account for the low permittivities at Te relative to single crystals. The TV5-15 samples 

probably have much thicker grain boundaries because excess NbjO, is present both in the 

elongated grains and matrix grains (while the N bp, is contained only in the elongated 

grains in the TV5-TV15 samples). Therefore, the TV5-15 samples had a slightly lower
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(6,750) although they had a high/(0.93) and low r  (0.29). A qualitative estimation of 

grain boundary thickness will be given in Chapter 7. Porosity also decreases the K values.

All of the samples have higher Tc values (e.g., 135.5°C for TV5 and 151.6 °C for 

TV5-15 after sintering for 4 h at 1400°C) than pure SBN50 single crystals (115-128°C) 

[2,13,15-18]. When alkali elements, such as Na*. IT, are present in the structure, they 

partially or fully occupy the interstitial sites without vacancy formation [19,20] and cause 

Tc to increase, which stabilizes the ferroelectric structure. Te increases due to the 

increased degree of filling of interstitial sites as the amount of KSN increases. In 

addition, a small incorporation of vanadium ions into the C sites may cause Te to increase 

due to the stuffing effect (See Figure 5.14). For all samples, the Curie-Weiss constant is 

on the order of 2x10s °C.

S.3,2.2 Switching. Piezoelectric, and Pyroelectric Properties

Polarization-electric field (P-E) hysteresis loops were recorded at room 

temperature and at a frequency of 10 Hz. Figure 5.15 indicates that the remanent 

polarization (Pr) increases with the applied field and template content. For example, Pr is

5.1 pC/cm2 for the TV 5,12.5 ± 0.6 pC/cm2 for the TV15, and 13.2 ± 0.7 pC/cm2 for the 

TV5-15 samples at 50 kV/cm. Samples did not reveal any evidence of polarization 

fatigue on successive application of the field. For example, Pr remained almost the same 

for the TV151 sample after 140,000 cycles at 10 Hz, 50 kV/cm, and room temperature. 

However, some samples experienced aging in the form of “pinched” P-E loops, which 

was eliminated by increasing the number of driving field cycle.
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Figure 5.15. Change of average remanent polarization (Pr) as a function of initial 
template content in the c direction. Samples were sintered at 1400°C for 4 h.
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Figure S.16 compares the hysteresis loops of samples TV15 (1 and // cuts) and 

RV15. A P, of 13.2 pCVcm2 and a saturation polarization (P .) of 21 pC/cm2 (estimated 

from pyroelectric measurements) were obtained in X cuts (polar c direction). These 

values are much higher than the values reported for randomly oriented SBN ceramics 

(See Table S.3). Pr = 2.6 pC/cm2 for the RV1S and 1.1 pC/cm2 for the TV15// (nonpolar 

a-b plane) were measured, which indicates that textured samples show very high 

anisotropy.

The change of average Pr and piezoelectric charge coefficient (<y as a function of 

/  and composition in the c direction is given in Figures S. 17 and 5.18, respectively. For 

comparison, SBNSO single crystal properties are also given. SBNSO single crystals have 

an average saturation polarization (Pm or Pr) = 27.4 pC/cm2 (it ranges from 25 to 35 

pC/cm2, depending on the quality of the grown crystal) [18,21,24] and d„ = 97 pC/N (it 

ranges from 90 to 110 pC/N) [2,18,23-25]. In TGG ceramics, the Pr and dj, improve with 

increasing/. Compositions having a higher/(i.e., > 0.9) and lower r  (i.e., < 0.3), such as 

TV 15 and TV5-15, attained the maximum average Pr (13.2 pC/cm2) and d*, (88 pC/N) 

values. The PM of 21 pC/cm2 is close to the single crystal values. In addition, d,, is very 

high due to the higher dielectric constant and polarization induced by the strong grain 

orientation, and is comparable to the single crystals. A model equation (see Appendix B) 

was developed to correlate the measured Pr to r  and/ , and is given in detail together with 

the V20,-free compositions in Chapter 6.

The increase in the saturation polarization with increasing texture resulted in 

improved pyroelectric properties. Figure 5.19 shows the pyroelectric coefficient as a 

function of temperature and crystallographic direction for the TV15 and RV15 samples.
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Table S.3. Comparison of room temperature polarization values in the SBN ceramic 

literature.

Composition Pr, pC/cm2’ Pat, pC/cm2 * Reference

SBNSO - 6.5 24

(Sro.65Bao^2jLio.2)Nb206 2 - 29

Hot-pressed SBN30 2.9 -

6Hot-pressed SBN40 2.5 •

Hot-pressed SBNSO 2.1 -

SBN20 +1 mol% V20 5 • 6.1 ( at 50°C) 16

SBN30 + 1 mol% V20 5 • 6.1

14SBN30 - 1.9

SBNSO • 3.6 30

*Remanent polarization 
#  Saturation polarization

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Av
era

ge
 

Pn 
jiC

/c
m

:
40 i

35 - 

30 - 

25

▲ TV5
•  TV9
♦  TV15 
■ TV5-15 SBN50 single crystal

I

20

15

10

0.5 0.6 0.7 0.8

Texture Fraction,/

0.9

Figure 5.17. Change in the remanent polarization (Pr) as a function of initial template 
content and texture fraction (by the Lotgering factor) for the 1-cut samples.

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



<*
33

. 
pC

VN

120

1H H

100

90 H

80

70 -\

60

50 H

40 

0.5

▲ TV5 ■ *

•  TV9

♦  TV15 SBN50 single crystal 11
■ TV5-15

♦
■ H

♦

•  •
♦

•  •  •

1
i

0.6

i i - — i i

0.7 0.8 0.9 1

Texture Fraction, /

Figure 5.18. Change in the piezoelectric charge coefficient (d33) as a function of 
initial template content and texture fraction (by the Lotgering factor) for the 1-cut 
samples.

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.6

redirection 
a: a-b plane 
r. random sample

0.4

Uo
"e

f t
d

02

30 80 130 180
Temperature, °C

Figure S.19. Pyroelectric coefficient as a function of temperature and crystallographic 
direction in the TV 15 samples sintered 1400°C for 4 h. The random sample is RV15.
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The pyroelectric current was found to be reversible for the heating and cooling runs up to 

80°C, which means the measured data are not dominated by thermally stimulated current 

The best room temperature pyroelectric coefficient of 2.9x10 * pC/cm^C was found in 

the TV151. The reported pyroelectric coefficient for SBNSO single crystals is 5.6xl0'2 

pC/cm*°C [26]. The lower value for the TGG samples is due, in part to their higher Tc’s.

The pertinent average room temperature dielectric and piezoelectric properties for 

random and textured samples sintered at 1400°C for 4 h are summarized in Table 5.4 as a 

function of crystallographic direction and composition. These results show that the 

electrical properties are considerably improved, compared to randomly oriented samples, 

and highly anisotropic properties can be achieved in the samples textured by TGG.

5.4 CONCLUSIONS

Textured Sra33Baa47NbJ0 6 (SBNS3) ceramics were successfully fabricated by 

templated grain growth (TGG), using acicular KSr^NbjO  ̂(KSN) particles as templates 

for grain growth and V2Os as a liquid former. Specimens sintered at 1400°C for 12 h 

reached -95% of the theoretical density. SBNS3 phase formation initiated on the KSN 

templates and texture development started at temperatures as low as 950°C, even before 

the phase formation was completed (by T * 1100°C), due to melting of V2Os at 690°C. 

As sintering temperature and initial template concentration increased, the textured 

fraction (/) also increased due to the preferential growth of template particles. Samples 

with low template content (5 and 9.1 wt%) were not as strongly textured due to the lower 

fraction of template particles and had wider orientation distributions in the c (or texture) 

direction due to anisotropic grain growth in the matrix. A n /s  0.56 and r = 0.32 for the 5
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Table 5.4. The average room temperature dielectric and piezoelectric properties for random and textured samples sintered at 

1400°Cfor4h.

Sample T „°C K . , K at25°C tanS(% ) d jh  pC/N P„|iC /cm z E „ kV/cm
RVO 127 1190 530 1.7 43 1.7 10.8
RV5 132 1410 510 2.7 35 1.9 10.9

TVS// 131 1235 530 2 25 2.1 12.5
TV51 136 2780 780 2.4 43 5.1 10.2
RV9 142 1440 490 2.1 37 2.2 11.8

TV9// 134 785 500 1.2 14 1.1 10.7
TV9± 139 5520 1070 4.3 66 10.2 8.5
RV15 152 1440 430 2.5 40 2.5 12.6

TVI5// 146 540 370 0.7 3 11 13.3
TV151 148 7000 770 3.6 88 12.5 11.6
TV5-9// 127 795 500 1.6 5 1.0 10.4
TV5-91 142 5450 1010 4.6 82 10.3 9.8
TV5-15// 151 730 445 1.7 4 1.2 12.1
TVS-151 152 6750 840 4.9 83 13.2 10.4

T»: Tem perature a t the K— measured at 1 kH z during cooling.
P, and Ec'. M easured a t room  tem perature and 10 H z, for an  applied field o f  SO kV/cm.

K—  and K  at 25°C: M easured at 1 kHz during cooling.
tanS ( % ) :  M easured a t room  temperature and 1 kHz during cooling.

d j i : A t 100 H z and room  temperature, after poling at 20  kV/cm at temperatures ~ 10-15°C above Tc.



wt%, and /  = 0.93 and r  = 0.24 for the IS wt% templates were obtained at 1400°C. 

However, highly textured samples (f=  0.93 and r  s  0.29) were obtained with only 5 wt% 

templates when the matrix grain growth was delayed by adding KjO and Nb20 , to the 

matrix. K* ions from the templates homogenized through the matrix with sintering 

temperature, and the homogenization was completed atT >  1350°C.

Samples with a high/and small r  exhibited better electrical properties. Existence 

of a non-ferroelectric vanadium-containing phase at the grain boundaries caused the 

dielectric constant to decrease. Therefore, a maximum K„ = 7,900 was obtained which is 

only 10% of the single crystal value. Tcwas found to be higher than that of single crystals 

due to the presence of IT ions from KSN templates and incorporation of vanadium ions 

from the liquid phase former. The best room temperature electrical properties obtained in 

the c (polar) direction were Pr = 13.9 fiC/cm1, Pm = 21 pC/cm2 (60-84% of single crystal), 

dj, = 8 8  pC/N (80-98% of single crystal), and p3 = 2.9xl0 ' 2 fiC/cm’X  (52% of single 

crystal). Samples did not reveal any evidence of polarization fatigue on successive 

application of the field. However, some samples experienced an aging effect in the form 

of “pinched” loops during polarization reversal, which was eliminated by increasing the 

number of driving field cycles.

These electrical properties are much greater than the reported values in SBN 

ceramic literature (over the whole solid solution range), which makes the TGG approach 

viable for fabricating ceramics with single crystal-like properties.
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CHAPTER 6

TEMPLATED GRAIN GROWTH OF SrĴ Sbfit CERAMICS 

WITHOUT V2Of ADDITIVES

6.1 INTRODUCTION

In the preceding chapter, the TGG and the electrical properties of V20 5-doped 

Sro^3Bao.47Nb2 0 6  (SBNS3) ceramics were investigated. Acicular KS^NbjOis (KSN) 

particles (S to 1S.4 wt%) were used as templates for grain growth. It was found that 

texture development started at T<1000°C due to melting of V2Os at 690°C. The liquid 

phase also promoted anisotropic grain growth in the matrix, which interfered with 

template growth and, particularly at low template loadings, caused broadening of the 

orientation distribution about the polar axis. Highly grain-oriented ceramics (f~  0.93 as 

measured by the Lotgering factor) had 60-84% of single crystal saturation polarization 

and 80-98% of single crystal strain coefficient (d^) in the polar (c) direction. However, 

the peak dielectric properties were much lower than the single crystal values due to the 

presence of V2Os-based non-ferroelectric phase(s) on the grain boundaries.

In this chapter, densification, texture development, and microstructure evolution 

in a reactive matrix is investigated as a function of KSN template content (S to 15.4 wt%) 

and sintering conditions (1200 to 1450°C for 1 min to 12 h). Template growth was 

investigated in undoped and Nb2Os-rich matrices (i.e., no V2Oj addition). The processing 

and electrical properties of textured SBN53 are compared to those of random samples, 

textured samples prepared with V2Os (See Chapter 5), and single crystals. A method is
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proposed to model the polarization behavior as a function of processing parameters i f  and 

r).

62 EXPERIMENTAL PROCEDURE

S rN b ^  (SN) and B aN h ^  (BN) powders were used to prepare SBNS3 ceramics 

by reactive sintering. The synthesis of KSN templates was described in Chapter 3 and the 

synthesis of SN and BN matrix powders was described in Chapter 4. Procedures to orient 

the template particles in a mixture of SN and BN were described in Chapter S. Table 6.1 

summarizes the sample designation, KSN concentration, and initial amounts of additives 

in the SBNS3 samples without V20 , addition. T refers to textured samples. For the T5-9 

and TS-1S samples, only S wt% KSN templates were used. However, their compositions 

were adjusted to T9 and T1S, respectively, by adding KjO and NbjO} according to the 

additive difference.

The dielectric constants of normal ferroelectric ceramics can be expressed by the 

Curie-Weiss law above Te (or T,,,,). However, the broad dielectric spectra of the relaxor 

ferroelectrics follow a quadratic law [1]. To quantify the phase transition modes for the 

intermediate type ferroelectrics (e.g., neither normal nor relaxor), a power law combining 

the Curie-Weiss and the quadratic laws was proposed by Uchino and Nomura [2], and is 

given as;

l /K  = ( l/K - ,) + [(T-T_)Y]/C  (6.1)

where K is the dielectric constant at T, is the dielectric constant at T .,, y is a 

diffuseness coefficient, and C is the Curie-Weiss constant. Eqn. (6.1) describes a normal 

ferroelectric when y =  1 (the Curie-Weiss law) and a relaxor ferroelectric when y = 2 (the
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Table 6.1 Sample designation, KSN content, and additive contribution in SBNS3 

ceramics without V2Oj addition.

Sample

Designation

KSN content, 

wt%

Additive Contribution, wt%

K20 N b A

T5 5 0.26 0.72

T9 9.1 0.47 1.32

T12 1 2 0.62 1.74

T15 15.4 0.80 2.23

T5-9 5 0.47 1.32

T5-15 5 0.80 2.23
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quadratic law), y is determined from the slope of logQ/K-l/K^) vs. logCT-T^,). If both 

sides are multiplied by K ^, Eqn. (6.1) becomes;

K-B/ K = l  + [KBI„ (T -T 1IJ yl /C  (6.2)

C/ K,^ is a relative measure of the degree of diffuseness and is obtained from the slope of 

(K _/K )vs.(T -T „JY[3].

Polarization-electric field (P-E) hysteresis loops were recorded in two different 

ways; in the first, the maximum voltage was increased sequentially (e.g., 10, 20, 30 

kV/cm) (Type A) for the same sample and for the second one, the sample was depoled by 

annealing at S00°C for 1 h before each new measurement (Type B). The poling was 

performed by applying 10 kV/cm at ~10-15°C above the Curie temperature for IS min 

and then cooling to room temperature while maintaining the field.

The other procedures were described in Chapter S.

6 3  RESULTS

6J.1 Densiflcation and Phase Formation

Figure 6.1 shows the densification behavior of the samples as a function of 

sintering conditions and template concentration. The relative density was calculated 

based on the density of an SBNS2 single crystal (S.33 g/cc) [4], which is close to the 

composition of interest Densification increases sharply from 1200 to 1300°C and then 

levels off with further heating (> 94%). Densification is slower for the TS-1S samples 

below 1300°C. For sintering at 1400°C, the densities were nearly the same in samples
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Figure 6.1 Densification of samples as a function of template concentration.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



heat-treated between 1 min and 12 h. All samples transformed to the tetragonal tungsten 

bronze (TTB) structure byT= 1200°C.

632 Texture Development

Figure 6.2 shows XRD patterns of the T9 samples (1 cut) as a function of 

sintering temperature as well as a reference pattern of random SBNS3 (RO sample 

sintered at 12S0°C for S h). For the T9 samples, the {001} peaks dominate the diffraction 

pattern as the sintering temperature increases. Figure 6.3 shows that morphological 

texture development increases with increasing sintering temperature and/or time (// cuts). 

At 1200°C, the matrix is still very porous and there is no overgrowth on KSN templates. 

During matrix densification, the porosity concentrates in areas near template particles 

(Figs. 6.3b and c).

Figure 6.4 compares the effect of template concentration on texture development 

in the samples sintered at 1400°C for 12 h. For the TS-T1S samples (Figs. 6.4a-d), S wt% 

templates is insufficient for the full texture development There are also some relatively 

small, elongated grains in the matrix (particularly < 10 pm) that are off-axis to the casting 

direction. Elongated grains are larger in dimension with decreasing template content In 

addition, porosity in the samples increases with the template content Note that there is no 

entrapped porosity within the elongated grains except for the T3-1S sample. In addition, 

elongated grains are much bigger in the T5-15// sample (Fig. 6.4e).

Table 6.2 shows a summary of average grain dimensions obtained from 

stereological analysis (See Appendix A). The average grain thickness and length increase
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Figure 6.3 Texture development in the T9// samples as a function of sintering 
conditions; (a) 1200°C for 4 h, (b) 1300°C for 4 h, (c) 1400°C for I min, and (d) 
1400°Cfor4h.
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Figure 6.3 Continued.
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Figure 6.4 Texture development as a function of template concentration after sintering 
at 1400°C for 12 h; (a) T5//, (b) T9//, (c) T12//f (d) T15//, and (e) T5-15//.
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Figure 6.4 Continued.
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Table 6.2 Summary of average dimensions as a function of sintering conditions and 

template concentration.

Sample

Average length, |im Average thickness, pm Average aspect ratio

1300°C

4h

1400°C

4h

1400°C 

12 h

1300°C

4h

1400°C

4h

1400°C 

12 h

1300°C

4h

1400°C

4h

1400°C 

12 h

T5 10.0 14.9 23.8 2.1 2.9 4.2 4.8 5.1 5.7

T9 8.8 12.7 16.8 2.0 2.5 3.1 4.4 5.1 5.4

T15 9.8 11.8 13.8 2.1 2.6 3.1 4.7 4.5 4.5

T5-15 15.3 19.9 35.7 3.6 3.5 5.7 4.3 5.7 6.3
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with increasing temperature and/or time for all the samples, but the increment in the 

average aspect ratio is slight The T5-15 samples have higher average values in length, 

thickness, and aspect ratio.

Crystallographic texture analysis was performed on the c-axis oriented samples (1 

cuts) by comparing the relative intensities of [001] peaks with the [hkl] peaks in the 

random and oriented cases (Figure 6.S), using the Lotgering factor (Eqn. S.l in Chapter 

5). The texture fraction (/) increases with increasing sintering temperature and time for all 

the samples. The TS-IS samples attained /  = 0.98 after sintering at 1400°C for 12 h, 

compared to 0.61 for the TS samples.

The Lotgering factor is a simple method to qualitatively characterize / . It, 

however, does not provide information about the texture distribution in the materials. 

Therefore, the texture distribution in the c (e.g., texture) axis was determined from 

rocking curves, as mentioned in Chapter S. Figure 6.6 shows a graph of orientation 

distribution curves as a function of the angle a  for the samples sintered at I400°C for 12 

h. The curves on the plot are the result of curve-fitting to Eqn. S.2 in Chapter S. The r 

parameters are given on the plot. The correlation coefficient (R2) is > 0.95 for each curve. 

The r  value increases with increasing template content. Increase in the r  parameter 

corresponds to widening of the orientation distribution curve about the texture direction 

(i.e., [001]).
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for 12 h. The curves are March-Dollase fits to the corrected rocking curve data.
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6J.3 Electrical Properties

6.3.3.1 Dielectric Properties

Figure 6.7 shows the orientation and temperature dependence of the dielectric 

properties at different frequencies for the T9 samples sintered at 1400°C from 1 min to 12 

h (samples are £  96.5% dense). Figure 6.7a shows that the room temperature dielectric 

constants (K^) decrease slightly with increasing sintering time, but the peak dielectric 

constant (K,.,) strongly improves in the c direction. Dielectric spectra indicate relaxor 

behavior with a gradually decreasing with frequency. In addition, the breadth of the 

phase transformation diminishes with sintering time. The frequency dependence of is 

more pronounced for the samples sintered for 1 min. K,̂  and are much lower in the 

nonpolar a-b plane (// cuts), shown as an inset in Figure 6.7a, and decrease with 

increasing sintering time. In addition, the frequency dispersion of the dielectric spectra 

diminishes with sintering time. The anisotropy in the dielectric properties is consistent 

with data on SBN single crystals. The two orientations also show different dielectric loss 

behaviors such that the loss is lower in the a-b plane (// cuts) than the c direction (1  cuts). 

Unlike the a-b plane, loss increases with sintering time in the c direction (Figure 6.7b).

Figure 6.8 shows the variation of average for the 1-cuts samples as a function 

of composition and / . increases with increasing initial template content and /. A 

maximum K,,̂  of 23,600 a t / s  0.93 was measured in the T91 samples. of 1,525 and 

860 in the random (R9) and T9// (same sample) were obtained, respectively. Although 

the T5-15 samples reached the highest texture fraction ( f -  0.98), they showed relatively 

lower (of 17,000).
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The diffuseness coefficient (y) and degree of diffuseness (C /K .J were calculated 

using Eqns. (6.1 and 6.2). Figure 6.9 shows an analysis of (K^/K) vs. (T-T J T at 100 

kHz for the T91 samples sintered at various sintering conditions. Each line has a 

correlation coefficient (R2) > 0.99 to a linear fit. The inset shows/, y, and CJK^ (in °C) 

as a function of sintering conditions. Samples sintered at 1400°C for 1 min and 12 h have 

the lowest and highest K^, values (5,600 vs. 23,600), and corresponding/values (0.6 vs. 

0.93), respectively, y and C /K ^ decrease with increasing /.

6.3.3.2 Switching and Piezoelectric Properties

When hysteresis (P-E) loops were recorded using progressively higher applied 

fields on highly textured T91 and T151 samples (Type A), it was found that extremely 

rapid fatigue was observed (See Fig. 6.10a). As a result, the remanent polarization (Pr) 

decreased and coercive field (E^ increased on successive measurements. The decrease in 

switchabie polarization with increasing measurement field could be avoided by heating 

the sample above Tc between measurements (Type B in Fig. 6.10b). In this case, Pr 

increases with the applied field. Highly textured T5-151 samples, however, did not show 

strong fatigue dependence and reached the highest Pr values (e.g., Pr = 20.3 pC/cm2 at 50 

kV/cm in Fig. 6.10b). In the a-b plane, Pr decreased with increasing texture fraction, and 

there was no evidence for fatigue.

Comparison of the P-E loops as a function of crystallographic orientation and type 

of measurement is given in Figure 6.11 for the T5-15 samples sintered at 1400°C for 12 

h. The random sample (R15) was sintered at 1350°C for only 4 h to prevent abnormal
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Rgure 6.11 P-E hysteresis loops of the TS-1S samples sintered at 1400°C for 12 h and 
random (R1S) sample sintered at 1350°C for 4 h.
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grain growth, which decreases Pr and increases Ee. The loops do not close because only 

one cycle of voltage was applied. The textured samples show strong anisotropy.

The change of the remanent polarization (Pr) and piezoelectric charge coefficient 

(djj) as a function of/and  template content in the c direction is given in Figures 6.12 and 

6.13. For comparison, SBNSO single crystal properties are also provided. The Pr (Fig. 

6.12a) and d„ (Fig. 6.13) approach single crystal values with increasing/. Maximum Pr = 

20.3 pC/cm2 and dj, s  84 pC/N were obtained in the T5-151 samples sintered at 1400°C 

for 12 h ( f -  0.98). SBNSO single crystal has average reported saturation polarizations 

(P . or Pr) = 27.4 pC/cm2 and d*=97 pC/N.

Measured Pr data were fit to a model (see Appendix B), using/and r values for 

each composition. Calculated data from this modeling are also given in Figure 6.12a. 

Calculated data yield the maximum polarization that can ideally be obtainable for a given 

set of /a n d  r  (like single crystals cut at certain angles and combined together). Figure 

6.12b shows normalized Pr (i.e., Pr (measured) / Pr (calculated)) as a function o f/fo r the 

VjOj-free and V20 3-containing samples (data from Chapter S). It is clear that Pr remains 

constant until/~  0.S and then increases sharply.

6.4 DISCUSSION

6.4.1 Densification and Phase Formation

SBN phase formation takes place by forming necks between the particles in the 

early stage of reactive sintering. Compositional homogenization takes place as 

interdiffusion of the ions occurs through these necks. The chemical gradient difference 

between different regions during homogenization promotes the diffusion of the ions. The
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(falsification rate during reactive sintering can be pronouncedly enhanced when the 

homogenization is almost complete [5]. The reason is that homogenization due to the 

chemical gradient does not change the state of the microstructure because it happens 

through the necks. For example, phase analysis by XRD (Fig. 6.2b) indicates that SBN 

formation is complete at 1200°C, and Figure 6.3a shows that a uniform, highly porous, 

and fine grain microstructure is retained during SBN formation. Interdiffusion is a 

dominant process when the necks form because the material transport due to the chemical 

gradient is more important than the material flow due to the surface curvature [6]. When 

the necks grow larger, the interdiffusion becomes easier and predominant, which stops 

additional sintering until homogenization is further advanced [5,7]. After the 

disappearance of the chemical gradient, the retained microstructure with high surface area 

induces a high driving force for further densification, which can sharply increase the 

density. Therefore, fast densification between 1200 and 1300°C can be attributed to the 

completion of SBN33 phase formation from the reactive mixture (Figure 6.1). The T5-15 

samples have lower densification below 1300°C because these samples have K20 and 

Nb20s in the matrix. Compositional homogenization, and thus densification, is retarded 

to higher temperatures. In other words, SBNS3 phase formation and compositional 

homogenization (i.e., especially K*) should be completed before densification. The effect 

of K2O and Nb20s during reactive sintering of SBNS3 ceramics was discussed in detail in 

Chapter 4.

The densification slightly decreases with increasing template loading for the T5-

T1S samples. This may be because template tangling during tape casting increases with

increasing template concentration. When the template particles start to grow by
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consuming the matrix particles, porosity may form due to templates that are not well 

aligned (see Fig. 6.4d). In addition, during matrix densification, porosity concentrates in 

the regions of high template concentration (Figs. 6.3b&c). hi fact, template particles 

inhibit the densification if they form a rigid framework, as is the case of shear forming of 

only template particles [8]. Pressure or a liquid phase is required to attain high density in 

such cases, hi TGG, however, the template particles are separated by a matrix powder; 

therefore, rigid template networks are less likely. Figure 6.1 shows that the density 

difference between T5 and T15 is not considerable (i.e., 97.9 % for T5 and 95.7 % for 

T15 samples sintered at 1450°C for 4 h), which suggests that template particles do not 

constrain sintering. Similar results were also found in other examples of templated grain 

growth [9-11].

Because extra BN was added to compensate for the SN from the KSN templates, 

the SBN matrix composition may differ from the desired SBN53 composition during 

phase formation. XRD shows the formation of a TTB structure by T = 1200°C for all 

compositions (see curve “b” in Fig. 6.2 for the T9 samples). However, it is very difficult 

to distinguish KSN and SBN phases based on XRD results because they have a lattice 

parameter difference of £  0.5% at room temperature. However, SEM pictures (see Fig. 

6.3a) and energy dispersive spectroscopy (EDS) analysis indicate that there is almost no 

growth of SBN on the KSN template particles at 1200°C. This suggests that when the 

TTB structure forms, KSN and SBN phases exist together and the SBN formation in the 

matrix is independent of the presence of KSN templates. At this stage, therefore, the SBN 

composition in the matrix is probably barium rich. The estimated matrix composition and
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the corresponding Sr/Ba molar ratio are given in Table 6.3 as a function of initial KSN 

content. The amount of extra BN increases with increasing KSN concentration, and 

results in the most deviation from the SBNS3 composition. In addition, the samples can 

be thought of a composite material. The density can change due to the lower density of 

KSN phase (S.0 g/cc [12]) but the change is very slight (<I%).

The final solid solution (e.g., SBNS3) between the KSN and SBN starts at the 

template-matrix interface. This process is accelerated by a liquid phase. Lee et al. [13,14] 

found in SBN60 ceramics that the NbjO/(SiO+BaO) ratio is different between the grains 

(<1) and grain boundaries (>1) and that Nt^Oj-excess grain boundaries lead to liquid 

formation at T > 1260°C. The ratio is equal to 1 in the stoichiometric solid solution and 

the temperature at which the liquid phase forms decreases with more excess Nb2Os [IS]. 

Therefore, liquid may form at the matrix/template interface due to the presence of excess 

Nb20 , contributed from the KSN templates. The regions where matrix grains are not in 

contact with the template particles are not affected by this liquid and remain dense (Figs. 

6.3b-d). The T5-15 samples, however, also have a liquid phase in the matrix due to the 

presence of NbjOs, which makes the cation distribution more uniform in the matrix. 

Upon template growth, local homogenization (e.g., diffusion of K*, Sr2*, Nb5*, and Ba2* 

ions) can start inside the grown region with increasing sintering temperature and/or time 

(see Fig. S.7 in Chapter S).

6.4.2 Texture Development

As mentioned in the preceding paragraph, liquid formation takes place due to 

excess Nb20 3. Because the template particles are isolated by the surrounding matrix
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Table 6.3 Estimated matrix composition before KSN-SBN solid solution formation starts.

KSN Content, wt% Sr/Ba ratio Matrix Composition

0* 1.13 SBN53

5 1.04 SBN51

9.1 0.96 SBN49

12 0.89 SBN47

15.4 0.85 SBN46

* given as a  reference calculation.
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grains, the amount of excess NbjOs supplied from each KSN template would be the same. 

Only the amount of the liquid changes with the KSN content (see Table 6.1 for the 

additive contribution). Table 6.2 shows that the average length and thickness of the 

elongated grains are very close to each other at 1300°C for the T5-T15 samples, which 

further indicates that the onset temperature of the liquid formation from the templates 

would be the same. The presence of a liquid in the matrix promotes template growth for 

the T5-15 samples. The liquid phase facilitates template particles growth preferentially at 

the expense of matrix grains. Growth of templates occurs by solution-reprecipitation in 

which small matrix particles dissolve in the liquid and then reprecipitate on the larger 

template particles [16]. Consequently, for TGG the aspect ratio of the template particles 

must be high and the matrix grain size must be as fine as possible at the time of 

densification and template growth. During template growth, the matrix grain size still 

remains fine, that is, the average size is -  1.8 to 1.9 pm for TS-T1S and -  2.4 pm for the 

T5-15 samples at 1300°C. Therefore, matrix grain growth does not compete with the 

anisotropically growing grains and hinder texturing. The thermodynamic driving force 

for TGG decreases with matrix grain growth due to a decrease in the total grain boundary 

area [10]. Some elongated grains (particularly <10 pm) that are off-axis to the casting 

direction in the TS sample (Fig. 6.4a) can be attributed to the intrinsic nucleation of 

anisotropic grains in the matrix. The evidence for this is that abnormal grain growth is 

observed even in the stoichiometric mixture (e.g., SBNS3 with no templates) when the 

samples are sintered only at high sintering temperatures and for long times (see Chapter 

4). However, these secondary and randomly nucleated anisotropic grains are constrained, 

depending on the template frequency, by the template particles. Thus, the random and
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intrinsic growth is limited with increasing template content. Only those grains that are 

near the initial template orientation can grow.

Figure 6.14 shows texture evolution as a function of densification for the samples 

sintered between 1200 to 1450°C for various times. The lines are drawn to guide the eye. 

Significant template growth is observed at high densities. Up to -90 to 95% relative 

density, /  is limited and almost constant for each set, but is higher at higher template 

loadings. Note that the T5-15 sample has a similar trend as the T5 samples. The SEM 

micrograph of the sample heated at 1200°C (Fig. 6.3a) shows that the matrix is still very 

porous and there is almost no overgrowth on the KSN template particles. However, the 

XRD (“curve b” in Fig. 6.2) shows that there is remarkable crystallographic orientation in 

the [001]. This suggests that texturing is mainly due to the oriented KSN template 

particles at lower densifications. Above -95% relative density, however, /  increases 

sharply, which indicates that densification of the matrix is required for template particles 

to grow. Due to size differences between the template and matrix grains, and the presence 

of a liquid, template particles keep growing by consuming the fine matrix grains, which 

results in a sharp increase in /  with sintering conditions (Figs. 6.2 and 6.5). The highest/ 

(0.98) was obtained in the T5-15 samples (Fig. 6.5b), which can be attributed to a liquid 

in the matrix. Note that V20 5-containing samples had almost constant/with densification 

(Fig. 5.10 in Chapter 5) because texture development started at T < 1000°C due to 

melting of V2Os.

Although /  is expected to increase with template content, the microstructure 

evolution in Figure 6.4 indicates that some anisotropically-grown grains deviate from the 

texture orientation with increasing template loading. Figure 6.6 indicates that the degree
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Figure 6.14. Density vs. texture fraction (by the Lotgering factor) for the samples 
sintered at 1200 < T <  1450°C for 1 min to 12 h.
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of orientation parameter, r, increases with increasing initial template concentration, 

which results in a broadening of the orientation distribution. A low r  value shows a 

narrow distribution of anisotropic grains in [001]. Broadening of the orientation 

distribution with increasing template content can be attributed to increased template- 

template interactions (e.g., tangling) during tape casting, especially when the template 

loading exceeds a critical template concentration. Therefore, a lower /  coupled with a 

higher r  is observed at template loadings greater than this critical concentration. An initial 

template concentration around 9 wt% is adequate to produce a highly textured 

microstructures ( f = 0.93) with a narrow distribution of anisotropic grains (r = 0.32) in 

SBNS3 ceramics when there is no liquid phase present in the matrix (for the T5-T15 

samples). However, if the template growth is assisted by a liquid in the matrix, template 

concentrations as low as 5 wt% (e.g., T5-15) are enough to attain a /=  0.98 while keeping 

r =0.29. A similar result was also observed in the literature [9].

The greatest growth of template particles, in both the longitudinal and thickness 

directions, is observed in the TS-1S system. It was found that template growth and 

average aspect ratio decrease with increasing initial template content (Table 6.2). This 

suggests that when template growth in the longitudinal direction is obstructed by 

impingement with other growing template particles and/or matrix grains, template growth 

continues in other directions, leading to thickening of the needle-shaped grains. As seen 

in Figures 6.4a-d and Table 6.2, anisotropic grains are smaller in size for higher template 

contents after sintering for 12 h at 1400°C. Thus, a microstructure of anisotropic grains 

with a narrow size distribution and smaller aspect ratio is produced at higher template 

loadings. Comparison of the TS and TS-1S samples reveals that templates grow mote in
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the TS-1S due to a liquid in the matrix, which results in faster consumption of the matrix 

grains.

6.43 Electrical Properties

6.4.3.1 Dielectric Properties

The phase transition becomes narrower with increasing sintering conditions for all 

compositions (see Fig. 6.7a for the T91 samples). In other words, y and C/K^, decrease 

with increasing /  (Figure 6.9). These results suggest that SBNS3 compositions behave 

more like normal ferroelectrics (e.g., y is closer to 1), with relatively little dispersion with 

frequency. The higher C/K ^ for samples with a lower /  can be attributed to the 

inhomogeneous distribution of cations (e.g., more IT and Sr3* in the KSN templates and 

more Ba3* in the matrix due to SN compensation) between the elongated (e.g., textured) 

and equiaxed (or matrix) grains in the T5-T15 samples. At this stage, the compositional 

fluctuation from one grain to another can give rise to a range of Curie points, which 

broadens the phase transition [17,18]. The compositional fluctuations can be reduced 

with increasing sintering temperature or time. Therefore, the sharpening of the dielectric 

peak with increasing/may be attributed to the gradual homogenization of cations on the 

A sites. Note that the TS samples still have weak reiaxor behavior (Tmu changes about 

2°C between 1 kHz and 100 kHz) even after sintering 1400°C for 12 h presumably 

because of incomplete K* homogenization between templates and matrix grains (Fig. 

6.4a). The T5-15 samples, however, have y = 1.07 and C /K ^ = 25.9°C with no frequency 

dispersion, probably due to more uniform distribution of cations caused by a liquid phase
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sintering. V2Oj-containing SBNS3 and random samples do not demonstrate relaxor 

behavior.

Figure 6.8 shows that the average K^, improves with increasing/. The highest 

peak dielectric constant is obtained in the T91 samples ( 1 ^ =  23,600) because the T9 

samples attained a high/(0.93) (Fig. 6.5b) and a low r  parameter (0.32) (Fig. 6.6) with a 

minimum of liquid phase. However, like V2Oj-containing samples in Chapter 5, K,^ = 

23,600 is substantially less than the single crystal values. For example, K ^ s  81,000 [5] 

and 40,000-63,000 [5,50] were measured for SBN50 and SBN60 single crystals, 

respectively. The lower dielectric properties in textured samples can be attributed to the 

existence of nonferroelectric grain boundary phase(s). Excess Nb2Os contributed by KSN 

templates forms a liquid during sintering and possibly forms a grain boundary phase(s) 

after cooling. This is more prevalent for the T5-15 samples because the excess Nb20 , is 

present both in the elongated grains and in the matrix, while excess Nb20 , is contained 

only in the elongated grains in the T5-T15 samples. Therefore, the T5-15 samples 

probably have much thicker grain boundaries. Grain boundary phases considerably 

suppress the observed dielectric properties, especially at the T,^. Therefore, the T5-15 

samples had a lower 1^(17,000) although they reached the highest/(0.98) and lowest r  

(0.29). SBN53 ceramics textured with a V2Os liquid former had much lower 

(~7,900). The effect of grain boundary phases is discussed in Chapter 7.

Another reason for the lower dielectric properties may be due to the presence of 

K* ions. Analysis of dielectric properties in > 97% dense random samples, with no 

abnormal grain growth, indicates that decreases from 3520 for undoped sample to 

2250 for 5 wt% and 1725 for 15.4 wt% KSN powder containing samples. K ^  drops off
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very quickly when abnormal grain growth starts for each set Similar results in IT, L f, 

and Na* doped SBN ceramics were also observed by Bhanumathi et al. [19].

The increase in dielectric loss (tan 8) in the c direction and decrease in the a-b 

direction with increasing sintering time (Fig. 6.7b) can be attributed in part to the domain 

wall loss because the volume of the grains with uniform polarization increases with 

increasing/, which results in easier domain wall movement in the polar c direction. The 

evidence for this is that the dielectric loss of poled samples, measured as the temperature 

increased from 20 to 250°C, was almost half of the dielectric loss of unpoled samples 

(e.g., 6.1% vs. 12.3%). The difference is probably attributable to a smaller number of 

domains and domain walls in the poled samples than the unpoled samples. Matrix grains 

that give isotropic properties are consumed by the template particles and, therefore, 

dielectric loss decreases in the nonpolar a-b direction with increasing/.

Tt mainly depends on the amount of KSN and the distribution of cations. Te 

increases steadily after the completion of densification at 1300°C, which may be due to 

(0 increase in /  (and, thus, grain size (see Table 6.2)) and (it) diffusion of cations 

(primarily IT) into the SBN lattice, that is, compositional homogenization. 5 out of 6 A 

sites are occupied by Sf2* and Ba:* ions; therefore, SBN is an empty bronze [20]. Alkali 

elements, such as Na*. IT partially or fully occupy the interstitial vacant sites without 

vacancy formation [19,21,22], which stabilizes the ferroelectric structure. Therefore, Tc 

increases due to the increased degree of filling of interstitial A sites with KSN content 

Samples with > 9.1 wt% templates i f - 0.89 to 0.93) have aTe of 124-128°C compared to 

102°C in the T51 samples ( f  = 0.61) after sintering at 1400°C for 12 h. The T5-15 

samples had a Te of 154°C, possibly due to more uniform cation distribution and, thus,
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more A site filling by the IT ions. These results indicate that Tc in TGG samples is 

strongly correlated w ith/due to changes in KSN content. Similar results were also found 

for the textured KSN42/58 ceramics (stoichiometric composition is KSN33/67) prepared 

by hot-pressing. It was stated that elongated grains impart less stress on each other with 

increasing grain orientation, which results in a lower internal stress and, thus, Te increases 

[23]. Pure SBNSO single crystal has a Tc between 115 and 128°C, depending on the 

crystal quality [24-29]. This difference can be attributed to the different compositional 

variations and doping levels in the textured samples.

6.4.3.2 Switching and Piezoelectric Properties

As is the case for the dielectric properties, the polarization is strongly enhanced in 

the c direction (1  cuts) with increasing /  (Fig. 6.12a). The T5-151 samples reached a 

maximum Pr= 20.3 pC/cm2. The estimated saturation polarization (P.J from P-E loop is 

~ 24 pC/cm2, which is 69-96% of reported SBN50 single crystal values. The average Pm 

for single crystal is 27.4 pC/cm\ and it ranges from 25 to 35 pC/cm2 [29-31] depending 

on the quality of the grown crystal. While Pr improves with /  in the c direction, it 

decreases in the a-b direction (// cuts). For example, the T5// samples have a P, = 1.6 

pC/cm2 compared to 0.8 pC/cm2 for the T5-15// samples after sintering at 1400°C for 4h. 

In addition, Pr (//) continuously decreases with increasing/due to the consumption of 

unoriented matrix grains (random samples have higher Pr than the //-cut samples due to 

averaging of properties (Fig. 6.11)).

The calculated maximum polarization from the model is substantially higher than 

the measured data, particularly at low er/values (Fig. 6.12a). Summary of processing
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(i.e.,/and r) and Pr values used in the calculation is given in Table 6.4. Possible reasons 

for lower Pr may be porosity, insulating grain boundary phase(s), pinning sites for 

domains within the grains, poor continuity in the polarization, and randomly oriented 

matrix grains. Figure 6.12b compares normalized P,for V2Os-free (this chapter) and V20 ,- 

containing (Chapter S) samples. They show similar trends but V20 5-containing 

compositions have slightly lower normalized Pr, which may be attributed to V20 , grain 

boundary phases. In addition, relatively lower texture (maximum /  = 0.93) in the V20,- 

containing samples allows the attainment of only 57% of single crystal value, while 86% 

is obtained in the V20 5-free samples (maximum /  = 0.98).

Figures 6.12a and b also indicate that the remanent polarization remains steady 

(and low) until nearly /  = 0.5 but increases considerably for higher / . As shown in 

Appendix B, the maximum polarization from a random sample is theoretically half of the 

single crystal saturation polarization for 180° domain reversal. Nevertheless, it is 

common for low symmetry samples to display much lower remanent polarization values, 

as was the case here. This is believed to be because the random grains effectively 

decrease the measured polarization at lower/values, by preventing the charge transfer (to 

elongated grains) necessary for switching. That is, there are so few possible polarization 

directions that misoriented grains seriously degrade the ability to maintain continuity in 

the polarization vector during switching. As a result, comparatively little of the material 

is actually able to switch. It is intriguing that the remanent polarization is virtually 

unchanged for/ <  0.5. This suggests that in order for the cooperative switching process to 

occur effectively, it is necessary for well-oriented grains to have good connectivity. This 

would also account for the dramatic rise in the switchable polarization for / >  0.5. This
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Table 6.4 Summary of processing (i.e.,/and r) and Pr values used in Figure 6.12a for the 

V2Os-ftee samples.

/ r Pr (experimental) P, (calculated)

0.01 (Random*) 1 3 13.7

0.423 (T5) 0.38 3.1 17.3

0.558 (T5) 0.29 4.9 19.3

0.5% (T9) 0.46 4.8 18

0.611 (T5) 0.29 6.9 19.8

0.658 CT15) 0.44 6.7 18.6

0.779 (T5-15) 0.29 9.5 21.5

0.846 (T15) 0.41 9.9 20.5

0.868 (T9) 0.36 9.6 21.4

0.894 (T15) 0.4 11.4 21

0.923 (T5-15) 0.26 17.3 23.4

0.934 (T9) 0.32 13.1 22.6

0.98 (T5-15) 0.29 20.3 23.5

1.00 (Single Cryst.*) 0.035 27.4 27.4

* R5-R15 samples.
* SBN50 single crystal.

172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



requirement for percolation of well-oriented material should be less important in systems 

with more possible polarization directions, since continuity of the polarization vector is 

much easier to achieve there. These results suggest that higher/and lower r  are required 

to maximize the charge transfer to orient the domains and hence to increase the 

macroscopic polarization. Because the a-b plane is nonpolar, higher r  value also degrades 

the percolation of the switchable grains.

The type of measurement, namely, Type A and Type B, also affects the 

piezoelectric properties in the c direction. Figure 6.10a shows several possible behaviors 

for Pr as a function of the amplitude of the field. Pr for TS1 (f=  0.61) increases with the 

field. Pr for T1S1 i f  = 0.89) decreases monotonically. Pr for T91 i f  = 0.93) shows an 

initial decrease followed by a shallow rise, that was coupled with increased asymmetry in 

the P-E loops. In Type B measurements, however, no asymmetry was observed in any of 

the samples, and Pr was found to be higher (Fig. 6.10b). The TS-1S samples reached the 

highest Pr in both measurements and did not experience fast polarization fatigue (Fig. 

6.10a) or asymmetric loops (Fig. 6.11). The reason for higher Pr may be higher /  and 

lower r, fewer grain boundaries, and more uniform cation distribution.

The above-mentioned results indicate that polarization fatigue becomes dominant 

with increasing /  in the T5-T15 compositions. Polarization fatigue is defined as the 

gradual reduction of switchable charge with polarization reversal under bipolar drive. In 

order to further investigate the fatigue behavior in textured ceramics, the T151 sample 

sintered at 1400°C for 12 h was subjected to a cycling experiment at SO kV/cm, 10 Hz, 

and 2S°C. Pr decreased very fast from 12.5 to 6.8 pC/cm* after 10,000 cycles, and 

gradually to S.4 pC/cm* at 130,000 cycles. Ee, however, decreased slightly from 7 to 6.2
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kV/cm after 130,000 cycles. No asymmetry was observed in the P-E loops during 

cycling. Note that the T15J. sample with V2Os liquid phase former did not experience 

polarization fatigue even after 140,000 cycle. Also, fatigue did not always increase with 

increasing P,.

Fatigue is commonly observed in SBN single crystals. It was found in SBNS0 that 

after repeated switching under high fields, a major fraction of the total polarization 

rapidly locks into unswitching domain configurations after a few initial reversals. For 

example, P., drops from -  28 pC/cm1 (1“ cycle) to 10 pC/cm1 (2'"' cycle) and to 6 pC/cm2 

(3rd cycle) at 60 Hz and 2S°C [17]. A similar drastic decrease was also observed in 

SBN7S single crystals [32]. Single crystals usually have imperfections such as striation 

bands (perpendicular to the c direction) that are mainly introduced during crystal growth, 

which results in a change in the stoichiometry [17,32]. Therefore, the switchable 

polarization could be clamped due to charges being stored at defects such as domain 

walls, dislocations, imperfections, and grain boundaries (for ceramics), which tends to 

break up the ferroelectric coupling. It was also observed that there was no asymmetry 

with respect to the electric field, indicating no net internal electric field and, therefore, Ee 

remained almost constant [32].

The changes in polarization which occur on application of a cyclic field are 

principally due to the intrinsic (i.e., volume polarizability of the individual domains) and 

extrinsic (i.e., domain wall motion and reorientation effects) contributions [33]. There are 

at least two possible reasons for the effect of texture and processing on the observed 

fatigue behavior: changes in the sample homogeneity and changes in the character of the 

grain boundaries. As mentioned previously, SBN is an empty bronze in that S St** and
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Ba2* ions occupy the 6 available interstitial sites in the TTB structure. Therefore, high 

intrinsic channel defect concentrations due to vacant sites already exist in SBN. These 

channel defects are electrically neutral; however, short-range strain interactions may exist 

due to non-uniform distributions of Ba2* and Sr2* in the A, and A, sites, respectively [20]. 

For the TS-T1S samples, K* ions may also contribute to this non-uniform cation and 

vacancy distribution. In addition, similar to the striation bands in the single crystals, the 

stoichiometry of TGG samples varies inside the elongated grains because there are more 

Sr2* and IT ions in the center region (e.g., at the original KSN template position) and 

more Ba2* ions in the grown region (due to excess BN in the matrix). This variation in 

stoichiometry increases with increasing/because the homogenous matrix grains dissolve 

and precipitate on the relatively inhomogeneous, anisotropically growing grains. Because 

Ba2*and IT ions diffuse slowly within the grains (e.g., by solid state diffusion), there may 

be an uneven distribution of cations and vacant sites. Similar to charge trapping in the 

single crystals, compositional gradients within each grain could behave as defect sites for 

pinning the domains, which results in a decrease in Pr during polarization reversal. The 

fatigue rate intensifies with increasing /  due to increased single crystal regions (e.g., 

elongated grains) with more defect sites. For the TS-1S samples, however, lower 

polarization fatigue is due to more uniform distribution of cations because these samples 

have TC and Nb5* ions both in the matrix and elongated grains, which results in less 

available pinning sites inside the elongated grains. A second possibility is that the 

differences in the fatigue behavior is due to differences in the electrical conductivity of 

the specimens due to changes in the grain boundary conductivity. In general, both V2Os- 

containing and T5-15 specimens had comparatively low dielectric loss values. These
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same samples had more marked suppression of the peak permittivities due to grain 

boundary phases. It is possible that lowered dielectric loss was partially associated with a 

change in the electrical conductivity, and that resulting changes in charge injection also 

affected the fatigue rates.

Increased Pr after Type B measurements in Figure 6.10b suggest that fatigue is 

completely recoverable by annealing the samples above Te (e.g., S00°C for 1 h). These 

results indicate that domain wall pinning either by defect sites or by injected charge 

during polarization reversal is the main reason for the observed polarization fatigue in the 

highly textured SBNS3 ceramics. Similar results were observed in P^Zn^Nb^jOj- 

4.5PbTiOj single crystals [34].

In Figure 6.10a, the increase in Pr (in the T91) can be attributed to charge 

injection or a possible internal electric field because the P-E loop became asymmetric 

with respect to the applied field axis and Ec increased more after 30 kV/cm. Under the 

application of an ac field, the domains may break away from the pinning sites, resulting 

in a partial deaging or randomization of the defect-domain configurations, which results 

in an increased polarization due to switchable domains [35].

The best piezoelectric charge coefficient (d„) of 84 pC/N was obtained in the 

highly textured (f=  0.98) T5-I5JL samples after sintering at 1400°C for 12 h (Fig. 6.13). 

This value is 76 to 93% of the SBN50 single crystals (dj,= 90 to 110 pC/N for single 

crystals [26,29,35-37]). This sample also showed the highest Pr. For the T5-T15 samples, 

the maximum dj, *  63 pC/N was measured in the T91 samples. This lower value can be 

attributed to inefficient poling. This is supported by the observation that Pr measured 

from hysteresis loops and pyroelectric measurements are smaller than PM measured in P-
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E loops. For example, the T1S1 sample sintered at 1400°C for 4 h has a PM of 12.6 

jiC/cm1 at room temperature obtained from a pyroelectric measurement (as the poled 

sample was heated from room temperature to 250°C). However, P . = 17 jiC/cm2 was 

estimated from the P-E loop (Type B) recorded at SO kV/cm. This indicates inefficient 

domain orientation and, therefore, the dj, values are lower.

The pertinent average room temperature dielectric and piezoelectric properties for 

random and textured samples prepared without V2Os and sintered at 1400°C for 12 h are 

summarized in Table 6.S as a function of crystallographic direction and composition. 

Random samples have higher Curie temperatures compared to textured samples. The 

reasons could be more effective IT homogenization in the random samples (i.e., fine 

KSN powder vs. acicular template particles) and stress relief due to cracking (see Chapter 

4).

These results, like shown in Chapter S, indicate that electrical properties are 

considerably improved, compared to randomly oriented samples, and highly anisotropic 

properties can be achieved.

&5 CONCLUSIONS

Highly textured Sr0j 3Baa47Nb2O6 (SBNS3) ceramics were reactively sintered in a 

matrix of SrNbjOs and B aN h ^  powders. Acicular KSrjNbsOu particles were used to 

texture the samples in [001]. Samples had phase-pure tetragonal tungsten bronze structure 

by 1200°C and reached >95% of the theoretical density after sintering for 4 h at 1300°C. 

Extra BN, added to the stoichiometric matrix powder mixture for compositional 

adjustment, modified the matrix composition before template particles start to grow.
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Table 6.5 The average room temperature dielectric and piezoelectric properties for random and textured samples sintered at 

1400°C for 12 h.

Sample T «°C K n . K at25°C tanfi(% ) djj,pC /N P„ uC/cm2 E c kV/cm
RO* 129 2965 443 6.6 37 3.8 12.2
R5* 138 2150 485 5.5 27 3.4 12.8
T5// 108 1063 612 1.9 1.4 1 8.5
T5.L 102 9525 1485 7.7 27 6.7 5.9
R 9* 150 1525 290 3.8 26 2.7 15.8
T9// 124 859 522 1.1 0.9 0.8 11
T9± 126 21952 1324 10.1 61 12.9 6.9
R15* 162 1056 300 2.1 30 1.5 13.9
T15// 133 863 481 1.2 1.1 0.9 13.2
T151 128 18914 1324 10.3 52 11 6.9
T5-9// 144 567 325 0.6 1 0.3 5.9
T5-9J. 144 16067 900 8.6 78 16.8 9.3
T5-15// 150 645 428 0.7 1.5 0.5 10.8
T5-151 154 17000 935 7.4 83 20.3 10.6

* :  Dielectric properties were measured a t 100 kHz due to  space charge effect.
T(: Tem perature at the K : measured at 1 kHz during cooling.

Pr and Ec: M easured a t room  temperature and 10 H z, for an  applied field o f  5 0  kV/cm  (Type B).
K —  and K  at 25°C: M easured a t 1 kHz during cooling.

tan S  ( % ) :  M easured a t room  temperature and 1 kH z during cooling.
d u : At 100 H z and room  temperature, after poling at 10 kV/cm at temperatures ~ 10-15°C above Tc.



Significant template growth was observed after -90-95% densification. As sintering 

conditions and initial template concentration increase, the texture fraction (/) (as 

measured by the Lotgering factor) also increased due to the preferential growth of the 

template particles, assisted with a liquid formed due to the excess N b^s (either from the 

templates or present in the matrix). Samples without a liquid in the matrix (i.e., liquid is 

at the template-matrix interface), reached a maximum /  = 0.93 (9.1 wt% templates) 

compared to 0.98 (5 wt% templates) in the samples with a liquid in the matrix after 

sintering at 1400°C for 12 h. It was found that the degree of orientation distribution (r) in 

the texture direction (e.g., [001]) widens with increasing template content (e.g., r  = 0.29 

for 5 wt% and 0.40 for 15.4 wt% templates) due to the increased template-template 

interaction (e.g., tangling) during tape casting. Template particles controlled matrix grain 

growth and, therefore, no cracking or abnormal grain growth were observed in the 

samples textured by TGG.

The dielectric and piezoelectric properties were affected particularly by/, r, and 

grain boundary phases. Properties were enhanced in the samples with higher/and lower r  

values. In addition, the presence of nonferroelectric phases (mainly Nt^Oj-based) at the 

grain boundaries suppressed the observed dielectric properties, especially at the Tc. For 

the samples with uniform cation distribution, dielectric spectra showed normal 

ferroelectric behavior and fast polarization fatigue was not observed. The best electrical 

properties obtained are; the peak dielectric constant of 23,600 (at Tc = 128°C), the 

remanent polarization (Pr) of 203 jiC/cm2, the estimated saturation polarization of 24 

pC/cm2 (69-96% of SBN50 single crystal), and the piezoelectric charge coefficient of 84
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pC/N (76-93% of SBNSO single crystal). A model was developed to correlate processing 

parameters ( f  and r) to the polarization. Pr increased sharply (i.e., after/=  0.3) when the 

percolation (or charge transfer) between elongated grains was effectively established.
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CHAPTER 7 

SUMMARY AND FUTURE WORK

7.1 SUMMARY

7.1.1 Template Particle Synthesis

The availability of anisometric single crystal particles (e.g., templates) is very 

critical in the fabrication of textured ceramics prepared by templated grain growth 

(TGG). Therefore, template particles such as KS^NbjOu (KSN), Sro^BojNb2Q6  

(SBNSO), and SrNbjOe were synthesized in the SrO-BaO-hfifcOs system, using KC1 and 

SrClrtHfeO salts. The use of other salts like LiCl and NaCl did not yield anisometric 

particles.

hi the SrClr6 H2 0  + M^Os system (salt to powder ratio = 2), acicular SrNb2 0 6  

particles formed by solid state reaction of the salt and Nb20s- Large, irregularly-shaped 

(Sr-rich) Sr2Nb2 0 7  particles also formed with increasing reaction temperature and time.

SBNSO needles were always < 3 pm in length regardless of the processing 

variables (e.g., salt to powder ratio, cooling rate, and reaction time and temperature), 

which indicates that SBNSO is not very soluble in KC1. hi order to increase the size of the 

particles, seeded molten salt synthesis was performed, using pre-synthesized SBNSO 

needles. However, the final product phase (or needles) did not behave as nucleation sites 

for further growth. The nucleation frequency to form SBNSO from the reactant oxides 

was found to be higher.

Small but finite solubility of SrO in the KG + SrNb206 system (ratio = 1) favored 

the formation of acicular KSN and blade-like Sr2Nb207 particles. The amount of the latter
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increased with increasing reaction temperature. Unreacted SrNtfeOe particles remained 

fine (~1 pm) for all conditions examined. KC1 evaporation limited complete KSN 

formation but increasing the KC1 content (ratio = 1.25) yielded more KSN. The physical 

separation of as-synthesized particles by differential settling in water eliminated almost 

all of the unreacted, smaller SN particles.

Acicular KSN particles (isostructural with SBN) were selected as the most 

suitable templates for SBN matrix crystallization during TGG because these particles are 

more uniform and easier to reproduce in size relative to SBN50 and SN needles.

7.1.2 Reactive Sintering of SrujBai^NbiOf Ceramics

Sra53Baa47Nb206 (SBN53) ceramics were reactively sintered from SrNlfeOt (SN) 

and BaNbjOt (BN). KSN powder (0 to 15.4 wt%) was added to investigate the effect of 

seeding on the SBN53 formation.

Phase evolution was studied as a function of quenching temperature, heating rate, 

and the presence of a liquid phase. The formation temperature for SBN53 was lowered 

substantially by adding more seeds, decreasing the heating rate, and introducing a liquid. 

For example, the temperature decreased from 1260°C for the samples with no seeds to 

1130°C for the samples with 15.4 wt% seeds + 0.8 mol % V2Os at a heating rate of 4 

°C/min. For the V ^s-free samples, the activation energy was considerably lowered from 

554 ± 15 U/mol for the samples with no seeds to 241 ± 17 kJ/mol for the samples with 

15.4 wt% seeds. In addition, for all compositions, the SBN53 was formed directly, rather 

than via a variety of intermediate SBN solid solutions (i.e., other than SBN53).
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An unknown phase started to form in the samples during the SBNS3 formation. 

The amount of this phase was greater in the VzOs-containing samples, and decreased with 

increasing seed content and reaction temperature. Also, its formation was found to be 

almost independent of the heating rate. This phase might form on the surface of the BN 

particles because the strontium ion diffuses faster (compared to barium and niobium) due 

to its smaller size. No phases in the SrO-BaO-NbPj-Vp, system were found to match 

the unknown phase.

V2 0 $-containing samples densified at lower temperatures due to melting of V2O5 

at 690°C and they reached maximum density at T £ 1250°C, compared to T > 1350°C in 

the V2 0 $-free samples. The heating rate did not affect the densification much, except that 

the density was slightly higher at lower heating rates. It was found that KSN slowed the 

densification in the V2 0 $-containing samples, and improved it in the VzOs-free samples. 

All samples had nearly 17% shrinkage in the thickness direction upon full densification. 

In addition, the densification curves revealed that there was no volumetric expansion 

during reactive sintering.

The presence of a liquid changed the sequence of the reactive sintering. In the 

V2 0 s*containing samples, densification and phase formation occurred simultaneously. In 

the V2 0 s~free samples, however, the phase formation was completed before 

densification. In both cases, ceramics with > 95% relative density were obtained, 

indicating that it is not critical whether the densification or phase formation takes place 

first during reactive sintering.

Samples with high density and uniform grain size were obtained at different KSN 

contents. Unlike the V20 5 -containing samples, abnormal grain growth in the VzOj-free
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compositions took place because of off-stoichiometric grain boundary phases (i.e., Nb20 , 

excess), only when the samples were oversintered.

7.1.3 Templated Grain Growth of SrU}BallANb}0 ( Ceramics

Textured Sraj3Baa4TNb20 6 (SBNS3) ceramics with ~ 95% of the theoretical density 

were successfully fabricated by templated grain growth (TGG), in a matrix of SrNthOe 

and B aN h ^  powders. Acicular KSr^NbsOis particles (5 to 15.4 wt%) were used to 

texture the samples in the c direction (i.e., [001]). V2Os was added to some compositions 

to form a liquid (melting temperature is 690°C).

When V20 , was present, SBN53 phase formation initiated on the KSN templates 

and texture development started at temperatures as low as 950°C, even before the phase 

formation was completed (by T = 1100°C). Phase formation in the V20,-free samples, 

however, initiated in the matrix (e.g., independent of the KSN templates) and was 

complete by 1200°C.

As sintering^ conditions and initial template concentration increased, the texture 

fraction (/) (as measured by the Lotgering factor) also increased due to the preferential 

growth of the template particles. The liquid phase affected template growth in that 

anisotropic grain growth in the matrix prevented the attainment of higher/in the V2Os- 

containing samples at low template contents (< 9.1 wt%) and, hence, caused broader 

texture distribution (r) in [001]. For example, a n /=  0.56 and r  = 0.32 for the 5 wt%, and 

f -  0.93 and r =0.24 for the 15 wt% templates were obtained at 1400°C. However, high 

quality texture (i.e .,/=  0.93 and r = 0.29) was also obtained with only 5 wt% templates
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when the matrix grain growth was slowed by adding KjO and Nb2Or  In the V20 5-free 

samples, intrinsic liquid phase formation took place (at -  1300°C) around each template 

due to excess Nb20 , present in the template particles. A template content about 9-10 wt% 

was found to be adequate to reach an /  = 0.93 because of the lack of a liquid (and 

anisotropic grain growth) in the matrix. It was found that the texture distribution widens 

with increasing template content (e.g., r  = 0.29 for 5 wt% and 0.40 for 15.4 wt% 

templates) due to the increased template-template interaction (e.g., tangling) during tape 

casting. When template growth was assisted with a liquid (by adding excess Nb2Osto the 

matrix), an /=  0.98 was obtained at template content as low as 5 wt%.

Template particles controlled the matrix grain growth and, therefore, crack-free 

specimens with high density and uniform grain size were fabricated by TGG.

7.1.4 Electrical Properties of Textured Sr^jBa^jNbjO, Ceramics

The dielectric and piezoelectric properties were affected by / ,  r, and grain 

boundary phases. It was found that the ferroelectric properties were enhanced in the 

samples with higher/ and lower r  values. The presence of nonferroelectric phases (V2Os 

or NbiOs-based) at the grain boundaries suppressed the observed dielectric properties, 

especially at the Tc. Therefore, maximum Kjj = 7,900 in the V2Os-containing and 23,600 

in the V2Os-free samples were obtained, which are low compared to single crystal (Kjj = 

81,000). Te was found to be higher than that of SBN50 single crystals due to rilling of 

interstitial sites with IT ions from the KSN templates and V5* ions from the liquid phase 

former. Dielectric spectra showed normal ferroelectric behavior for the V2Os-containing 

and weak relaxor behavior for the V2Os-free samples.
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Polarization fatigue decreased the remanent polarization on successive application 

of the field in the VjOj-free samples. VjOj-containing samples, however, did not 

experience any evidence of polarization fatigue, possibly due to a more uniform cation 

distribution. However, some samples showed aging in the form of “pinched" loops during 

polarization reversal. This was eliminated by increasing the number of driving field 

cycle.

The best room temperature electrical properties obtained in the c (polar) direction 

for the Vj03-containing samples are a remanent polarization (Pr) of 13.9 pC/cm\ an 

estimated saturation polarization (P J  of 21 pC/cm2 (60-84% of single crystal), and a 

piezoelectric charge coefficient (d^) of 88 pC/N (80-98% of single crystal). For the V2Os- 

free samples, the maximum values are Pr = 20.3 pC/cm2, P„ = 24 pC/cm2 (69-96% of 

SBNSO single crystal), and djj = 84 pC/N (76-93% of SBNSO single crystal).

A model was developed to correlate the processing parameters i f  and r) to the 

polarization. It was found that the Pr increased sharply (after/  = 0.S) when the percolation 

(or charge transfer) between elongated grains was effectively established.

These results indicate that textured ceramics have superior electrical properties 

than the reported values in SBN ceramic literature (over the whole solid solution range), 

which makes the TGG approach viable for fabricating ceramics with single crystal-like 

properties.
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12 FUTURE WORK

12.1 Templated Grain Growth

hi this study, it was shown that highly textured specimens showing anisotropic 

electrical properties were successfully fabricated by TGG. Acicular template particles 

were aligned by applying a two dimensional shear force (i.e., tape casting), hi most cases, 

this resulted in high texture fraction with some degree of in-plane orientation of template 

particles. It was found that the resulting electrical properties were strongly related to the 

texture distribution in the polar direction. Therefore, other methods that impart three 

dimensional shear force such as extrusion (for the acicular templates) should be applied 

to orient template particles more efficiently because orientation distribution is very 

critical for the low symmetry crystals like SBN.

122 Texture Characterization

The texture evaluations which have been performed on TGG systems so far have 

been macroscopic, using x-ray rocking curves and the Lotgering factor. In these 

techniques, hundreds of crystals are analyzed at the same time, resulting in a distribution 

of grain orientations. These techniques are simple but have some disadvantages. First, the 

sample size should be rather large (IS x 15 mm), which can be, sometimes, difficult to 

produce regularly on an experimental basis. Second, only the crystallographic 

information from a fraction of the depth of the sample is obtained. Therefore, texture 

characterization from the volume can not be determined. Texture characterization from a 

SEM-based techniques (i.e., stereological analysis) also give information from the 

surface. Therefore, other characterization techniques 0.e., neutron diffraction) should be
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applied to analyze the volume, rather than only surface. This is important because 

measured electrical properties are obtained from the bulk samples.

7 1 3  Modeling of Electrical Properties

The macroscopic polarization was successfully correlated to the processing 

parameters by taking polarization and texture distribution functions into account, and 

plotted as a function of texture fraction. For uniaxial ferroelectrics, the polarization 

distribution can be expressed as P3-cos0. This function can be modified for other systems 

(based on symmetry elements and the number of possible polarization directions), and 

processing-property relation can be established. In particular, it would be intriguing to 

determine the critical texture fraction for efficient polarization percolation as a function 

of the number of polarization directions in the ferroelectric.

In Chapters 5 and 6, it was shown that dielectric properties, especially at Tc, were 

substantially suppressed due to existence of non-ferroelectric grain boundary phases. 

VjOj-containing compositions had the lowest dielectric properties. It would be useful to 

be able to correlate the effect of texture directly with the measured permittivity values. 

This is complicated by the need to decouple the effect of the grain boundary phases.

The dielectric behavior can be explained by a series mixing theory for diphasic 

systems [1]. For a sample with a grain boundary phases, it can be shown that

1 /K s = l /K g  + 1/R.Kgb (7.1)

where K, is the dielectric constant of the sample, K, is dielectric constant of the SBN 

grains (equal to the dielectric constant of SBNSO single crystal), Kg, is dielectric 

constant of grain boundary phases, and R is the thickness ratio of the grain (Dg) to the
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grain boundary layer (Dgb). Figure 7.1 shows that for the TGG samples, the textured grain 

length is directly proportional to /. It is seen that the constant of proportionality changes 

with the template content As a first approximation, in Eqn. 7.1, it is assumed that Dg was 

proportional to / . Figure 7.2 shows the variation of Dgb / as a function of /  for 

calculations made using the peak permittivities. It is clearly seen that ^Os-containing 

samples have higher Dgb / Kgt>. In addition, Dgb /  Kgb decreases continuously with 

increasing/for each composition, indicating that as the template particles consume the 

matrix grains, the volume of the grain boundary phase changes due to the elimination of 

grain boundaries parallel to the electrodes.

This semi-quantitative analysis gives a trend for the effect of grain boundary 

phases for various compositions. However, additional experiments to determine the 

thickness and composition of the grain boundary phases by transmission electron 

microscopy (TEM) should be done. These results could then be used to refine the model, 

and should allow determination of the dielectric constant of grain boundary phases as a 

function of temperature.
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APPENDIX A

DETERMINATION OF CORRECTION FACTORS FOR STEREOLOGICAL

ANALYSIS

Figure I shows the coordinate system used for stereological analysis. The 

template particles (or elongated grains) are considered to be cylindrical in shape with a 

circular cross-section. L and I stand for the length and thickness at any location, 

respectively. For perfectly oriented template particles, the actual length is equal to the 

measured length. However, the thickness changes between 0 and 2r, the diameter of the 

elongated grain.

x,

r

L

► Tape casting direction ( X 3 )

Lamination direction (XO

Figure 1. Coordinate system used for stereological analysis.
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Determination of the Mean Length

After tape casting, template particles are aligned mainly in the X 2 -X 3  plane, 

making an angle, a , with the Xi axis. The lamination process decreases a  Distribution of 

elongated grains (namely, a) around the X 3  axis is obtained from rocking curves, and the 

degree of orientation parameter, r, is obtained using the March-Dollase equation (see 

Chapter 5 and Appendix B). A correlation between measured and actual lengths, as a 

function of r, can be found if the probability of each orientation for elongated grains and 

the probability of cutting a grain at any particular angle are multiplied by the measured 

length. The details of this calculation are reported elsewhere [M. Seabaugh, “Texture 

development in liquid phase sintered alpha alumina via anisotropic template growth,” 

PhJ). Thesis, The Pennsylvania State University, 1998]. For textured SBNS3 ceramics, r  

ranges between 0.2 and 0.46. The correction factor calculated for this range is 0.99 and 

0.96, respectively. This shows that orientation distribution in the textured SBNS3 

ceramics is mainly due to in-plane (i.e., in the X2-X3 plane) orientation of elongated 

grains because the measured and actual lengths are very close to each other.

Determination of the Mean Thickness

After polishing the sample, the measured mean thickness in the X2-X3 plane, [r], 

can vary between 0 and 2r. Therefore, the thickness, t, at any location can be given as 

2rsin6, where 0 ranges from 0 to it (Figure 2).
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X,

X2+ x 3

Figure 2. Cross-sectional view of elongated grains.

The mean thickness, [r], can be calculated by taking the integral over all possible angles:

n n

[/] = J 2rsin0-d0 /  I d0 = 4rtx 
0 /  0

Therefore, the measured thickness (i.e., [/]) is multiplied with n/4 to find the actual 

thickness because variation in the thickness is directly proportional to that in the radius.
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APPENDIX B

AN EQUATION TO MODEL THE CORRELATION BETWEEN THE 

ELECTRICAL PROPERTIES AND PROCESSING PARAMETERS

(St\Ba)Nb206 (SBN) single crystals have the prototypic point group 4/nanm and 

the ferroelectric phase transition is from 4/mmm (tetragonal) to 4mm (tetragonal). There 

exists only one unique fourfold axis and non-180° domain walls are absent [1,2]. Grain- 

oriented samples possess axisymmetric (i.e., fiber) texture and belong to the Curie group 

°°fmm (when unpoled) and «m (upon poling) symmetry. In the symmetry, the 0 0  -fold 

axis is along the X3 (or c) direction and m is parallel to the X3. SBN has a spontaneous 

polarization only in the c direction, that is, Pt = P2 = 0 and P3 * 0 (i.e., average 

spontaneous polarization is 27.4 |iC/cm2 for SBNSO single crystal). Therefore, for 

misoriented grains, the polarization distribution can be expressed as Ps-cosa, where a  is 

the angle from the texture axis (Figure 1).

The orientation distribution in the c direction can be calculated from the Mareh- 

Dollase equation [3,4]:

Q(/>,a) = /(  r2cos2a + r*‘sin2a  )'M + (1 -/) 

where /  is the texture fraction and r  is the degree of orientation. The March-DoUase 

equation is simulated in Figure 2 for the random sample (i.e., r=  1 a n d /s  0) and a single 

crystal (or fully textured sample) (i.e., r  = 0 and /  = 1). In a random orientation 

distribution, the volume of material oriented at an angle a  changes as sina [5-8]. 

Therefore, Q ftr.a) can be multiplied by the sine function to determine the fraction of
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Figure 1 Polarization distribution for SBN50 single crystal as a function o f the 
angle, a , from the c direction.
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Figure 2 The March-Dollase equation (i.e., Q(f,r,a)) for; (a) single crystal or 
fully textured sample ( r = 0  an d /=  1) and (b) random sample (r = 1 an d /=  0).
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material as a function of a . The normalization condition, that is, Q(f,r,a>sina (a  -> 0 to 

n/2) is simulated in Figure 3 for the random sample and a single crystal (or fully textured 

sample).

The polarization at any angle can be found by multiplying the polarization 

distribution function with the normalized March-Dollase function, and taking the integral 

from the limits 0  to iU2:

This equation calculates the maximum expected polarization as a function of 

experimentally determined r  and /  values. It is simulated in Figure 4 for the random 

sample and single crystal (or fully textured sample). The area under the curve gives 27.4 

pC/cm2 for the single crystal (Fig. 3a) and 13.7 pC/cm2 for the random sample (Fig. 3b). 

Note that for the random orientation case, the maximum polarization is 13.7 pC/cm2 (i.e., 

P3/2 ), which is consistent with the theoretical calculation for random polarization, using 

Euler’s angles in 3 dimensions when only 180° domain switching takes place [9].

P3-cosa [Q(f,r,a)-sina]da
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Figure 3 Normalized March-Dollase equation (i.e., Q(f,r,a)-sina) for; (a) 
single crystal or fully textured sample (r =  0 and /  = 1) and (b) random 
sample (r=  1 and/ =  0).
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Figure 4 Polarization distribution (i.e., P(rj)) as a  function of misodentation 
angle; (a) single crystal or fully textured sample (r  = 0 and / =  1) and (b) 
random sample (r = 1 and/ =  0).
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