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ABSTRACT

Sodium bismuth titanate modified with barium titanate, (Nai/2Bii/2)TiC>3-BaTi03 

(NBT-BT), is a candidate lead-free piezoelectric material which has been shown to have 

comparatively high piezoelectric response. In this work, textured (Nai/2Bii/2)Ti03 - 

BaTiC>3 (5.5mol% BaTiOs) ceramics with <100>pc (where pc denotes the pseudocubic 

perovskite cell) orientation were fabricated by Templated Grain Growth (TGG) or 

Reactive Templated Grain Growth (RTGG) using anisotropically shaped template 

particles. In the case of TGG, molten salt synthesized SrTi03  platelets were tape cast with 

a (Nai cBi i/2)Ti03-5 .5mol%BaTi03  powder and sintered at 1200°C for up to 12 hours. 

For the RTGG approach, BLjTisOn (BiT) platelets were tape cast with a Na^COs, Bi^Os, 

Ti02 , and BaCOs powder mixture and reactively sintered. The TGG approach using 

SrTiOs templates gave stronger texture along [001] compared to the RTGG approach 

using BiT templates. The textured ceramics were characterized by X-ray and electron 

backscatter diffraction for the quality of texture. The texture function was quantified by 

the Lotgering factor, rocking curve, pole figures, inverse pole figures, and orientation 

imaging microscopy. The grain orientation distribution in the [001], as measured by x-ray 

rocking curve (and also OIM), has a full width at half m ax im u m  of ~8° and a texture 

fraction of 80% for the samples sintered at 1200°C for 12 hours in O2.

Electrical and electromechanical property characterization o f randomly oriented

and <001>pc textured (Nai/2Bii/2)TiC>3-5.5  mol% BaTiOs rhombohedral ceramics showed

0.26% strain at 70 kV/cm, and large field d33 coefficients over 500 pC/N have been

obtained for highly textured samples (f~90%). The d33 coefficient from Berlincourt

iii
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measurements was d33~200 pC/N. The materials show considerable hysteresis. The 

presence of hysteresis in the unipolar-electric field curve may be linked to the ferroelastic 

phase transition seen in the (Nai/2Bii/2)TiC>3 system on cooling from high temperature at 

~520°C.

The macroscopic physical properties (remanent polarization, dielectric constant, 

and piezoelectric coefficient) of random and textured ([001]pc) rhombohedral perovskites 

were estimated by linear averaging of single crystal data. However, the complete 

polarization, dielectric, and piezoelectric tensors are not available for NBT-BT single 

crystals. Therefore, the properties of lead based (PZT, 52/48) rhombohedral ferroelectric 

single domain-single crystals, whose properties (polarization, dielectric and piezoelectric) 

were computed using Landau-Ginsburg-Devonshire phenomenological theory (by Haun 

et al.), were used in the calculations for random and textured cases. Based on the 

averaging calculations for a ceramic with rhombohedral symmetry, the remanent 

polarization was expected to decrease but the other properties like dielectric constant and 

piezoelectric coefficient were expected to increase as the texture fraction in the ceramic 

increases. The experimental findings were in agreement with the trends in the 

calculations.

iv
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Chapter 1 

STATEMENT OF THE PROBLEM

1.1 STATEMENT OF THE PROBLEM

Piezoelectric ceramics and single crystals are used in a variety o f industrial 

applications as: 1) generators that convert mechanical energy into electrical energy, 2 ) 

ultrasonic transducers that convert electrical energy into mechanical energy, 3) sensors 

that convert mechanical force into an electrical signal, and 4) actuators that convert an 

electrical signal into mechanical displacement (strain) [1]. The suitability of a 

piezoelectric material for a specific application is affected by property coefficients like dy 

(piezoelectric coefficient), ky (electromechanical coupling factor), and Qm (quality factor)

[2]-

The most commonly used piezoelectric ceramics are usually lead-based, such as 

PbZrxTii.x03  (PZT), PbMgi/sNbioOs-PbTiOs (PMN-PT), and PbZni/sNb^Os-PbTiOs 

(PZN-PT). These lead-based ceramics display high property coefficients, especially near 

the MPB (morphotropic phase boundary). A piezoelectric coefficient of d33~600 pC/N 

and electromechanical coupling coefficient o f k33~70 %  have been reported for PZT-5H 

ceramics [3-4]. For rhombohedrally distorted lead-based relaxor ferroelectric-PbTiC>3 

single crystals oriented in the <001>pc direction, a dss coefficient of 1500-2500 pC/N and 

electromechanical coupling coefficient of k33>90 % have been reported [5].

Even though single crystals display high electrical and electromechanical 

performance, growth of single crystals is difficult and expensive. There are also 

limitations on the quantity and size of the single crystals. The physical properties of

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



single crystals are anisotropic in nature, i.e. direction dependent. Because of the 

averaging of the physical properties in orientation space, the macroscopic properties of 

the ceramic are less than optimized orientations of single crystals.

However, it is possible to improve the macroscopic physical properties of 

ceramics if  the grain orientations and their distributions are controlled [6-10]. Grain 

oriented ceramics can exhibit anisotropic physical and electrical properties like those of 

single crystals.

In order to obtain the maximum possible piezoelectric strain out of the crystal, 

optimum crystallographic cuts have to be utilized. For PZN-4.5% PT single crystals, it 

was shown that <001>pc (where pc stands for pseudo cubic) oriented rhombohedral 

crystals have a more stable domain state and have the highest stain [5]. Therefore, 

<001>pc is the optimum orientation for rhombohedral crystals. For simplicity, cubic 

phase Miller indices are used to indicate crystal directions throughout the thesis.

Sodium bismuth titanate (NBT) is a non-lead based ferroelectric material with a 

rhombohedral crystal structure. Solid solutions o f NBT with BaTiOs remain 

rhombohedral up to 6.5% BT [11]. NBT is a candidate piezoelectric material suitable for 

applications where there is a demand for high actuation power. It has been claimed to 

have 1.4 times the actuation energy density of polycrystalline PMN [12]. In the [001] 

direction, a d33 coefficient as high as 450 pC/N [11] has been reported for flux grown 

single crystals at the morphotropic phase boundary with BaTiOs [12], although the 

crystals were also quite hysteretic (20%), where the hysteresis was defined as the 

maximum opening in the unipolar strain curve divided by the maximum strain reached.

?
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In addition, NBT is a non-lead based ceramic. If high electromechanical 

properties in an environmentally friendly textured ferroelectric ceramic are demonstrated, 

it could become a first choice in some commercial applications. The primary objective of 

this research was to develop a process to fiber texture rhombohedral sodium bismuth 

titanate-barium titanate (NBT-BT) ceramics in the <001>pc direction to improve the 

electromechanical properties closer to the single crystal values. Compositions close to the 

MPB, where properties are reported to be high, were specifically chosen for this study. A 

standard ceramic processing technique in which templates can be aligned with a shear 

force during forming would have the advantages of low cost, high yield and shape 

flexibility. It is also interesting to consider the origin of the large hysteresis often 

observed under unipolar drive in NBT family materials, and whether it is intrinsic to the 

system.

1.2 SCIENTIFIC APPROACH

There are many processing techniques that can be employed to prepare a grain

oriented ceramic. A shear force is the common requirement in these forming techniques.

In the Templated Grain Growth (TGG) process, anisotropically shaped template particles

are aligned in a matrix powder system and sintered to almost full density [6-9]. Tape

casting is used in this case because the shear force in the doctor blade gap aligns

templates easily in the tape casting slurry and has the flexibility of producing large parts.

The green body is taken to elevated temperature where grain growth is possible. Since

template particles are large in size compared to the size of the matrix powder, the fine

grain matrix dissolves and precipitates on the template particles epitaxially. The volume

««»
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fraction of textured material, initially equal to the volume of template particles, increases 

within the ceramic at the sintering temperature with grain growth.

In TGG, the choice of template particles is a key issue [8-9]. Crystallography, 

chemical stability (compatibility), and the orientation of the template particle has to be 

taken into account The right processing conditions for full texture development have to 

be determined. In this study NBT-BT ceramics were textured in the <001>pc direction 

using either SrTiOs or BLtTisOu template particles using either a templated grain growth 

or reactive templated grain growth approach, respectively.

The electrical and electromechanical properties of the resulting fiber textured 

material will be addressed by averaging the single crystal properties o f a system with 

similar crystallography, since the full dielectric and piezoelectric tensor coefficients for 

the rhombohedral NBT-BT are not available.

13  ORGANIZATION OF THE THESIS

Chapter 2 introduces a concise review of piezoelectricity and ferroelectricity in 

NBT ceramics and its solid solutions with BaTiOs. The electrical and electromechanical 

properties of ceramics, textured ceramics and single crystals, either measured 

experimentally or calculated (estimated) from single crystal values, are reported. Also, 

typical characteristics of template particles for TGG and RTGG are also reviewed briefly.

Chapter 3 focuses on the processing issues mainly for the NBT-BT and SrTiOs 

systems, since SrTiOs template particles were used to texture NBT-BT ceramics. Various 

characterization methods were employed to quantify texture, including the Lotgering

4
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factor, rocking curves and pole figures. NBT-BT ceramics were also textured using 

BLtTisOu template particles. The key issues in this approach are addressed.

The experimental polarization (Pi), dielectric (Sy) and piezoelectric (dp) 

properties of the random and textured ceramics are reported in Chapter 4. Properties are 

explained qualitatively in relation to the crystal symmetry of the ceramic.

The texture characterization methods mentioned in Chapter 3 are bulk 

characterization methods. Another texture characterization method called OIM 

(Orientation Imaging Microscopy) or EBSD (Electron Backscatter Diffraction) can 

supply orientation information of specific points on the sample surface. The results 

obtained using this characterization method are reported in Chapter 5.

In Chapter 6 the macroscopic physical properties o f randomly oriented and highly 

textured rhombohedral 3m ceramic were estimated by averaging single crystal values of a 

similar material system. The orientation dependence of macroscopic physical properties 

were explained on the basis of crystallography. The trends in the experimentally 

measured values and calculated values were discussed in detail.

5
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Chapter 2 

LITERATURE REVIEW

2.1 INTRODUCTION

Piezoelectric materials are used in medical ultrasonic devices, ultrasonic motors, 

vibration dampers, sonar, and electromechanical positioners [1]. The materials o f choice 

are usually lead-based perovskites due to their superior electrical and electromechanical 

properties. However, the toxicity of lead is a concern. As a result, there is an ongoing 

search for lead free piezoelectric ceramics. (Nai/2Bii/2)Ti03  and its solid solutions are one 

of the candidates that draws attention [2]. Domain engineered BaTiOs, KNbOs and 

Ba(Zri.xTix)03  single crystals are also being considered [3-5]. The ideas behind domain 

engineering of perovskite single crystals were proposed by Park and Shrout [6].

It has been shown that PbCZni/sNb^Os-PbTiOs and PbCMgi/sNb^Os-PbTiOs 

single crystals with rhombohedral symmetry have remarkable piezoelectric properties in 

the <001>pc (pc=pseudo-cubic) [6]. Unipolar strains as high as 1.7%, piezoelectric 

coefficients (dss) of 2500 pC/N, and an electromechanical coupling coefficient (kss) of 

>0.9 have been reported [7]. The origin of the high piezoelectric response is belived to be 

rotation of the polarization from the <lll>pc towards the <001>pc axis with applied 

electric field. The success of this mechanism appears to be tied to a diverging di5 

coefficient associated with the presence of a lower symmetry (monoclinic or 

orthorhombic) phase transition. Figure 2.1 [8-11]. The domain configuration of <001>pc 

oriented rhombohedral crystals was found to be stable, giving hysteresis-free strain 

curves, unlike those of <11 l>pc oriented single crystals. Rhombohedral crystals poled and
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measured in the < l l l > p c  direction showed ks3<50% and dss-lOO pC/N [3]. It has been 

suggested that Naj^Bii^TiOs benefits from the same type of domain engineering [2].

2.2 SODIUM BISMUTH TITANATE AND ITS SOLID SOLUTIONS

The presence of ferroelectricity in NaicBiioTiOs (NBT) was first reported by 

Smolenskii et al. [12]. Since then, there have been many studies on NaioBii/oTiOs and its 

solid solutions with other perovskites like BaTiOs, SrTiOs, CaTiOs, and PbTiOs, both in 

polycrystalline and single crystal form.

The crystal structure of Nai/oBii^TiOs is perovskite (Figure 2.2) with a 

rhombohedral distortion at room temperature (R3c symmetry) [13-15]. The lattice 

parameter is 3.89 A and the rhombohedral distortion angle is small (a=89.6°) [16]. The 

Na+ and BiJ+ ions are believed to be approximately randomly distributed over the 12-fold 

cubooctahedral sites. The existence of short-range cation ordering has been reported, in 

one neutron scattering study [17]. However, Jones and Thomas [14] reported that no 

ordering is present in the cubic phase, based on another neutron diffraction study. There 

are two temperature induced phase transitions in Na^Bii^TiOs. The first one is at 230°C 

between rhombohedral ferroelectric (R3c)<-» and a tetragonal phase, and the second one 

is at 520°C between the tetragonak-»cubic phases (Pm3m) [13]. There is controversy in 

the tetragonal structure rietvelt refinement of the crystal structure.

There are conflicting results reported about the crystallography and dielectric 

character o f the intermediate tetragonal phase. Early reports with double hysteresis in the 

polarization-electric field curve and a transition temperature shift in biased dielectric

10

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



Oxvsen

Sodium/Bismuth 

Q  Titanium

Figure 2.2. Schematic of prototype perovskite structure (m3m symmetry).

11

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



measurements, were cited as proof for antiferroelectricity [18] (see Figure 2.3). In the 

same figure, the remanent polarization is also given as a function of temperture. The 

absence of polarization in the tetragonal region is compatible with the loss (or at least 

decrease) of ferroelectricity at this temperature. However, some groups have reported an 

absence of superlattice reflections due to the cell doubling in the XRD (x-ray diffraction) 

pattern, and no change in the domain pattern [19]. Recent neutron diffraction work, 

however, does report weak superlattice reflections [14] for the high temperature 

tetragonal phase. Superstructure reflections of the type h odd, k odd, and 1 even were 

observed. Crystal structure refinements reveal an a°a°c+ octahedral tilt (Glazer notation) 

with a tetragonal unit cell given by 2 ,/2ax21/2bxc. Glazer [20] developed a standard 

notation to describe octahedral tilting distortions in perovskites. The notation describes a 

tilt system by rotations of BC>6 octahedra about any of three orthogonal Cartesian axes. In 

Glazer notation [20], the letters indicate the magnitude of the rotation about a given axis, 

e.g., the letters a, b, and c imply unequal tilts about the x, y, and z axes. Superscript 

denotes the phase of the octahedral tilting in neighboring layers. A positive superscript 

would denote the neighboring octahedra tilt in the same direction (in-phase) and a 

negative superscript implies the tilts of neighboring octahedra tilt in the opposite 

direction (out of phase). A superscript o f 0 signifies no tilting about that axis. As a result 

for tetragonal NBT there was cell doubling in the [100] and [010] directions but not in the 

[001] direction [14]. The space group was suggested to be P4bm from Rietveld 

refinement of neutron diffraction data [14], In the space group it is suggested that the Bi3+ 

and Ti4+ cations are displaced in opposite directions along the c axis so there is nearly no

12
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polarization in the structure. However, the presence of weak polarization was suggested 

by a small second harmonic generation signal [14]. This tetragonal phase is ferroelastic. 

It is also possible that any disorder in the tilt systems may break-up the long range 

polarization of the ferroelectric phase.

It is possible that above 230°C, the intermediate region has co-existing 

rhombohedral (ferroelectric) and tetragonal (non-ferroelectric) phases. Neutron scattering 

[14, 21] studies confirmed that in the diffuse phase transition region both tetragonal and 

rhombohedral phases co-exist. They suggested that on cooling, initially unstable polar 

regions become stable, and finally become the nuclei for the low temperature 

ferroelectric phase [14]. The regions of mixed phases as a function of temperature were 

shown in Figure 2.4 [14].

From the specific heat measurements, no anomaly has been observed at the 

dielectric maximum temperature (320°C) [22].

Antonenko et al. optically studied the domain structure of Nai/2Bii/2TiC>3 single 

crystals using a polarized light microscope [19]. In his study, no influence of electric field 

on the domain structure was observed, instead a single domain state was only achieved 

by applying mechanical stress at high temperature and was preserved upon cooling to 

room temperature. This is consistent with ferroelastic behavior. The domain structure was 

observed till 520°C, above which it vanished. This is the transition temperature from the 

tetragonal to cubic phase. Other authors have confirmed the low mobility of the 

ferroelastic domain walls [13,23].

14
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Soukhojak et al. [24] investigated the temperature dependence of the domain 

patterns of flux grown Nai^Bii^TiOs single crystal as function o f temperature using 

TEM (Transmission Electron Microscopy). He reported that domains disappeared on 

heating at 200°C and likewise reappeared at the same temperature on cooling, producing 

the previous domain pattern. This is unusual because once the domain pattern disappears 

on heating, usually another domain pattern should reappear on cooling. Park et al. [25] 

optically studied the domain pattern of Nai/2Bii/2Ti03  single crystals and reported that 

domain pattern disappeared on heating at 200°C and reappeared at higher temperatures 

320°C which is not observed in Soukhojak's TEM study.

Relaxor behavior has been reported for PbTiOs modified Na^Bii^TiOs ceramics 

[16]. The permittivity and dielectric loss of NaicBii^TiOs rich solid solutions show a 

strong temperature and frequency dependence. The permittivity decreased and its 

maximum shifted to higher temperatures with increasing frequency. The morphotrophic 

phase boundary is located between 12-18 mol% PbTiOs. Similarly, doping with SrTi03 

resulted in relaxor behavior in Na^Bii^TiOs, however the transition temperatures (the 

temperature where dielectric constant is maximum) have been found to decrease by 

-5.3°C/mol SrTiOs [26]. Likewise, the rhombohedral to tetragonal transition temperature 

is also shifted to lower temperature.

Ferroelectric Nai ̂ Bi i/iTiOs-BaTiOs with low BaTiOs concentrations has 

rhombohedral point group symmetry, often reported as 3m with a small rhombohedral 

distortion at room temperature [21]. The structure of the Nai^Bii^TiOs-BaTiOs solid 

solution becomes tetragonal with increasing BaTiC>3. The morphotrophic phase boundary
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is located at ~6 .5 mol% BaTi03  [23] as shown in Figure 2.5. It is worth noting that the 

phase diagram has been redrawn relative to the published one. In particular, the phase 

which develops at ~230°C in pure Nai^Bii/^TiOs was originally described as 

antiferroelectric. It has subsequently been shown that this “phase” is a mixture of 

ferroelectric rhombohedral and non-ferroelectric tetragonal material for pure 

Naj/2Bii/2Ti0 3 . How the nature of the phase changes as BaTiC>3 is added is not known. 

For lack of additional information, it was assumed that the entire area was the same, two- 

phase mixture. Secondly, the cubic (paraelectric) to tetragonal (paraelectric) phase 

transition temperature (520°C for Nai/oBii^TiOs) was added as a dotted line. However 

the cubic to tetragonal transition temperature as a function of BaTiCb doping is not 

known, so an arbitrary slope is given to the line. It is presumed that the stability of this 

phase decreases as BaTiC>3 is added, since BaTiC>3 itself has a cubic prototype phase. In 

any event, it clear that all of the ferroelectric phases near the MPB are cooled through a 

tetragonally distorted ferroelastic phase.

Single crystals of Naj^BiicTiOs have been grown by high temperature flux 

methods in which excess NaiCCb and Bi2C>3 are usually used as the flux [2]. In work by 

Chiang and co-workers, the melt was slowly cooled from 1350°C at a rate of 5°C/hr. The 

obtained crystals were cut in the <001>pc direction for measurements. Among the crystals 

grown, the one with 5.5 mol% BaTiC>3 doped was rhombohedral and showed 0.24% free 

strain at 60 kV/cm, Figure 2.6. About 20% hysteresis was reported for the same sample.

Park et al. studied single crystals of Na^BiicTiOs grown by the flux technique 

and the Czochralski method [13]. The melting point of Na^Bii^TiOs was found to be at
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1290°C. Based on the evidence o f Na^O-TiCb rich second phases, they concluded that 

Nai/oBii/sTiOs melts incongruently. Crystals grown by the Czochralski method were 

nonstoichiometric due to Bi volatilization. Flux grown crystals had more rhombohedral 

distortion. Unipolar strain curve of Nai^Bii/VTiOs-l mol% PbTiOs single crystal oriented 

in the <001>pc were almost hysteresis free, but the piezoelectric coefficient measured 

from the slope of the strain vs. electric field curve was low (166 pC/N) [28] as shown in 

Figure 2.7.

NaicBiicTiOs has a transition temperature of Ttr~230°C (where the transition 

from rhombohedral to tetragonal starts) and a large room temperature remanent 

polarization of 38 pC/cm2 [23]. In the <001>pc direction, a d33 coefficient as high as 450 

pC/N [2] has been reported for flux grown single crystals at the morphotropic phase 

boundary with BaTi03, Figure 2.5 [27]. MPB composition polycrystalline ceramics on 

the other hand, have been reported to have d33 values of 125 pC/N, d3J of -40 pC/N, dis of 

194, and k33 of 55% [23].

Herabut et al. [29] studied La doped Nai/oBiicTiOs ceramics and reported 

improvements in the piezoelectric properties. The highest piezoelectric coefficient 

reported was (d33) 91 pC/N when ~2 at%  La was present. The Curie temperature was 

low (~100°C), grain size was small (<10 pm) and second phases appeared in the 

microstructure.

Mn additions have been found to enhance the electrical resistivity (3x1014 Qcm @ 

40°C and 0.2 wt% MnC03) of NBT at the expense of decreasing the Curie temperature 

(Tc). The shift in the Tc was reported to be —110°C/wt% MnC03 additions [30]. Grain
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growth was also promoted and the coercive field decreased for small concentrations of 

MnCC>3, <0.5 wt% [30].

It is clear from the review of the literature that the largest piezoelectric 

coefficients observed to date in Nai/2Bii/2TiC>3-based single crystals are coupled with 

substantial hysteresis. One possible cause for high hysteresis [2] in unipolar strain curves 

is related to the high temperature ferroelastic phase transition. The ferroelastic domain 

structure is set at high temperature, and does not move with electric field. It is possible 

that the presence of this domain structure imposes some type of restoring force on the 

ferroelectric domain walls, so that an electric field applied to the rhombohedral phase 

only temporarily moves the domain boundary. If the field is removed the original domain 

configuration may be recovered, yielding appreciable hysteresis. The work of Park et al. 

[28] shown in Figure 2.7 suggests that this situation may be avoidable. An alternative 

explanation might be that the electric field required to induce a tetragonal phase transition 

is low in Nai/2Bii/2Ti03-BaTiC>3 system. This would be consistent with the substantial 

poling strain observed in the work of Chiang and co-workers [2], If so, then the extent of 

hysteresis should depend on proximity to the MPB. A third possibility is that the large 

hysteresis is associated with either microheterogeneity or large concentrations o f point 

defects. This is reasonable to consider in Na^Bii^TiOs due to the volatility of Na, Bi, 

and O.

Given the controversy in the magnitude of the piezoelectric responses available in 

Nai^BiicTiOs-family materials, as well as the substantial hysteresis observed in many 

cases, the study was aimed at further investigating the properties, although this time
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oriented polycrystalline ceramics were considered. It was hoped that the ability to prepare 

oriented samples across the MPB would shed some light on the origin of the hysteresis.

2 3  ELECTRICAL AND ELECTROMECHANICAL PROPERTIES OF 

TEXTURED PIEZOELECTRIC CERAMICS

All crystalline materials show anisotropy in some of their property coefficients. 

However, due to the random orientation of the crystals (i.e. grains) in a ceramic, 

averaging of the anisotropic piezoelectric response typically results in lower properties 

than those displayed by properly oriented single crystals. The macroscopic symmetry in 

these ceramics is oooom, spherical symmetry (see Figure 2.8) [31]. The symmetry changes 

to oom (conical symmetry) after poling of a ferroelectric, due to alignment of the dipoles 

along the electric field direction, in accordance with the Curie symmetry superposition 

principle. The resulting symmetry allows the appearance of the piezoelectric effect as 

well as other properties. This is extremely useful, and is the basis for the piezoelectric 

response of piezoelectric ceramics like Pb(Zro.52Tio.48)0 3 . However, the resulting 

properties are below the single crystal properties calculated on the basis o f 

phenomenology for appropriately oriented single crystals [32]. The properties of the 

ceramic can be increased if  the crystallographic orientation of the grains/domains are 

controlled by texturing. Higher dielectric, pyroelectric, and piezoelectric properties have 

been demonstrated in fiber textured Pb(Mgiy3Nb2n)03- 32 .5%PbTiC>3 [33], (Sr,Ba)Nb2C>6 

[34], Bi4Ti30 i2 [35-37], PbNb2 0 6 [38], BaTi03 [39, 40], Nao^Cao.osBLuysTLAs [41], 

CaBuTLOis [41].
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Sabolsky et al. [33] showed that <001>pc fiber-textured Pb(Mg 1 /sNbT/slOs- 

32 .5%PbTi03  ceramics have enhanced piezoelectric, electromechanical coupling and 

compliance coefficients. The composition he studied had rhombohedral (3m) symmetry. 

The d33 coefficients of the highly textured Pb(Mgi/3Nb2/3)03- 52 .5%PbTi03  ceramics 

were 1.2 to 1.5 times greater than randomly oriented ceramics. He also reported 

hysteresis in unipolar strain curves of the textured ceramics which was absent in domain 

engineered Pb(Mgi/3Nb2/3)C>3- 32 .5%PbTi03  single crystals. He attributed the presence of 

hysteresis to the mechanical clamping due to the residual random ceramic as well as the 

BaTiC>3 templates (which affect the poling efficiency and the stability of domain 

configurations).

Duran et al. [34] showed that [001] fiber-textured (SrBa)Nb2C>6 ceramics have 

enhanced pyroelectric, dielectric and piezoelectric properties. The composition studied 

had tetragonal (4mm) symmetry. He found that there is a close correlation between 

texture fraction and electrical and electromechanical properties. These two examples 

clearly demonstrate that if  the grains are oriented in the right crystallographic direction, it 

is possible to enhance the physical properties of a ceramic.

Grain oriented (Na,K)i/2Bii/2TiC>3 (NKBT) ceramics were prepared by Tani’s 

group by a reactive templated grain growth method using plate-like BLtTisOn particles 

for templates [42-44]. Plate-like BLjTisOn particles were aligned parallel to the tape 

casting direction to act as templates for oriented growth of (Na,K)i/2Bii/2TiC>3. A 

Lotgering factor of 92% was achieved and improvements in the electrical properties like 

dielectric constant (9% increase to 644), planar coupling coefficient (46% increase to
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0.43), piezoelectric coefficient d.31 (71% increase to -63 pC/N) were attributed to the 

increased crystallographic orientation [42-45].

The mechanism of texture development in RTGG (reactive templated grain 

growth) of (Na,K)i/2Bii/2Ti03 using BuTisOn platelets was investigated by TEM 

(transmission electron microscopy) [42-43]. The reaction between BUTisOn templates 

and the matrix powder was initiated at the template surface and resulted in full 

conversion of the template particles to the perovskite structure while maintaining the 

orientation set during the forming process. The reaction probably occurs by solid state 

diffusion of Na and Ti atoms into the template particles [45], First, platelet like 

(Na,K)i/2Bii/2TiC>3 particles with <001>pc orientation perpendicular to the sample surface 

formed, and then the grain growth took place [45].

2.4 MODELING OF STRUCTURE-PROPERTY RELATIONS OF RANDOM 

AND ORIENTED CERAMICS

A ceramic consists of many single crystals (grains) randomly oriented in space. In 

addition, each of these single crystals of the ceramic material are separated into domains 

with various symmetries, like 4mm (tetragonal), mm2 (orthorhombic), and 3m 

(rhombohedral). There has been great interest in predicting the macroscopic properties of 

the ceramic using the single crystal properties only. Fundamentally, the orientation 

distribution of the domains impacts the overall macroscopic properties, (as does 

misalignment of the neighbouring grains and the presence of other phases).

One of the ways that ferroelectric ceramics differ from ferromagnetic ceramics is 

that in most ferroelectric crystals it is not possible to rotate the polarization continuously

26

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



in the applied field direction [46]. However, this is not true for some relaxor ferroelectrics 

in which polarization rotation has been demonstrated [6]. The amount o f field-forced 

domain rotation in Nai^Bii^TiOs is not known.

One of the main assumptions in the theoretical treatment of polarization direction 

in each domain is that the polarization direction in each domain lies within a certain solid 

angle 0 with respect to the direction of the electric field, and does not rotate. The angle of 

distribution depends on the magnitude of the field, the polarization conditions, and 

symmetry of the crystals [46]. In random ceramics, the minimum solid angle is 

determined by the allowed polarization directions (governed by the symmetry) and the 

requirement for a uniform distributed set of orientations. In contrast, in textured ceramics, 

the minimum solid angle is the same as in random ceramics but the distribution (pole 

density) is not uniform. The anisotropy, which is an inherent property of the single 

crystals, is now reflected more effectively in the macroscopic properties of the textured 

polycrystals.

There have been many attempts to estimate the macroscopic physical properties 

o f polycrystalline materials [47-50]. Analytical expressions relating the piezoelectric 

properties of single crystals and polycrystals have been studied previously. In most cases, 

a number of simplifying assumptions were made, including disregarding the mechanical 

interactions between grains, as well as the existence of imperfections in the crystals [46, 

51], and internal mechanical stresses in the ceramics developed during cooling from the 

sintering temperature. Therefore, the predictions are qualitative in nature and predict the 

maximum coefficients for these assumed ideal conditions.
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The interactions between neighboring grains, which are related to the 

misorientation angle of one grain with respect to the grains surrounding it, play a crucial 

role in the overall (effective) macroscopic properties of polycrystalline materials [52]. 

For example, two piezoelectric grains, oriented differently with respect to the driving 

electric field, will strain in different amounts due to the inherent anisotropy in 

piezoelectric coefficient. The grain that strains more will be clamped by the neighboring 

grain that strains less. Therefore, the overall response of the polycrystalline aggregate to 

the electric field will be lowered relative to the single crystal. Another fact is that dsi in 

perovskite ferroelectrics is negative; that is, as the grain elongates along the electric field 

direction it contracts in the direction perpendicular to it. In a real ceramic, grains are 

attached to each other. The negative strain in the perpendicular direction is different for 

each grain due to random or non-ideal grain orientation distribution. So, piezoelectric 

elongation along the electric field will be further clamped to match strain between the 

grains.

Subnikov [48] was the first who studied the piezoelectric effect and texture in 

Rochelle salt He derived the general relations describing the relations between the 

piezoelectricity and texture, along with the first experimental work on the piezoelectric 

properties of textured materials [49]. Rochelle salt is a comparatively easy case, because 

it is a  uniaxial ferroelectric.

Shuvalov [46] studied the analytical relations (Eqn. 2.1) between the properties of 

ceramics and single crystals for tensors of different rank with tetragonal (4mm) and 

rhombohedral (3m) symmetry. He showed that
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d33(ceramic) = —(1 + cos0)[(l + cos2 0)d33 + sin2 0(dis + cbi)] Eqn. 2.1
4

where 0 is the solid angle of distribution of orientations. Those derived relations have the 

solid angle of distribution as a variable in the equations but do not take into account non- 

random distribution (texture) of grains. For a tetragonal BaTiC>3 ceramic, the 

piezoelectric coefficient was given as 0.79djj when 180° and 90° domain switching is 

allowed, that is when polarizations are within the smallest solid angle possible. The 

calculated values are often larger than the experimental values [46].

Redin et al. [50], by using an integral approach, systematically evaluated the 

average remanent polarization in the 10 polar classes of crystals. They calculated that the 

remanent polarization in a random ceramic with 4mm (90° and 180° domain switching) 

and 3m (180°, 71° and 109° domain switching) symmetry should be 83.1% and 86.6% of 

the single crystal values, respectively. The calculations were specific for m3m as a 

prototype sysmmetry.

One of the methods employed in estimating the dielectric, piezoelectric, and 

elastic constants of polycrystalline materials from single crystal data is the use of 

Effective Medium Theory (EMT) [52]. This method has been successfully applied for 

thin films, bulk materials, and phase mixtures with different properties [51]. The benefit 

o f this approach is that piezoelectric interactions between grains are accounted for. The 

clamping effect of the substrate in ferroelectric thin film applications can also be 

modeled.

In the work of Pertsev et al., the material properties are modeled by taking into 

account the interaction of a spherical single domain inclusion in a homogeneous
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piezoelectric matrix (Figure 2.9) [52]. Eshelby’s “equivalent inclusion technique”, 

adapted to the piezoelectric case, was numerically solved for the piezoelectric inclusion 

in a dissimilar piezoelectric medium. Pertzev et al. [52] used EMT to estimate the 

dielectric and piezoelectric properties of 4mm symmetry BaTi03  and PbTiOs bulk and 

thin films as a function of normalized remanent polarization in the sample (a different 

way of expressing texture). The most important findings they report are a nonlinear 

change in the dielectric (Figure 2.10) and piezoelectric coefficients (Figure 2.11) with 

respect to the remanent polarization in the sample. The lowering of properties in thin 

films due to two dimensional clamping from the substrate was also described.

Nan et al. [47] studied the piezoelectric effect in polycrystalline BaTiOs ceramics 

by using linear averaging and effective medium theory to predict dss, d3i and dis using 

single crystal data. The anisotropy present in the BaTiC>3 single crystals was accounted 

for in their calculations, but matching of the strains in different grains were not accounted 

for. The predictions made using EMT were closer to the d33, d3i and dis values reported 

by Jaffe [53] than the linear averaging method.

Olson et al. [51] studied the macroscopic dielectric constant, bulk modulus and 

shear modulus of polycrystals with piezoelectric grains with 4mm symmetry. Grains with 

electromechanical coupling deform mechanically, which generates stresses on the 

neighboring grains that affect the overall macroscopic response of polycrystals. He 

assumed that the grains in the sample are neither completely clamped nor free. An 

intermediate state is accounted for in their calculations. The experimentally measured 

dielectric constant for unpoled BaTiC>3 ceramic (1400) agrees well with the predicted one 

(1320).
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Figure 2.9. The drawing of the model system used in EMT [52]. Spherical ferroelectric 

crystal in a homogeneous piezoelectric matrix. The Euler angles <j>, V)/, and 0 relate the 

crystal coordinate system (xi, X 2 , X 3 )  to the sample coordinate system (x i\ X 2 %  X 3 ’ ) .  

c=elastic stif&ess, e=piezoelectric constant, s= permittivity, E=constant electric field, S= 

constant strain, *=macroscopic property [52].
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substrate on the dielectric constant of the thin film. The dielectric constant o f unpoled c- 

and a-textured BaTiC>3 thin films are shown as dots [52].
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2-5 TEMPLATED GRAIN GROWTH AND TEMPLATE CHARACTERISTICS

There have been several ways of producing textured ceramics, e.g., tapecasting, 

extrusion, centrifugal casting, slip casting, sinter forging, or hot pressing [54-55]. In the 

TGG (templated grain growth) approach, anisotropically shaped template particles are 

aligned in a matrix powder by shear stress. Figure 2.12. Upon heat treatment, template 

particles coarsen at the expense of small size matrix grains (Figure 2.13) due to the size 

advantage. The presence of a liquid phase enhances material transport toward the 

template particles [33,56].

The choice of template particle is also a critical parameter that needs attention. 

Not every anisotropically shaped particle can be used as a template. First of all, the 

template has to be chemically stable in the matrix powder at elevated temperatures. 

Furthermore, the crystal structure and lattice parameter of the template particle has to be 

similar to that of the matrix material in order to enable epitaxial growth on the template 

particle surface [33].

In certain cases, there might not be a suitable template particle available that 

satisfies the above mentioned requirements. Reactive template grain growth (RTGG) is 

another approach that might be used. In this case, first the template particles chemically 

react with the matrix powder and then grow at the expense of the fine matrix powder [39, 

45]. During chemical reaction, the shape and single crystallinitv o f the template particle 

have to be conserved. Controlling the chemical reaction between the template particle 

and the matrix powder can control the degree of texture development [42-43].

The degree of texture in the resulting materials is strongly dependent on the 

degree of template alignment during the forming process, assuming the other
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requirements are fulfilled. It is the alignment of the template particles that determines the 

orientation of the grains in the sintered ceramics. This is how fiber-texture or biaxial 

texture is incorporated in the ceramic by TGG methods. If the template alignment is 

controlled biaxially, as in the case of blade-shaped templates, then the ceramic can be 

biaxially textured [55]. On the other hand, needle shaped or platelet shaped template 

particles yield fiber-textured ceramics [33,38].
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Chapter 3

(REACTIVE) TEMPLATED GRAIN GROWTH OF TEXTURED SODIUM 

BISMUTH TITANATE (Na^Bi^TiOs-BaTiOs) CERAMICS

3.1 INTRODUCTION

Sodium bismuth titanate (NBT) is an interesting non-lead based piezoelectric 

material with a high transition temperature (Tc~230°C) and remanent polarization (38 

jiC/cm2) [1). In the [001]pc direction, a d33 coefficient as high as 450 pC/N [2] has been 

reported for flux grown single crystals at the morphotropic phase boundary with BaTiOs 

(BT), Figure 3.1 [3] (the phase diagram has been redrawn relative to the published one as 

explained in chapter 2). In contrast, the highest reported piezoelectric coefficient for 

polycrystalline (Nai/2Bii/2)Ti03  ceramics is 125 pC/N [1]. If the reported single crystal 

properties can be achieved in a textured ceramic, while simultaneously reducing the level 

of hysteresis [2], the resulting material might be an alternative for lead-based 

piezoelectrics like lead zirconate titanate.

Grain oriented (Na,K)i/2Bii/2TiC>3 (NKBT) ceramics were prepared by Tani's 

group by the reactive templated grain growth method using BLfTisOn templates [4-6]. 

Plate-like BLfTisO^ particles were aligned parallel to the tape casting direction to act as 

templates for oriented growth of NKBT. A Lotgering factor of 92% was achieved and 

improvements in the electrical properties like dielectric constant (9% increase to 644), 

planar coupling coefficient (46% increase to 0.43), piezoelectric coefficient dsi (71% 

increase to -63 pC/N) were attributed to the increased crystallographic orientation [4-6].
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The best candidate template for seeding (and also for texturing) NBT would, of 

course, be NBT templates. However, anisotropically-shaped NBT templates are not 

available. Alternative candidates include single crystals of other perovskites, which have 

the same crystal structure and a lattice parameter similar to NBT-BT.

Preliminary experiments showed that BaTiOs was unstable in a matrix of NBT, 

whereas SrTiOs was able to template growth of oriented NBT. The objective of this study 

was to texture Nai/2Bii/2Ti03-5.5mol%BaTi03  (NBT-5.5 mol% BT) solid solutions by 

either templated grain growth (TGG) using SrTiC>3 (ST) templates or reactive templated 

grain growth using BiVTisOii (BiT) templates. The composition close to the morphotropic 

phase boundary (~5.5 mol% BT) was specifically chosen because the electromechanical 

properties are reported to be the best at this composition. In chapter 4 the piezoelectric 

and dielectric properties of textured NBT-BT are correlated to the texture quality and 

compared to those of single crystals.

3.2 EXPERIMENTAL PROCEDURE

3.2.1 TEMPLATE SYNTHESIS

SrTiC>3 platelets were synthesized by a two step process [7]; in the first reaction, 

filmed TiC>2 (P25, Degussa-Huls, Frankfurt-Main, Germany) and SrCC>3 (Alfa Aesar 99% 

(1% Ba), Ward Hill, MA, USA) powders were reacted in a KC1 (Alfa Aesar, Ward Hill, 

MA, USA) flux at 1300°C for 4 hours to obtain S rs^C b  platelets. In the second reaction, 

SrsTilO? platelets were reacted with TiC>2 at 1200°C for 4 hours in a KC1 flux to obtain 

SrTi03  platelets with {100} major feces. Both reactions were in sealed alumina crucible. 

The reactions yield anisometric SrTi03  particles, (see Figure 3.2). Residual KC1 was
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Figure 3.2. SEM image of molten salt synthesized SrTiC>3 particles.
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removed from the platelets by repeated washing in deionized water. SrTi03 platelets 

having an edge length of 10-20 pm and a thickness of 2-5 pm were obtained. The aspect 

ratio of the particles was 2-10. More details on the template synthesis are given in [7,8].

Plate-like BLjTisOn (BiT) particles were prepared by mixing equal weights of 

Bi20 3 (Alfa Aesar 99.99%, Ward Hill, MA, USA) (79.5 wt%) and Ti02 (P25, Degussa- 

Huls, Frankfurt-Main, Germany) (20.5 wt%) powders with a eutectic mixture of NaCl 

(44 wt%) and KC1 (56 wt%) in a sealed alumina crucible and by heating to 1100°C, 

above the eutectic temperature (645°C) of the salt [9,10]. The mixture was heated at a 

rate of 10°C/min from RT (room temperature), and held at temperature for 30 mins. 

before slow cooling. It was then washed with warm deionized water to remove the alkali 

metals and chlorine. The particles were 5-20 pm in diameter and ~0.5 pm in thickness 

(Figure 3.3).

3.2.2 SAMPLE PREPARATION

For TGG, chemically pure Na2C03 (J.T. Baker Chemical Co, NJ, USA), Bi20 3 

(Alfa Aesar 99.99%, Ward Hill, MA, USA), Ti02 (P25, Degussa-Huls, Frankfurt-Main, 

Germany), BaC03 (J.T. Baker Chemical Co 99.9%., NJ, USA) and MnC03 (0.3 wt%, 

Alfa Aesar 99.9%, Ward Hill, MA, USA) powders, corresponding to the 

(NaicBii/^o^sBao.ossTiCb stoichiometry, were ball milled in isopropanol with 3 mm 

Zr02 balls in a Nalgene bottle for 16 hours. Mn additions have been found to enhance the 

electrical resistivity and grain growth and to lower coercive field [11]. The mixture was 

calcined at 800°C for 2 hours and then ball milled in isopropanol with 3 mm Zr02 balls in

49

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



Figure 3.3. SEM image of molten salt synthesized BLtTisO^ platelets.
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Nalgene bottles for 16 hours. The resulting milled powder was mixed with a commercial 

binder system (Ferro 73210, Ferro Corp., Cleveland, OH) in toluene (J.T. Baker 

Chemical Co, NJ, USA) for tape casting. SrTiOs (pnbt»5.116 g/cm3) platelets, 

corresponding to 5 vol% of the (NaifiBii^tmsBao.ossTiOs ( p n b t * 6  g/cmJ) powder, were 

added to the slurry.

For the RTGG approach, the chemicals mentioned above, i.e. Na2C0 3 , Bi203, 

Ti02, BaC03  and MnC0 3 , were ball milled in isopropanol with 3 mm ZrCb balls in 

Nalgene bottles for 16 hours. Extra Na2C03  and Bi203 were added to the mixture to 

account for the deficiency in the BLtTisO^ templates. The resulting milled powder 

mixture was mixed with a commercial binder system (Ferro 73305, Ferro Corp., 

Cleveland, OH) in toluene for tape casting. B L ^ O n  platelets corresponding to 6 vol% 

of the (Nai/2Bii/2)o.945Bao.o5sTi03  powder were added to the slurry.

In both approaches, the slurry was cast with a doctor blade on a glass substrate 

with a blade opening o f200 pm at a shear rate of ~200 s '1. The viscosity of the slurry was 

150 mPa.s. The dried tapes were cut into 1.5 cm by 2.5 cm pieces and 60 tapes were 

laminated at 80 MPa. The binder was burned out by heating at 600°C for 1 hour with 

heating and cooling rates of 0.86 °C/min. For TGG, the samples were heated in O2 at 10 

°C/min to 1200°C and held for up to 12 hours. For RTGG, the sample was reacted 

between 600°C and 1000°C for up to 4 hours before sintering at 1200°C. Samples were 

sintered on a Pt foil in an alumina crucible.
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SEM images of the samples were taken after etching at 1050°C for 30 minutes. 

The surfaces of the etched samples were cleaned in an ultrasonic bath and then gently 

rubbed with Q-tips.

The Lotgering factor, rocking curves and x-ray pole figures were used to quantify 

texture. The Lotgering factor [12] is a semi-quantitative method and does not give any 

information about the grain orientation distribution. Crystallographic texture was 

characterized using X-ray based rocking curves [13] in order to obtain quantitative 

information about the grain orientation distribution. Rocking curve measurements were 

performed around the (002) peak (i.e. 2 theta: 46.6°) of NBT with a rocking curve in co of 

-20° to +20° 0 using a standard X-ray diffractometer (Scintag, Inc., CA, PAD V, theta-2- 

theta goniometer, Si(Li) Peltier detector). The data were corrected to eliminate 

defocusing and absorption effects using a computer program developed by Vaudin [14]. 

The March-Dollase function, Eqn. 3.1, was used to quantify the texture distributions from 

the rocking curve analysis [15]. F(f,r,co), the texture compensation factor, is given by

_3

F(f,r,co) = f  r2 cos2 co + + ( l - f )  Eqn. 3.1
I r J

where co is the angle between the texture (orientation) axis and the scattering vector, r is 

the degree of orientation, and f  is the volume fraction of oriented material. The r 

parameter characterizes the width of the texture (orientation) distribution. r=l for a 

random sample and for a perfectly textured sample of tabular grains r=0.

Pole figures were measured using a four-circle diffractometer and CuKa 

radiation. Pole figures were measured in steps of Aa=5° and A{3=5° in the ranges of
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0°<a<70o and 0°<(3<360°, with a measuring time of 10 seconds/point, where a  is the tilt 

angle and (3 is the azimuthal angle.

3 3  RESULTS AND DISCUSSION

3 3 .1  TEMPLATED GRAIN GROWTH OF N a^ B i^ T iO s CERAMICS USING  

SrTiOs TEMPLATE PARTICLES

Figure 3.4 shows that <001>pc oriented NBT grows on a <001>pc oriented SrTiOs 

single crystal at 1200°C. After 6 hrs at 1200°C, there was ~20 pm of epitaxial NBT 

grown on the surface of SrTiOs single crystal. Thus, SrTiOs template particles are 

expected to be stable enough for the TGG of textured NBT ceramics. BaTiOs single 

crystals were also embedded into NBT powder matrix and sintered at the same conditions 

as explained above. BaTiOs single crystals, however, did not survive and dissolved in the 

matrix. Therefore, BaTiOs template particles to texture NBT ceramics were not studied 

further.

For TGG of textured NBT, 5 vol% molten salt synthesized SrTiOs templates were 

added to the NBT matrix, which gave strong <001>pc texture. Sakata and Masuda [16] 

determined the phase diagram of the NBT-SrTiOs system in the composition range of 

0<x<0.5, where x denotes the mole fraction of SrTiOs. They found that NBT and SrTiOs 

form solid solutions over this composition range. Therefore, the interaction of SrTiOs 

templates with the NBT matrix was studied with an electron microprobe. The Sr content 

in the NBT matrix 6 pm away from a SrTiOs template was determined to be <0.3 wt%. 

Based on microprobe compositional line scans from the template into the NBT grown
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Figure 3.4. Growth of (NaicBii/^o.wsBao.ossTiOs crystal on single crystal SrTiOs at 

1200°C.
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region, the St content in the NBT matrix is constant and < 0.3 wt% (0.7 mol%). Since 

there is no Sr compositional gradient in the NBT growth region, it can be inferred that 

there is little Sr diffusion into the matrix from SrTiOs template. This is useful, since Sr is 

known to decrease the Tmax (-5.3 °C/mol%) of NBT [17].

3 3 .2  SINTERING AND MICROSTRUCTURE

The microstructure o f a NBT-5.5 mol% BT ceramic templated with 5 vol% 

SrTiOs sintered at 1200°C for 12 hrs. is shown in Figure 3.5. The SrTiOs templates can 

be easily distinguished from the NBT matrix, i.e. SrTiOs templates are darker than the 

NBT matrix phase. All SEM images were taken in the tape casting direction, i.e. 

perpendicular to the sample normal. There is an NBT growth region on the templates. It 

appears that the amount of growth of the NBT on each surface of the SrTiOs templates is 

equal. This is reasonable because all of the SrTiOs templates are largely bounded by 

{100} faces [7],

The weight loss in the samples was less than 1.4 % at 1200°C for all sintering 

times. It is very likely that weight loss is associated with the volatility of Bi and/or Na 

oxides. Up to 6 % weight loss has been observed for the samples sintered at 1250°C for 8 

hrs. For NBT the incongruent melting temperature is around 1240°C [18]. To minimize 

this problem, in this study the sintering temperature did not exceed 1200°C. The volatility 

of pure  BisOs and Na20 is 0.98 Pa and 1650 Pa at 1200°C, respectively [19-20]. These 

vapor pressure values are not valid for NBT-BT solid solutions, but it should be kept in
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Figure 3.5. SEM microstructure of NBT-5.5 %BT ceramic sintered at 1200°C for 12 hrs. 

Dark regions are SrTi03  templates whereas the light regions are the matrix material.
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mind that these two elements have high vapor pressures that might change the 

stoichiometry of the ceramic. This may have important consequences on the 

concentration of point defects present in the textured samples, since better texturing was 

achieved for longer hold times, where volatility may increase.

In Figure 3.6, the texture fraction, as calculated from the Lotgering factor, is 

plotted as a function of sintering time. It can be seen that f=70% after only one hour at 

1200°C. The Lotgering factor increases slowly with longer sintering times. It takes about 

12 hrs. to reach a texture fraction of f=94%. The density of these samples is 5.9 g/cmJ 

(~98% of the theoretical density). Random ceramics sintered at the identical conditions 

with no SrTiC>3 templates were transparent (fully dense).

The evolution of texture as indicated by Figure 3.6 can be explained as follows. 

Textured microstructures evolve by dissolution of randomly oriented matrix particles and 

precipitation on the oriented template particles. The driving force for grain growth comes 

from the size difference between the template particles and matrix particle, similar to 

Ostwald ripening. In the initial stage of sintering, the driving force is large and rapid 

grain growth takes place on the SrTiOs templates at the expense of small matrix particles. 

Therefore, f=70% texture was obtained for 1 hr of sintering at 1200°C. Coarsening of 

matrix particles also takes place during templated growth. As a result, the driving force 

for the relatively large, randomly oriented, matrix particle to dissolve and precipitate on 

the template particle decreases. The slowing down of the texture development at longer 

sintering times can be explained by considering the size dependency of solubility, Eqn. 

3.2. The solubility of a particle is size dependent [21] and is given by
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Figure 3.6. Texture evolution as function of sintering time at 1200°C, 5 vol% SrTiOs 

templated NBT-5.5 mol% BT samples.
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Cr = Coexp( ~̂ S Eqn. 3.2
RTr

where R is the gas constant. T is the temperature, Co is the saturation solubility, cr is the 

solubility at the surface of a particle with radius r, Q is the molar volume of the solid, and 

y is the surface energy of the solid-liquid interface.

Another reason for the slowing down of the texture development is grain 

"impingement”, as indicated by arrows in Figure 3.7. Although SrTiOs templates were 

well dispersed in the NBT matrix powder, early grain impingement takes place between 

templates that are closer to each other. Further growth of these grains at the contact point 

is not expected, i.e. these grains are at about the same size and grain boundary is flat. 

Therefore, there is significantly less driving force for the grain boundary to move. As a 

result, the randomly oriented grains will affect the overall macroscopic physical response 

of the textured ceramic. The properties are expected to be maximum when all the grains 

are oriented in the same direction (<001>pc).

In Figure 3.8, the XRD patterns of random and textured NBT-5.5 mol% BT 

ceramics after sintering at 1200°C for 12 hrs are shown. In a randomly oriented ceramic 

{110} is the main peak. In contrast, the {200} peak is the most intense one in the SrTiOs 

templated ceramic. A texture fraction of 94% was measured using the Lotgering factor.

The rocking curve of the sample with a 5 vol% SrTiOs template concentration and 

heated at 1200°C for 12 h is shown in Figure 3.9. The March-Dollase [15] equation was 

used to model texture and is plotted in the same figure. The texture fraction f  was 

determined to be 80% with an orientation parameter o f r=0.23. The March-Dollase
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Figure 3.7. SEM image of intermediate stage of sintering of SrTiOs templated NBT-5. 

mol% BT ceramics. Arrows mark impingement
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Figure 3.8. XRD pattern of textured (Nai^Bii/^tmsBao.ossTiOs ceramic using 5 vol% 

SrTiOs templates sintered at 1200°C for 12 hours (top), and powder of same chemical 

composition (bottom).
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Figure 3.9. Rocking curve of textured (Nai/sBii^o.wsBao.ossTiOs ceramic using 5 vol% 

SrTiOs template sintered at 1200°C for 12 hours (MD Eqn.=March-Dollase equation).
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equation deviates from the experimental intensity at small rocking angles, so the texture 

fraction in the sample may be underestimated by about 2-3%. The width of the 

distribution was narrow, with a Full Width at Half Maximum (FWHM) o f 8°. 

Furthermore, the FWHM was the same in perpendicular directions to the sample normal, 

confirming fiber texture in the sample, that is. there is no improvement in template 

alignment parallel and perpendicular to the casting direction within the plane of the tape.

Pole figures of the (002)pc and (111) pc planes are shown in Figure 3.10. Both 

(002)pc and (111) pc pole figures are axisymmetric, i.e. the sample is fiber-textured and 

there is no in-plane preferential orientation. For the (11 l)pc pole figure, the intensity is a 

maximum at about 53° from the sample normal, which is very close to the angle between

[ 0 0 1 ] p c a n d [ l l l ] p c .

33 3  REACTIVE TEMPLATED GRAIN GROWTH USING BitTfeOn 

TEMPLATE PARTICLES

NBT-BT ceramics were also textured using BLjTisOn platelets using the RTGG 

approach. The synthesized BiT platelets are single crystals (monoclinic at room 

temperature) with the c-axis perpendicular to the major surface. Figure 3.3. Six vol% 

anisotropically shaped BLfTisOio platelets were aligned by tape casting in a reactive 

matrix powder. The prepared samples were either directly heated to sintering temperature 

or pre-reacted at 700°C or 800°C for 1 hr. before heating to the sintering temperature. 

These samples were also sintered at 1200°C for 12 hrs.
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Figure 3.10. (a) XRD-pole figure o f (002) planes of textured (Nai/sBii^twsBao.ossTiOs 

ceramic using 5 vol% SrTiOs templates sintered at 1200°C for 12 hours. (Tilt angle=70°. 

Azimuthal angle=360°).
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Figure 3.10. (b) XRD-pole figure o f (111) planes of textured (Nai/sBi^o^sBao.ossTiOs 

ceramic using 5 vol% SrTiOs templates sintered at 1200°C for 12 hours. (Tilt angle=70°. 

Azimuthal angle=360°).
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Pre-reaction at low temperature was found to be a key step in texture 

development Samples that were pre-reacted at >900°C, or directly heated to the sintering 

temperature showed almost no evidence of texturing as measured by a Lotgering factor of 

f=8%, Figure 3.11. However, if  the samples were pre-reacted at 700°C or 800°C, about 

f=80% texturing was achieved for both cases. It should be noted that the reproducibility 

of texture development in the RTGG samples was inferior to the TGG samples

The difference between RTGG and TGG is when the initial reaction occurs at 

elevated temperature. This reaction has been studied for potassium modified 

((Nao.85Ko.is)i/2Bii/2TiC>3) NBT ceramics which were textured via the RTGG approach by 

Tani [4-6] using molten salt synthesized BLjTisOn template particles. Tani et al. observed 

in situ  reactions by transmission electron microscopy (TEM). There was a rapid diffusion 

o f Na and K atoms from the matrix into the BiT template particles, changing the layered 

perovskite to a regular perovskite. This in-situ reaction of the RTGG processing was 

regarded as topotactic, in which the template itself changes structure [6]. It is also evident 

that the single crystallinity of the template particle does not change during this process. 

This is one o f the major differences between the RTGG and TGG processes. In the TGG 

process, usually heteroepitaxial (because the template used is usually a different phase) 

growth takes place on the template, as in the case o f NBT-5.5 mol% BT ceramics 

textured using 5 vol% SrTiOs templates. These two phases have the same crystal 

structure and therefore, heteroepitaxial growth takes place on the SrTiOs template.

Figure 3.12 shows the microstructure o f textured NBT-5.5%BT textured ceramics 

using BLTisOn templates which were sintered at 1200°C for 12 hours. A grain size up to
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Figure 3.11. XRD patterns of NBT-5.5%BT ceramics textured using BLjTijOn templates 

at different heat treatment conditions.
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Figure 3.12. SEM image of NBT-5.5%BT ceramics textured using BuTisOn templates 

after 12 hours at 1200°C, side view.
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80 jam was obtained, but there is no evidence of morphological texture in this sample. A 

brick-wall microstructure was not obtained. In addition, the morphology and grain size 

were distinctly different than the BiT template size and morphology. Needle like features 

in the image are a T1O2 phase [11].

Both TGG and RTGG approaches resulted in <001>pc textured NBT-BT 

ceramics. In the RTGG approach, texture was strongly dependent on the pre-reaction 

temperature and a texture fraction of up to f=80% was achieved. The SrTiOs templated 

NBT ceramics resulted in f=94% texture after sintering at identical sintering conditions.

The two approaches resulted in different microstructures. SrTiOs templated 

ceramics had a narrow grain size distribution (<50jam) with a brick wall-like 

microstructure whereas BiT templated ceramics had a wide grain size distribution (up to 

80 jam) and no evidence of morphological texture.

The final grain size can be controlled by the number density of templates. The 

higher the number density of template particles, the smaller the grain size o f the 

templated grains would be. In this study 5 vol% SrTiOs and 6 vol %  BiT template 

particles were aligned in the NBT matrix. Even though the volume of each BiT template 

particle (10x10x0.5 pmJ) was smaller than the volume of SrTiOs template particle 

(15x15x5 jomJ) and therefore, there were a larger number (frequency) o f BiT template 

particles per unit volume, the resultant grain size in the ceramic was larger than the grain 

size in the SrTiOs templated samples. This suggests that not all of the BiT template 

particles act as templates [22]. The reason might be that BiT template particles are <0.5 

jam in thickness or that the nucleation did not occur from each template. The size
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difference between template particles and matrix powder is relatively small, and therefore 

the driving force for the template to grow is relatively small. This might also be related to 

the low reproducibility of texture in the RTGG process.

NBT ceramics were also textured using reactive matrix powder (uncalcined) with 

SrTiOs template particles. Highly textured ceramics (f~90%) have been obtained. The 

disadvantage of using reactive matrix powder instead o f calcined matrix powder is the 

high amount of sintering shrinkage. Unless there is real benefit from using reactive 

matrix powder, like template stability, templated grain growth with pre-calcined matrix 

powder is the most suitable approach. In this study, textured NBT ceramics had similar 

electrical properties no matter which texturing approach had been used.

3.4 CONCLUSIONS

(Nai/2Bii/2)o.945Bao.o55TiOs ceramics were textured by using two kinds of template 

particles, i.e. SrTiOs and BLTisOn template particles. Growth of sodium bismuth titanate 

on the strontium titanate template surfaces was heteroepitaxial. A brick wall 

microstructure resulted after sintering at 1200°C, with a SrTiOs template located at the 

core of each grain. 94% textured NBT-BT ceramics, measured by Lotgering factor, were 

obtained by using 5 vol% SrTiOs template particles. The FWHM of the texture 

distribution was 8°, measured by rocking curve. Reproducible results were easily 

obtained with SrTiOs templates using the TGG approach.

Reactive templated grain growth of NBT ceramics was performed using BLTisO^

template particles. A texture fraction of 80% was obtained as measured by Lotgering

factor. Pre-reaction at 700°C or 800°C before heating the sample to sintering temperature
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was critical, because samples directly heated to the sintering temperature did not show 

any evidence of texturing. During pre-reaction, all the BLjTisO^ templates were 

converted to NBT with the perovskite structure [4-6], so no residual BL^TisOn phase was 

expected in the grains.
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Chapter 4

ELECTRICAL AND ELECTROMECHANICAL PROPERTIES OF (REACTIVE) 

TEMPLATED GRAIN GROWTH TEXTURED SODIUM BISMUTH TITANATE

(Na^Bij/zTiOj-BaTiOs) CERAMICS

4.1 INTRODUCTION

Sodium bismuth titanate-barium titanate, (Nai/2Bii/2)Ti03-BaTi0 s (NBT-BT), is a 

candidate lead-free piezoelectric material which has been shown to have comparatively 

high piezoelectric response [1]. One means of comparing the performance of 

piezoelectric materials is the strain energy density [2],

e max — . . Ŝnraj ECpi. 4.1
p 4 |_2 J

where emax is the maximum strain energy density, E  is the actuator’s elastic modulus, smax

is the maximum field induced strain, and p is the actuator’s density. ^  is a factor

appropriate for an actuator when its impedance matches its surroundings [2]. Using this 

metric, NBT-BT has a lower density than PZT and PMN (6 g/cmJ vs. 7.5-8.5 g/cm3) and 

higher elastic moduli (100-110 GPa vs 60-70 GPa in PZT) [1]. Consequently, 

rhombohedrally distorted NBT-BT single crystals have been reported to have an 

actuation energy density 1.4 times greater than of polycrystalline PbMg i /sNbz/sOs-PbTiOs 

[2]-

Ferroelectric NBT-BT with low BaTiOs concentrations has R3c point group 

symmetry with a small rhombohedral distortion (90°-a<0.05°) at room temperature. The
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structure o f NBT-BT solid solution becomes tetragonal with increasing BT. The MPB is 

located at ~6.5 mol% BT [3].

Furthermore, NBT-5.5 mol% BT has a high transition temperature (Tc~230°C) 

and a large remanent polarization (38 pC/cm2) [3]. In the <001>pc direction, a 

coefficient as high as 450 pC/N [1] has been reported for flux grown single crystals at the 

morphotropic phase boundary with BaTiC>3 [4]. Polycrystalline ceramics on the other 

hand, have been reported to have d33 values of 125 pC/N [3]. If the reported single crystal 

properties can be achieved in a ceramic, while simultaneously reducing the level of 

hysteresis [1], the resulting material would be an attractive alternative for lead-based 

piezoelectrics. One approach to achieving this economically is to texture a polycrystalline 

sample.

Texture in a polycrystalline sample refers to a preferred orientation distribution of 

the many crystallites (grains) in the sample with respect to a coordinate system in the 

sample. Since the individual crystallites (grains) have anisotropic properties, grain 

orientation and its statistical distribution have an important influence on material 

properties. This is the motivation for almost all texturing studies [5]. There are three 

attributes that govern the properties of materials [5]:

• Macroanisotropy due to nonrandom texture.

• Discontinuity of properties across the grain boundaries.

• Grain boundary properties deviating from the bulk properties.

The first factor is mainly influenced by the orientation of the crystallites (texture). 

The second and third attributes depend on the misorientation across the grain boundaries
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and the grain boundary character. For instance, the stresses at the grain boundary are 

orientation dependent If these stresses exceed the grain boundary strength then boundary 

fracture may occur. If the property under consideration is controlled by the grain 

boundary, as in the case o f critical current density in high Tc superconductors, then it is 

essential to control the grain boundary [5]. The generation of macroanisotropy in NBT- 

BT ceramics by TGG was the focus of Chapter 3.

The electromechanical properties of single crystal NBT-BT are anisotropic and 

the electromechanical properties are largest along <001>pc, as is the case for many 

rhombohedrally distorted perovskites [2]. Therefore, ceramics with grains oriented along 

<001>pc should display higher electromechanical properties than randomly oriented 

ceramics. A composition near the morphotropic phase boundary was specifically chosen 

because the properties are increased due to higher polarizability.

4.2 EXPERIMENTAL PROCEDURE

NBT-BT ceramics were textured using either SrTiOs platelets (TGG approach) or 

Bi4TisOi2 (BiT) platelets (RTGG approach). Both TGG and RTGG approaches resulted 

in <001>pc textured NBT-BT ceramics. Details of sample preparation procedures were 

described in Chapter 3. <001>pc oriented surfaces were first fine polished using 5000 grit 

paper and then sputtered with Pt for electrical property measurements. A multi-frequency 

meter (HP 4284A LCR meter) was used in conjunction with a computer controlled 

temperature chamber (Delta Design Inc., Model MK 9023) to determine the dielectric 

constant as a function of temperature on heating and cooling (0°C to 475°C) at
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frequencies between 1 kHz and 100 kHz. Samples were heated and cooled at 2°C/min. 

The samples were poled by applying 60 kV/cm at 100°C for 15 mins. and then cooled to 

room temperature while maintaining the field.

Simultaneous polarization (P) and strain (S) hysteresis curves were measured as a 

function of field up to 80 kV/cm on <001 >pc textured ceramics using a computer 

controlled modified Sawyer Tower system and a linear variable displacement transducer 

(LVDT) sensor driven by a lock in amplifier (Stanford Research Systems, Model SR830). 

The electric fields were applied using an amplified triangular wave form at 0.2 Hz, using 

a Trek 609C-6 high voltage DC amplifier. During testing, the samples were submerged in 

Flourinert (FC-40, 3M, S t Paul, MN), an insulating liquid, to prevent arcing. The same 

system was used to measure unipolar strain curves on poled <001>pc textured ceramics, 

with a unipolar wave form. The value of d33 was determined from the decreasing slope of 

the unipolar strain vs. electric field curve between 0 and 10 kV/cm.

In addition, the piezoelectric charge coefficient, d33, of poled samples was 

measured 24 h after poling, using a Berlincourt d33 meter (Model ZJ-2) operating at 100 

Hz.
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4 3  RESULTS AND DISCUSSION

43.1 X-RAY DIFFRACTION ANALYSIS

The rhombohedral distortion close to the MPB was checked with textured 

samples in order to determine if  seeding affected the position of the MPB. Figures 4.1 

and 4.2 show the variation of the (111) and (200) peaks with BT doping. Diffraction data 

were collected at 0.01° steps with a hold of 13 seconds at each step. The XRD-pattems 

correspond to (bottom to top) SrTiC>3 templates, randomly oriented NBT-5.5 mol% BT, 

textured NBT-5.5 mol% BT (5 vol% SrTiOs), and textured NBT-6.5 mol% BT (5 vol% 

SrTiOs), respectively.

As it is shown in Figures 4.1 and 4.2, the NBT-BT samples studied here are 

predominantly rhombohedral in the composition range studied, although the weak broad 

peaks at lower 20 angles might indicate a small amount of tetragonal phase. High 

temperature X-ray diffraction of textured NBT-5.5 mol% BaTiOs ceramic was also done, 

Figure 4.3. The integrated intensity ratio of the (002) and (200) peaks (which is due to the 

tetragonal splitting) decreases as the temperature is increased. The integrated intensity 

ratio (I(002)/I(200)) o f the respective peaks are 0.67 (@ 150°C) and 0.09 (@ 550°C).
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Figure 4.1. (a) (111) x-ray pattern of SrTiOs templates, (b) randomly oriented NBT-5.5 

mol% BT, (c) textured NBT-5.5 mol% BT, and (d) textured NBT-6.5 mol% BT ceramics 

(textured ceramics contain 5 vol% SrTiOs templates), sintered at 1200°C for 12 hrs.
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Figure 4.2. (a) (200) x-ray pattern of SrTi03  templates, (b) randomly oriented NBT-5.5 

mol% BT, (c) textured NBT-5.5 mol% BT, and (d) textured NBT-6.5 mol% BT ceramics 

(textured ceramics contain 5 vol% SrTiC>3 templates), sintered at 1200°C for 12 hrs.
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Figure 4.3. (200) x-ray pattern of textured NBT- 5.5 mol% BaTiOs ceramics sintered at 

1200°C for 12 hrs (a) @ RT, (b) @ 150°C, (c) @ 550°C, (textured ceramics contain 5 

vol% SrTiOs templates).
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43 .2  HIGH FIELD ELECTRICAL PROPERTIES OF RANDOMLY ORIENTED 

AND TEXTURED Nai/zBi^TiOyBaTiOa CERAMICS

43.2.1 POLARIZATION

As a reference, randomly oriented NBT-BT ceramics were also characterized. 

These samples were made without addition of any template particles. The polarization vs. 

electric field curves for undoped and 5.5 mol% BT doped samples are shown in Figure 

4.4. As can be seen the loops are well saturated. The variation of the polarization and the 

coercive field as a function of BT content for randomly oriented NBT ceramics are 

shown in Figure 4.5. Samples were sintered at 1200°C for 12 hrs. Undoped NBT has a 

remanent polarization of 36 pC/cm2 and a coercive field of 53 kV/cm. The coercive field 

o f undoped NBT is large compared to lead-based ferroelectrics like PZT and PMN-PT 

ceramics. Coercive fields up to 73 kV/cm have been reported in the literature [3-4]. The 

poling process is, therefore, difficult For compositions close to the MPB (5.5 mol% BT), 

the remanent polarization increases to 45 pC/cm and the coercive field decreases to 34 

kV/cm. The remanent polarization and coercive values for 6.5 mol% BT containing 

sample were 41 pC/cm2 and 28 kV/cm, respectively. The maximum remanent 

polarization (45 pC/cm2) was achieved for 5.5 mol% BT containing samples.

In the same figure, the remanent polarizations and coercive fields for NBT-BT 

ceramics textured using 5 vol% SrTi03  template particles were also plotted as a function 

o f BT content The remanent polarization values were lower than random ceramics for 

the same level of BT doping. These results can be explained by crystal symmetry and the 

presence of a non-ferroelectric phase that does not contribute to the polarization.
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Figure 4.4. Polarization vs. electric field curves o f randomly oriented and textured (5 vol

% SrTiOs) NBT-BT ceramics. All samples were sintered at 1200°C for 12 hrs.
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Figure 4.5. Polarizations and coercive fields o f randomly oriented and textured (5 vol %  

SrTiOs) NBT ceramics plotted as a function of % BT doping. All samples were sintered 

at 1200°C for 12 hrs.
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The remanent polarization of an <001>pc oriented rhombohedral single crystal 

must be 1/V3 Ps. Furthermore, in randomly oriented ceramics, <11 l>pc is randomly 

distributed in 3-D space. The angle between the measurement direction and the 

polarization direction (< lll> pc) varies from 0 to 54.7°, with equal pole density in 

between. However, for textured ceramics, the angle between the measurement direction 

(texture direction) and polarization direction (<11 l>pc) is about 54.7° [6], similar to the 

<001>pc oriented rhombohedral single crystal case. Therefore, due to the averaging o f the 

polarization of each domain in 3-D space, randomly oriented ceramics have higher Pr 

than <001>pc textured materials.

In textured ceramics, there were 5 vol %  SrTiOs templates which mostly persist 

due to the modest interdiffusion at the sintering temperature. These templates were 

aligned in and surrounded by NBT-BT matrix phase. Since SrTiOs is a non-ferroelectric 

phase, its contribution to the polarization was negligible. Thus the remanent polarizations 

of the textured NBT-BT ceramics were also lowered by the smaller value of polarizable 

volume. It is also possible that the dielectric and elastic mismatch between the seed and 

the matrix reduces the efficiency of polarization reversal.

The coercive fields of randomly oriented and textured NBT-BT ceramics using 5 

vol% SrTiC>3 template particles are shown in Figure 4.5. Undoped NBT ceramics 

(random or textured) have similar coercive fields (~52 kV/cm), whereas at compositions 

close to the MPB, textured ceramics have appreciably lower coercive fields than 

randomly oriented ceramics. The coercive field of randomly oriented NBT-5.5 mol% BT 

ceramics was 34 kV/cm, whereas it was 28 kV/cm for textured ceramics with the same
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level of BT doping. The difference between coercive fields of randomly oriented and 

textured ceramic with 6.5 mol% BT doping level was -10 kV/cm.

In Figure 4.6, the remanent polarization of a  textured NBT-5.5 mol %  BT ceramic 

is plotted as a function of Lotgering factor (texture fraction). Different levels of texture 

fraction were obtained by keeping the sintering temperature fixed at 1200°C and varying 

the sintering times from 1 min. to 12 hrs. Samples sintered less than 1 hr were discarded 

due to lower density. Densities were greater that 90% (up to 98%) for the samples 

sintered longer than 1 hr. with varying texture fractions. Since those samples have 

comparable densities, polarization values were more or less determined by texture 

fraction only. It was observed that sintering for 1 hr. resulted in a polarization value of 33 

pC/cm2 with a Lotgering factor of f=69 %. This polarization value is lower than that of 

the randomly oriented ceramic (45 pC/cm2) due to the symmetry of the crystal and the 

presence of a non-ferroelectric phase, as explained above. Further increases in sintering 

time resulted in a higher texture fraction and therefore slightly lower polarization values. 

For example, sintering for 12 hrs. resulted in polarization value of 32 pC/cm2 with a 

Lotgering factor of f=94%. It is important to note that these changes are opposite to those 

expected based on density. That is, the remanent polarization is expected to increase with 

increasing sample densities. Microprobe analysis had also confirmed that Sr diffusion to 

the matrix is low, so the decrease o f remanent polarization with increasing texture 

fraction cannot be related only to the Sr diffusion to the matrix. High texture fractions 

and sintering times were related since high texture fractions were obtained by longer 

sintering times. If Sr diffusion occurred readily, then there should be more Sr in the
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Figure 4.6. Polarization of textured (5 vol %  SrTiOs) NBT-5.5 mol% BT ceramics plotted

as function of Lotgering factor. The random ceramics had no SrTiOs-

Random
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matrix for highly textured samples due to the longer sintering times. However, little Sr 

diffusion into the matrix was observed in this study by microprobe analysis (0.7 mol% 

SrTiOs).

43.2.2 ELECTROMECHANICAL PROPERTIES

Figure 4.7 shows the variation of maximum strain of randomly oriented ceramics 

as a function of % BT doping. Samples were sintered at 1200°C for 12h. The maximum 

strain is the strain measured when the peak in the electric field (driving field) was 

reached. Undoped NBT reached 0.06% strain at 50 kV/cm and 0.09% strain at 70 kV/cm. 

For compositions close to the MPB, higher strains were achieved. Maximum strains of 

0.12% at 50 kV/cm and 0.17% at 70 kV/cm were achieved in ceramics containing 5.5 

mol% BT. The hysteresis of these samples will be discussed in section 4.3.2.3.

In Figure 4.8 unipolar strain measurement is shown for textured NBT-BT 

ceramics. Figure 4.9 shows the variation of maximum strain of textured NBT-BT 

ceramics as a function of % BT doping. 5 vol% SrTiOs templates were added, and 

samples were sintered at 1200°C for 12h. Again, the highest strains were obtained for 

textured samples close to the MPB. NBT-5.5 mol% BT ceramics reached 0.16% strain at 

50 kV/cm and 0.26% strain at 70 kV/cm. This value (0.26% strain) is 62% higher than 

random ceramics and close to the value reported for single crystals (0.3% strain [1]) of 

similar composition.
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Figure 4.7. Unipolar maximum strain of randomly oriented ceramics plotted as function 

of % BT doping, sintered at 1200°C for 12 hrs.
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Figure 4.8. Unipolar maximum strain o f textured NBT-5.5% BT ceramics textured with 5 

vol% SrTiOs.
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Figure 4.10 shows the variation of the high field piezoelectric coefficient of 

randomly oriented ceramic as a function of % BT doping. The piezoelectric coefficient 

(d33) were estimated from the slope of the unipolar strain vs. electric field E curve. First, 

a unipolar electric field (driving field) was applied, and then, a linear fit was made to the 

0 to 10 kV/cm segment of the decreasing electric field. Driving fields ranged from 30 to 

70 kV/cm with 10 kV/cm increments. The ds3 coefficients of undoped random NBT 

ceramics ranged showed between 120 (at 30 kV/cm) and 170 (at 70 kV/cm) pC/N. Small 

driving fields resulted in small piezoelectric coefficients, whereas high driving fields 

resulted in high piezoelectric coefficients. The highest d33 values were obtained for NBT-

5.5 mol% BT random ceramics, which showed d33 coefficients between 230 (at 30 

kV/cm) to 360 (at 70 kV/cm) pC/N.

Figure 4.11 shows the variation of the high field piezoelectric coefficient of 

textured NBT ceramics (5 vol% SrTiOs) as a function of % BT doping. Undoped textured 

NBT ceramics showed d33 coefficients from 120 (at 30 kV/cm) to 150 (at 70 kV/cm) 

pC/N. Again, the highest dss values were obtained for NBT-5.5 mol% BT textured 

ceramics, which showed dss coefficients between 270 (at 30 kV/cm) to 520 (at 70 kV/cm) 

pC/N. This value (520 pC/N) is 44% higher than random ceramics and close to the value 

reported for single crystals (450 pC/N) of similar composition [1]. Since the dss values 

for ceramic cannot be larger than single crystal values with similar domain status, it is 

likely that extra response is due to the higher hysteresis in the textured ceramics.

Figure 4.12 shows the variation of unipolar maximum strain of textured NBT-5.5 

mol% BT ceramics textured with 5.5 vol% SrTiOs template particles plotted as function 

of Lotgering factor. Strains were reported at three different driving fields; namely 50, 60,
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Figure 4.10. dss coefficient of random ceramics plotted as function of % BT doping.
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Figure 4.11. d.33 coefficients of textured ceramics plotted as function o f %  BT doping, 

sintered at 1200°C for 12 h with 5 vol% SrTiOs templates. Numbers specify amount of 

texture (Lotgering factor).
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Figure 4.12. Unipolar maximum strain and maximum hysteresis of textured NBT-5.5 

mol% BT ceramics textured with 5 vol% SrTiOs plotted as function of Lotgering factor.

96

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



and 70 kV/cm. It seems that for texture fractions lower than f=70%, the maximum strain 

shown is a weak function of texture. For texture fractions greater than f=70% the 

maximum strain shown by the sample starts to increase when measured for the same 

driving field. The sample with f=94% texture shows 0.26% strain when measured at 70 

kV/cm.

Figure 4.13 shows the variation of the high field dss coefficient of NBT-5.5 mol% 

BT ceramics sintered at 1200°C for 12 hrs. with 5 vol% SrTiOs template particles, dss 

coefficients were measured from the slope of unipolar strain-electric field curve as 

explained above. Measurements were performed at electric fields between 30 and 70 

kV/cm. High field piezoelectric coefficients, for f<70% texture, were similar to the 

random ceramic values (~360 pC/N, measured @ 70 kV/cm). Ceramics with high texture 

(f>70%) showed enhanced actuation (d33). The highest dss coefficient (520 pC/N) was 

obtained for the ceramic with f=94% texture. The dss from Berlincourt measurement o f 

random sample at MPB was 110 pC/N.

4 3 .2 3  HYSTERESIS IN NBT CERAMICS

In all cases, the unipolar strain curves were accompanied by substantial 

hysteresis. Two approaches were taken to quantify the hysteresis. First hysteresis present 

in the samples was normalized, that is the maximum opening in the increasing and 

decreasing electric field was divided by the maximum strain in the sample. Secondly, the 

large signal tan8, which is equivalent to large signal dielectric loss factor, were reported
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Figure 4.13. dss coefficient of textured NBT-5.5 mol% BT ceramics textured with 5 vol% 

SrTiOs plotted as function of Lotgering factor, sintered at 1200°C for 12 h.
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according the protocol for calculation of the dielectric constant and piezoelectric 

coefficients for piezoelectric single crystals [9]. In this calculation polarization-electric 

field curves were divided into two sets; one set is the part that represents the polarization 

under increasing electric field curve and another set that represent the polarization under 

decreasing electric field. Then, the polarization data were curve fit to a fifth order 

polynomial, all fits were better that R2=99.8 %. A third function (polynomial) is obtained 

from the average of the two fit equations. The large signal tan8 were calculated using the 

fitted curves and the formula,

tan 8 = -----— ----- Eqn. 4.2
[7 l(A l +  A 2)]

where Aioop is the area bound by the upper and lower curve, A] and A2 are the areas as 

shown in the Figure 4.14.

The hysteresis (normalized hyteresis and large signal tan8) vs. %  BT graph is 

given in Figure 4.15. The driving electric field was 70 kV/cm. The first point to notice is 

that textured NBT ceramics were less hysteretic that the randomly oriented ceramics. The 

normalized hysteresis and large signal tan8 for textured NBT ceramics were 15 % and 22 

%, respectively. In contrast, the normalized hysteresis and large signal tan5 for randomly 

oriented NBT ceramics were 27 % and 39 %, respectively. For undoped NBT ceramics 

the coercive field is high (~52 kV/cm) and almost the same for random and textured 

ceramics (Figure 4.5). Thus, it is believed that the lowering of hysteresis in the unipolar 

strain-field curves is due to the orientation distribution control in textured ceramics 

(Figures 4.16 and 4.17). The shape o f the hysteresis curves are different for textured and 

randomly oriented ceramics.
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Figure 4.17. Large signal dielectric loss factor measured for randomly oriented and 

textured NBT-0 % BT and NBT-5.5 % BT ceramics. 1)0 mol% BT doped NBT textured 

ceramics, 2) 0 mol %  BT doped NBT randomly oriented ceramics, 3) 5.5 mol% BT 

doped NBT textured ceramics, 4) 5.5 mol %  BT doped NBT randomly oriented ceramics.
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On the other hand, the 5.5 mol % BT doped (MPB composition) textured samples 

were more hysteretic than randomly oriented samples. The normalized hysteresis and 

large signal tan8 for textured 5.5 mol %BT doped ceramics were 38 % and 42 %, 

respectively. In contrast, the normalized hysteresis and large signal tanS for randomly 

oriented 5.5 mol %BT doped ceramics were 33 %  and 36 %, respectively. The coercive 

fields for 5.5 mol %BT doped textured and randomly oriented ceramics were 28 and 34 

kV/cm, respectively (Figure 4.5), As the composition gets closer to the MPB, due to the 

lowering of the coercive field and therefore easier switching in the domains, the curve 

gets more hysteretic.

In Figure 4.16, the normalized hysteresis for 0 and 5.5 mol% BT doped NBT 

ceramics are plotted as a function of driving fields. The undoped but textured ceramics 

showed half the hysteresis of the randomly oriented ceramics. The textured samples with 

MPB compositions were less hysteretic than the randomly oriented samples if the driving 

fields were below the coercive field (<40 kV/cm). However, if  the driving fields were 

above the coercive field (>50 kV/cm), the hysteresis for textured MPB composition was 

large compared to the random sample. Randomly oriented and textured ceramics have 

different coercive fields. It is easier in the textured ceramic to move domain boundaries 

compared to the randomly oriented ceramics. Basically there are two mechanisms 

competing against each other. Orientation control favors low hysteresis whereas ease of 

domain movement due to low coercive field, as in textured ceramics, compensates for the 

lowering of hysteresis.

The large signal tan8 vs. the driving field were also calculated using the navy

protocol and are given in Figure 4.17 for two compositions, namely 0 and 5.5 mol %  BT
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doped randomly oriented and textured case. Undoped but textured NBT ceramics were 

less hysteretic than randomly oriented ones at all driving fields. At 70 kV/cm, the large 

signal tan5 were 22 % and 39 %  for textured and randomly oriented ceramics, 

respectively. For the MPB composition (5.5 mol %  BT) large signal tanS for textured 

ceramics were smaller than the randomly oriented ones at low driving fields (<50 

kV/cm). However, at high driving fields (>60 kV/cm), the large signal tanS for textured 

ceramics were a little higher than the randomly oriented ones. At 30 kV/cm, the large 

signal tanS were 20 % and 32 % for textured and randomly oriented ceramics, 

respectively. At 70 kV/cm, the large signal tan8 were 42 % and 36 % for textured and 

randomly oriented ceramics, respectively. Comparing the two methods used to quantify 

texture, large signal tan8 better picks up the electric field contribution to domain 

movement That is, at higher driving fields the observed hysteresis is bigger. High 

piezoelectric coefficients were measured at high electric fields which is a clear indication 

of the contribution of the hysteresis to the piezoelectric coefficient Similar effects have 

been reported in PZT [10-11], where the piezoelectric coefficient (djs) has been reported 

to be a function of the amplitude of the electric field.

For undoped NBT ceramics the coercive field is high (~52 kV/cm) and almost the 

same for random and textured ceramics (Figure 4.5), therefore there is less domain 

movement that contributes to the hysteresis in the strain curve. So, the lowering of 

hysteresis is due to the orientation distribution control in textured ceramics (Figures 4.16 

and 4.17). The coercive fields for 5.5 mol %  BT doped textured and randomly oriented 

ceramics were 28 and 34 kV/cm, respectively (Figure 4.5), As the composition gets to the
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MPB, due to the lowering o f the coercive field and therefore easier switching in the 

domains, the curve gets more hysteretic.

The hysteresis behavior o f the NBT ceramics calculated using normalized 

hysteresis and navy standards (large signal tan5) are similar. However, the amount of 

hysteresis measured with these methods are different from each other. Hysteresis reported 

as large signal tanS were larger than the normalized hysteresis. Normalized hysteresis 

values were smaller because as the curve gets more hysteretic, the unipolar strain in the 

samples, which appears in the denominator, gets bigger, which leads to small values.

A comparison of the hysteresis data reported here to single crystal data would be 

of great importance. Since only unipolar strain curves were reported for single crystals, 

only normalized hysteresis data were compared. The unipolar strain curve of a 

Nai/2Bii/2Ti03-2  mol% PbTiC>3 single crystal oriented in the <001>pc was almost 

hysteresis free (~7 %), but the piezoelectric coefficient measured from the slope of the 

strain vs. electric field curve was low (-165 pC/N) [12] as shown in Figure 2.7 in Chapter

2. The unipolar strain was about 0.1 % at 70 kV/cm [12]. The undoped but textured NBT 

ceramics showed a maximum unipolar strain of 0.09% at 70 kV/cm with a hysteresis of 

-15 %. The samples prepared here are more hysteretic than the single crystal data. Much 

more of the loop is open, so that the average hysteresis is higher. It can be concluded that 

the normalized hysteresis in textured NBT ceramics was approximately twice the value 

reported for single crystals. Furthermore, the dss coefficients were also comparable. d33 

was 120 pC/N on the average (-170 pC/N when measured from the decreasing slope) for 

the textured ceramic (in this study) and -165 pC/N for the single crystal doped with 2 

mol% PbTiOs [12].
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The unipolar strain data reported by Chiang et al. [1] would be more appropriate 

for comparison of the properties for MPB compositions. They reported that 5.5 mol% 

BaTiOs doped NBT single crystal was rhombohedral and showed 0.24% free strain at 60 

kV/cm, (Figure 2.6 in Chapter 2). About 20% hysteresis was reported for the same 

sample. In the <001>pc direction, a dss coefficient as high as 450 pC/N [1] has been 

reported for flux grown single crystals at the morphotropic phase boundary with BaTiOj. 

The following values were obtained for the textured ceramics with the same composition. 

NBT-5.5 mol% BT ceramics reached 0.26% strain at 70 kV/cm. This value (0.26% 

strain) is 62% higher than random ceramics. A high field dss coefficient of 520 pC/N was 

measured. It is very encouraging that dss values were comparable to the single crystal 

values and the hysteresis for textured ceramics were lower than the randomly oriented 

ceramics. However, it should be kept in mind that those single crystals were grown using 

flux method, that is it is highly probable that there are compositional variations in the 

single crystal, and defect formation due to the volatility of A site ions at high 

temperatures. In the textured ceramics these artifacts should not be as severe as in the 

case of single crystals. First o f all, compositional variations in the sample were not 

expected as the ceramic was prepared from well mixed and calcined powders. The main 

source for compositional variations would be the vaporization of the A site cations from 

the sample at the sintering temperature. The weight loss from the sample at 1200°C was

0.6 %  after a 1 min hold and 1 % after a 12 hour hold. It is also expected that most the 

weight loss is from the top and bottom surfaces o f the sample. To minimize the impact of 

this on the properties, at least 250 pm of material was removed from the top and bottom
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surfaces before applying any electrode for electrical property measurement. No 

compositional gradient across the sample thickness was detected in microprobe analysis.

It is clear from the review of the literature that the largest piezoelectric 

coefficients observed to date in NamBiicTiOs-based single crystals is coupled with 

substantial hysteresis [1]. One possible cause for high hysteresis [1] in the unipolar strain 

curve is related to the high temperature ferroelastic phase transition. The ferroelastic 

domain structure is set at high temperature, and does not move with electric field [13]. It 

is possible that the presence of this domain structure imposes some type of restoring force 

on the ferroelectric domain walls, so that an electric field applied to the rhombohedral 

phase only temporarily moves the domain boundary. If the field is removed the original 

domain configuration may be recovered, yielding appreciable hysteresis. The work of 

Park et al. [12] shown in Figure 2.7 in Chapter 2 suggests that this situation may be 

avoidable. An alternative explanation might be that the electric field required to induce a 

tetragonal phase transition is low in Na^BimTiOs-BaTiOs system. This would be 

consistent with the substantial poling strain observed in the work of Chiang and co­

workers [1]. If so, then the extent of hysteresis should depend on proximity to the MPB in 

NBT-BT ceramics.

A third possibility is that same of the hysteresis is associated with either 

microheterogeneity or large concentrations of point defects. This is reasonable to 

consider in NaicBii/jTiOs due to the volatility of Na, Bi, and O. Then, it is highly likely 

that the defect dipoles present in the ceramics might pin the domain walls as acceptor 

doped PZT [14-15]. In FeJ+ doped PZT, Fe+J-oxygen vacancy (V0‘) defect dipoles are 

formed. Vpb'-(V0") complexes can also be formed due to lead vaporization during
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sintering. The lead vacancies are positively charged and oxygen vacancies are negatively 

charged with respect to the neutral lattice [14-15]. Similarly, in NBT ceramics A site 

vacancies can be formed due to vaporization of Na and/or Bi from the perovskite lattice 

and lead to V Na or V b ,-(V 0") defect dipole formation. One of the consequences o f defect 

dipole formation is that domain boundary motion might be partially pinned, which 

contributes to the high levels of hysteresis seen in the ceramics.

43.2.4 DIELECTRIC PROPERTIES

In this section all dielectric behavior of randomly oriented and textured NBT 

ceramics were reported at 1 kHz unless otherwise notified. Ceramics were poled before 

measurement and tanS were about ~1 %. Undoped NBT has a room temperature 

dielectric constant of -350. For compositions close to the morphotropic phase boundary 

the dielectric constant increases and the highest dielectric constants were measured for 

NBT-6.5 mol% BT ceramics. The dielectric constant for randomly oriented ceramics was 

-750 whereas the dielectric constant for a textured ceramic was -950, with the same 

composition. The maximum dielectric constants measured for the composition with 5.5 

mol% BT doped ceramics were for randomly oriented (smax~6600) and textured ceramics 

(£max~5800).

The transition temperatures (To) were obtained based on dielectric property 

measurements. The transition from rhombohedral to tetragonal for undoped NBT starts at 

~230°C [3]. In our measurements, this transition temperature was lower than the one 

reported in the literature because o f the presence of Mn (0.3 wt% MnCOs) doping to
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increase the resistivity and enhance grain growth. A Ttr o f ~184°C was measured for 

randomly oriented ceramics, whereas a Tn- o f —146°C was measured for textured NBT 

ceramics with 5 vol% SrTiOs templates. The further lowering of the transition 

temperature with texturing may be attributed to dissolution of the small SrTiOs template 

particles (0.7 mol% SrTiOs). In all of the compositions (<6.5 mol% BT) studies, T^ was 

lower for textured ceramics than randomly oriented ceramics. All the measurements were 

done on heating o f poled ceramics. Figure 4.18 shows the dielectric constant vs. 

temperature behavior o f randomly oriented and textured NBT-5.5 mol% BT (5 vol% 

SrTiOs template particles) ceramics sintered at 1200°C for 12 hrs. The rhombohedral- 

tetragonal transition temperatures (to mixed phase region) for randomly oriented and 

textured ceramics were 125°C and 105°C, respectively. The transition temperatures of 

textured samples did not change with sintering time. The maximum dielectric constant 

was also suppressed for the textured ceramic relative to the random materials, probably 

due to the presence of a low dielectric constant phase, i.e. SrTiOs template particles.

Figure 4.19 shows the variation of dielectric constant of NBT-5.5 mol% BT 

ceramics textured using 5 vol% SrTiOs template particles as a function of texture 

fraction. The dielectric constant increases with increasing texture fraction from -510 for 

randomly oriented ceramic to -650 for fr=94% textured ceramics. From the directional 

dependence of dielectric constant, the maximum dielectric constant of many 

rhombohedral ferroelectric perovskites is observed in the direction perpendicular to the
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Figure 4.19. The variation of room temperature dielectric constant of NBT-5.5 mol% BT 

ceramics (5 vol% SrTiOs templates) as function of texture fraction, sintered at 1200°C for 

12 h.
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polarization direction, i.e. <lll>pc [8]. So, for the textured ceramic, the maximum 

dielectric constant is located at around 35.7° away from measurement direction. 

However, for the randomly oriented ceramic, in which the pole density of maximum 

dielectric constant is equal in all directions, the averaging of dielectric constant in all 

possible directions resulted in lower dielectric constant than textured ceramics. Another 

source for the difference in room temperature dielectric constant is the shift in T*.

4.4 ELECTRICAL PROPERTIES OF BUTfeOu TEMPLATED Na^Bi^TiOy- 

BaTiOs CERAMICS

The objective in studying the BiT templated ceramic was to compare the electrical 

properties to the ceramic textured using SrTiOs templates. The presence of a non- 

ferroelectric phase at the center of each grain might degrade the electrical and 

electromechanical properties due to dilution, clamping and field inhomogenities. The 

NBT-5.5 mol% BT composition was textured using 6 vol% BiT template particles. As 

noted in Chapter 3, BiT templated systems were very sensitive to the pre-reaction 

condition.

In Figure 4.20 the dielectric constant measured as a function of temperature for 

textured and untextured NBT-5.5 mol% BT ceramics were given. These measurements 

were performed for unpoled ceramics. The room temperature dielectric constant for 

textured ceramic (-1400) was higher than the randomly oriented ceramics (-1000), as it 

is expected for a ceramic with rhombohedral symmetry. The maximum dielectric 

constants and the corresponding temperatures for textured and untextured ceramics were 

7000-250°C and 7100-245°C, respectively.
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The amount of texture in BiT templated systems are dependent on the pre-reaction 

temperature and time. The unipolar strain curves for the same ceramics but for different 

pre-reaction conditions are given in Figure 4.21. Those ceramics were all sintered at 

1200°C for 12 hrs. However, two of them were pre reacted at 700 and 800°C for 1 hr 

before they were taken to the sintering temperature. The ceramic that was directly heated 

to the sintering temperature did not develop any texture. Therefore, the maximum 

unipolar strain was low, ~0.15% strain with a d33 o f -260 pC/N @ 70 kV/cm was 

measured from the slope of decreasing electric field as described before. However, the 

other two ceramics that were pre-reacted were textured to about f=80%. Therefore, those 

ceramics had much steeper unipolar strain curves. The maximum unipolar strain of 

-0.26% strain with a d33 of -490 pC/N @ 70 kV/cm were measured from the slope of 

decreasing electric field for the ceramic that was pre-reacted at 800°C for 1 hr.

However, it should be noted that for the textured ceramics, the unipolar strain 

curve gets more hysteretic. This result is consistent with the previous hysteresis behavior 

of SrTiOs templated MPB composition ceramics, where randomly oriented ceramics 

were more hysteretic than textured ceramics. The normalized hysteresis for the -80 % 

textured ceramic was -34  %  whereas it was —28 % for untextured ceramics Figure 4.21. 

Untextured ceramics obtained either by sintering the matrix powder without any template 

particles or by sintering BiT templated ceramics without any pre-reaction yield similar 

unipolar maximum strain (-0.15 %) and normalized hysteresis (-30%). Large signal tanS 

were also calculated for the same ceramics. At 70 kV/cm, the large signal tan5 were 20%
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for untextured (no hold), 25% for 1 hour hold at 700°C and 34% for 1 hour hold at 

800°C.

4.5 CONCLUSIONS

NBT-BT ceramics with 0 mol % to 6.5 mol %  BT were textured using 5 vol% 

SrTiOs template particles. Texture fractions up to f=94% were obtained as measured by 

the Lotgering factor. There is a good correlation between texture fraction and the 

electrical and electromechanical properties. This relation is not linear. Enhancements in 

the properties were observed at high texture fractions (f>70%).

<001>pc oriented rhombohedral single crystals show high strain and piezoelectric 

coefficients. The same concept is also valid for <001>pc oriented rhombohedral NBT-BT 

ceramics. Piezoelectric coefficients higher than randomly oriented ceramics but close to 

the single crystal values were obtained. The highest piezoelectric coefficient of 520 pC/N 

was measured for a textured sample with 5.5 mol% BT doping, on the rhombohedral side 

of the MPB. Considerable hysteresis in the strain response was observed. The 

piezoelectric coefficient from Berlincourt was ds3~200 pC/N for the same sample.

Hysteresis reported as large signal tan5 were larger than normalized hysteresis. 

The Large signal tan8 better picks up the electric field contribution to domain movement.
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Chapter 5

ELECTRON BACKSCATTER DIFFRACTION (EBSD) CHARACTERIZATION

OF NBT-BT CERAMICS

5.1 INTRODUCTION

In 1928 Kikuchi observed electron diffraction through a thin mica crystal [1]. He 

described the occurrence of the lines which carry his name. Later, a similar diffraction 

pattern was also observed in the back reflection mode [2]. It was not until 1967 that the 

first pseudo Kikuchi lines were observed by SEM [3] (Scanning Electron Microscopy); 

these were later named a SACP (Selected Area Electron Channeling Pattern) [4]. 

Practically, the spatial resolution in SACP was 10 pm (3 pm theoretically), and was 

mainly controlled by the spherical aberration coefficient (Cs) of the objective lens of the 

microscope [5].

The first pattern indexing and orientation calculations using the technique known 

as EBSD (electron backscatter diffraction) were demonstrated by Venables and his 

coworkers at Sussex University [6-8]. EBSD is superior to SACP because of its high 

spatial resolution. Furthermore, because a wide angular range is recorded in the pattern, 

low symmetry crystals can be interpreted more easily [9]. Nowadays, all EBSD systems 

utilize live video imaging and computer assisted indexing.
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5.2 ORIENTATION IMAGING MICROSCOPY

Orientation Imaging Microscopy (OIM) is used interchangeably with Electron 

BackScatter Diffraction (EBSD). In EBSD, a Kikuchi pattern is formed on a phosphorus 

screen and recorded via a CCD camera. The Kikuchi pattern is digitally analyzed to 

obtain the crystallographic orientation of each data point, Figure 5.1. EBSD is an 

attachment to a SEM. In SEM each electron beam spot on the sample surface leads to a 

Kikuchi pattern. Analysis of the Kikuchi patterns leads to quantitative texture 

characterization.

The OIM system used in this work consists of two parts: hardware and software, 

both of which are supplied from TexSEM Laboratories (Provo, Utah), Figure 5.2 [10]. 

The hardware is an attachment to the SEM (Model JSM, JEOL, Tokyo, Japan) that 

basically controls the scanning hardware and captures the image digitally from the 

phosphorus screen with a highly sensitivity CCD camera. The software analyzes the 

Kikuchi pattern in the digital image at every step, as the electron beam is scanned across 

the sample surface to obtain the orientation information from the spot where the beam is 

pointing. The components of the orientation imaging system are shown in Figure 5.2.

Image formation on the phosphorus screen is shown schematically in Figure 5.3 

[10]. A flat specimen is tilted with respect to the incident e-beam at about 70° to enhance 

the contrast A phosphorus screen on which the image is formed is located in the forward 

scattering geometry. The highly sensitive CCD camera, located behind the phosphorus 

screen, captures the image digitally for further processing with the hardware and software 

analysis.
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Figure 5.1. Kikuchi pattern o f Nai/2Bii/2Ti03 -5.5  mol % BaTiOs grain captured by the 

CCD camera (Top). Indexed pattern (Bottom). (pc=pattem center)
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In an OIM scan the beam is stepped across the sample surface in a 
regular grid. At each point the EBSP is captured and automatically indexed 
and the orientation and other information recorded (such as the pattern 
quality of the EBSP, an indexing reliability factor, the secondary detector 
intensity and EDS data.)

Figure 5.2. The components o f the orientation imaging system; Electron Source (typically 

a SEM), Phosphor Screen, Mechanical Interface, Camera System, Lens/Fiber Optic 

Bundle, Digital Signal Processor, Computer/Video Card, Microscope System Control 

Electronics. Figure from [10].
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Figure 5.3. The position of the sample in the SEM chamber and image formation on the 

phosphorus screen. Figure from [10].
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There are only linear features (lines) in the Kikuchi pattern, Figure 5.1. To 

identify a linear feature in the image, a Hough transformation [11] is used. Any linear 

feature will appear as a peak in Hough space. Taking three peaks at a time (three Kikuchi 

lines) in different combinations, the Kikuchi lines are indexed by looking at the angles 

between them. In a routine analysis, three images can be processed in a second, 

depending on the image quality and contrast Therefore, a vast amount o f data points can 

be analyzed and stored in a very short time. These stored data points are used to generate 

maps and pole figures [10].

The usefulness of OIM lies in the scale of the volume from which orientation 

information is obtained. Since the size of the e-beam is very small relative to the grain 

size, quantitative information is obtained about the orientation distribution of the grains 

in the sample. With this information, pole figures, inverse pole figures, rocking curves, 

grain size, and proof o f (hetero)-epitaxy can be obtained.

If the tetragonal distortion or rhombohedral tilt is low (below the detection limit) 

then the indexing of the Kikuchi pattern has to be done using the high temperature cubic 

phase as the prototype. Therefore, the rhombohedral crystal structure is treated as cubic.

Texture in rolled metals is a very common phenomenon and has been studied for 

a long time for aluminum, iron, copper etc. [12-16]. OIM is an effective method for 

studying recystallization in deformed metals [17-18]. The use of OIM in ceramics has 

become more popular recently. Duran et al. [19] employed OIM to characterize texture in 

strontium barium niobate tungsten bronze structures textured in the [001] direction. Khan 

et al. [20] studied the seeded growth of PMN-35% PT single crystals using OIM. The 

presence o f crystal defects, like entrapped grains, voids, and second phases in the grown
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single crystals was demonstrated Ernst et al. [21] studied the presence of 2=3 {111} 

grain boundaries (twin boundaries) in polycrystalline perovskite ceramics like BaTiOs, 

SrTiOs, and PZT5A. From the orientation relations of the neighboring grains, significant 

preference for 2=3 ({111} twins) boundaries was reported. A twin boundary involves a 

BaOs {111} plane as the common boundary plane and the nearby oxygen octahedra share 

faces instead of comers [22].

Sample preparation for OIM requires special care because the quality of the 

diffraction pattern is very sensitive to the surface quality and surface contamination [10]. 

Sample charging in OIM is a severe limitation for insulating samples. The electrons 

accumulate on the surface (surface charging) and destabilize the beam, leading to a 

distorted diffraction pattern [23]. The most commonly employed techniques to prevent 

charging are carbon coating the sample and use of a low vacuum environment in the 

specimen chamber [20, 23]. The diffracted electrons that form the image come from a 

depth of less than 20 nm. Therefore, any coating that is thick will severely degrade the 

signal quality [24]. Even with a very thin carbon coating the image is blurred, so the 

recommended coating thickness is <5 nm [10]. High atomic weight elements, like gold, 

are not recommended. In a low vacuum environment, positive ions generated in the 

chamber neutralize the surface charge [19].

126

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



5 3  EXPERIMENTAL PROCEDURE

Surface charging is a limitation in OIM. However, sometimes surface charging 

does not greatly affect the contrast in the Kikuchi pattern. In that case, it is not absolutely 

necessary to coat the sample for prevention of charging. In this work, the sample was 

attached to the sample holder with conducting tape. Areas close to the conducting tape 

were scanned to minimize artifacts due to surface charging. Scanning was conducted as 

quickly as possible so that the duration time of the e-beam on the same spot was 

minimized [10].

The samples were first embedded in an epoxy (Leco) for easy handling. Then, the 

surface was successively ground using 600, 800 (Leco), and 5000 (Buehler) grit papers. 

Fine polishing was done using diamond paste (Leco) with sizes of 6, 1, and 0.1 pm 

followed by 50 nm colloidal silica (pH=9), for about 20 minutes each. Then, the sample 

was sonicated in acetone to clean the surface.

To define the grain orientation, the reference coordinate axes used were labeled 

the “rolling direction [100]” (RD), “transverse direction [010]” (TD), and “normal 

direction [001]” (ND), the latter one is normal to the surface to be analyzed. These terms 

are adopted from the metallurgy community where texture is described in a rolled metal 

[21].

There are several parameters in the OIM software that need to be set before 

starting any analysis [10]. A grain boundary is defined when the angular deviation of 

successive points differs more than 3°. Raw data were filtered for questionable points that 

may occur at surface defects and grain boundaries. Special care was given not to alter the 

grain shape substantially. Crystal structure information (m3m) and lattice parameter (3.91
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A) were preset in order to index the Kikuchi patterns [10]. SrTi03  (3.9 A) and 

NaicBii/oTiOs (3.89 A) have similar lattice parameters.

5.4 RESULTS AND DISCUSSION

5.4.1 RANDOM CERAMICS

Figure 5.4 shows the OIM map of a randomly oriented Na^BiicTiOs-S.S mol% 

BaTiOs ceramic. Any two points on the sample surface whose orientations differ by more 

than 3° are considered to belong to different grains. To construct this image, 17286 data 

points were used whose Cl (Confidence Index), which is a quantification of the reliability 

of indexing, was 0.69 on the average. The Cl can vary between 0 and 1. Any value 

greater than 0.2 is considered good [10]. The map can be thought of as equivalent to an 

SEM image of the sample with an average grain size of -30 pm. Also, there are few 

special grain boundaries, like {111} twins, which will appear as straight lines [21]. Most 

of the grains were twin free which suggests that grain growth mechanism is not re-entrant 

edge grain growth mechanism but probably a normal grain growth mechanism.

For a randomly oriented ceramic, the distribution of orientations is equally 

probable in 3-D space. One way of searching for signs of crystallographic texture is to 

plot a pole figure (Figure 5.5) and/or inverse pole figure (Figure 5.6). If the density of 

poles is equally distributed, then the grains are randomly distributed. From the [001]pc 

pole figure and inverse pole figure given Figures 5.5 and 5.6, respectively it is clear that 

the sample is randomly oriented.
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Figure 5.4. OIM map of Nai/2Bii/2Ti03 -BaTi03  random ceramics based on 

crystallographic orientation. Sintered at 1200°C for 12 hrs.
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Figure 5.5. [001] pole figure of the Nai/aBiioTiOs-BaTiOs random ceramic.
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Figure 5.6. Inverse pole figure ofNai^Bii^TiOs-BaTiOs random ceramic.
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5.4.2 TEXTURED CERAMICS

Figure 5.7 shows the SEM image of a textured Nai/2BiTii/2C>3-5.5 mol% BaTiOs 

ceramic. The texture direction ([001]pc) is shown in the figure. The large rectangular 

grains are the SrTiOs seeded Nai^Bii^TiOs-S.S mol% BaTiOs grains.

Figure 5.8 shows a color coded crystal orientation map of a [001 ]pc textured 

Nai/2Bii/2Ti03 -5.5 mol% BaTiOs ceramic. [001]pc oriented seeded grains, denoted in red, 

are dominant in the image. The other colors indicate orientations other than [001]pc-

The phases in OIM are distinguished based on the crystal structure parameters, 

symmetry and lattice parameters. However, in some cases the differences in crystal 

structure can be below the detection limit of the equipment. Another way of 

differentiating phases is based on the chemistry. While analyzing the orientation of 

individual spots, an EDX detector analyses the chemistry of the very same spot and the 

information is saved with the orientation data. The crystal structure differences between 

SrTiOs template particles and Nai^Bi^TiOs-S.S mol% BaTiOs are below the detection 

limit o f the equipment The orientation analysis is done by assuming that the crystal 

structure is cubic and the material is homogeneous and single phase.

A qualitative way of distinguishing phases is the image quality (IQ) map. The 

quality of the diffraction pattern is material dependent because the atomic scattering 

factor is a function of atomic number [10]. Therefore, it is possible to construct a map 

that is based on image quality, to see the different phases in the image. It should be 

remembered that there are also other factors that affect the image quality of the 

diffraction pattern, like deviation from crystal ideality, and resolution of the electron 

beam.

132

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



Figure 5.7. Edge view SEM image o f textured Nai/2Bii/2Ti03 -BaTi0 3 - Rectangular grains 

are oriented in the [001] direction. Dark gray areas are SrTi03  template particles. Light 

gray areas are hetero-epitaxially grown Nai/2Bii/2Ti03-BaTi03  matrix phase. Those 

regions are marked by arrows.
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Figure 5.8. Color-coded crystal orientation map of textured Nai/2Bii/2Ti03-BaTi03 . 

Texture direction ([001]) is perpendicular to the plane.
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Figure 5.9 shows the image quality map of a [001]pc textured Nai/2Bii/2Ti03 -5.5 

mol% BaTiOs ceramic (textured using 5 vol% SrTiOs template particles) based on image 

quality o f each data point The texture direction is perpendicular to the plane. A 

schematic o f one seeded grain is shown in Figure 5.10. A SrTiOs template grain is 

located at the center o f each seeded grain. The Naj/sBii/sTiOs-S.S mol% BaTiOs matrix 

phase is heteroepitaxially grown on the surface of the template particle resulting in large 

seeded grains. The seed and the grown material have the same orientation.

To further show the epitaxial growth of Nai/2Bii/2TiOs-5.5 mol% BaTiOs on a 

SrTiOs template, a [001] oriented SrTiOs single crystal was embedded in a 

Nai/sBii/oTiOs-So mol% BaTiOs matrix powder and sintered in the same conditions. The 

image quality map was given in Figure 5.11. The white region on the left is the SrTiOs 

single crystal and the gray region on the right is the epitaxially grown matrix material. 

Randomly oriented grains are located at the lower section of the image. In Figure 5.12, a 

color coded orientation map of the same section is given. It should be noted that the 

SrTiOs template and epitaxially grown region were represented with the same color (light 

blue). The randomly oriented grains have various colors corresponding to different 

orientations. The misorientation in the epitaxially grown region is less than 5°.

Figure 5.13 shows the [001], [011], and [111] pole figures of the same sample 

shown in Figures 5.8 and 5.9. Clustering of poles at the center of the [001] pole figure 

(red color) confirms texture in that direction. Also, the clustering of points at a given 

radius from the center (red color), as is the case for [011] and [111] pole figures, confirms 

the presence of fiber texture. A similar sample characterized using x-ray rocking curve 

gave 80% texture with a FWHM of 8.5°.
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Figure 5.9. Image quality map obtained using OIM shows the morphology of the grains. 

Light gray areas (marked by red arrows) at the center o f large grains are the template 

particles.
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SrTiO* 

1 0 0 1 1

Nai/2Bii/2Ti03  -BaTi0 3

Figure 5.10. Schematic representing one SrTiOs templated Nai/2Bii/2Ti03 -BaTi03  grain 

and its orientation in the SEM image.
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Figure 5.11. Image quality map of SrTi03  single crystal templated Nai/2Bii/2Ti03-5.5 mol 

%  BaTi03  samples.
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Figure 5.12. Color coded orientation map of SrTi03  single crystal templated 

Nai/2Bii/2TiC>3-5.5 mol % BaTiC>3 samples.
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max= 4.348
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2.664
2.085
1.632
1.278
1.000
0.783

Figure 5.13. OIM derived [001], [Oil] and [111] pole figures. The clustering of poles at 

the center o f [001] pole figure confirms texture in that direction.
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Figure 5.14 shows the ODF (Orientation Distribution Function). The angles 

labeled as cpl, <j> and cp2 are Euler angles (Bunge). In the case of Bunge’s form of the 

Euler angles this is a rotation (cpl) about the Zs axis followed by a rotation (<j>) about the x ’ 

axis followed by a third rotation (cp2) about the Zs axis again. Figure 5.15. The angles cpl 

and cp2 range from 0 to 2n  and <j> ranges from 0 to n. These limits form a bounded space 

referred to as Euler space. The orientations were plotted in constant sections through 

orientation space. However, the axisymmetric region of Euler Space is much smaller 

when crystal symmetry and sample symmetry are taken into account [10]. It should be 

noted that the ODF is different than the plot of orientations in Euler space. If  the 

orientations overlap, which is common in texture, it is difficult to see the degree of 

orientation. The second problem is the orientation space is non-linear, therefore, 

clustering of points in orientation space may be misleading [10]. A quantitative way of 

overcoming this problem and describing the texture statistically is the use of the ODF. 

Therefore, the ODF is represented as a color intensity map. The regions of high intensity 

(near the red end of the color scale) are associated with clustering of points in the discrete 

plot shown in Figure 5.14 [10]. The ODF (also represented as f(g)) is calculated by fitting 

the distribution of the discrete orientation data. This gives the probability density function 

describing the probability of finding a grain with an orientation g within a given distance 

in orientation space (Ag) o f a specified orientation go in a polycrystal, or alternatively the 

volume fraction of material oriented within Ag of go [10].

ge(g-t-Ag)

Eqn. 5.1
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Figure 5.14. Orientation distribution function of textured Nai/2Bii/2Ti03 -5.5 mol %

BaTi03  samples.
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Figure 5.15. Schematic representation o f Euler angles. From [10].
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The expression for f(g) must satisfy the following condition:

<jf(g)dg = l Eqn. 5.2

It should be noted that one advantage of texture calculated by OIM data is that 

volume fractions of a given texture component can be determined quite accurately in a 

well defined manner compared to x-ray and neutron diffraction methods. For example, 

the volume fraction o f material oriented within 15° of the orientation (0°,0o,0°) can be 

directly calculated by finding the number o f orientation measurements in the OIM data 

set which satisfy this condition and dividing this number by the total number of 

measurements in the set. Data obtained from conventional x-ray or neutron diffraction 

pole figures cannot be directly interrogated. Pole figure methods require ODFs to be 

calculated from the pole figures and the volume fraction calculated from the ODFs by 

integration over an appropriate volume of the ODF and are thus dependent on the 

calculation method as well as the parameters used in the calculation [10].

In this study, texture was analyzed using x-ray diffraction and electron diffraction 

and the results were quantified using the Lotgering factor from the x-ray diffraction, and 

rocking curve were determined by both x-ray diffraction and electron diffraction for 

similar samples. The results are summarized in Table 5.1. The Lotgering factor is a semi- 

quantitative texture characterization method that does not give any information about 

orientation distribution. A texture fraction of f= 90% was measured. The texture fraction 

for the same sample was f=80% with an orientation parameter of r=0.20  when measured 

using rocking curve. The texture fractions measured using rocking curve were relatively 

lower than the texture fractions obtained using Lotgering factor. The texture fraction
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Table 5.1. Comparison of different texture quantification methods of textured

Nai/2Bii/2TiC>3-5.5 mol % BaTiOs samples.

X-ray OIM

Lotgering

Factor
Texture Fraction 90% -

Rocking

Curve

Texture Fraction 80% 94%

FWHM 8.5° 9°

Orientation

Parameter
0.20 0.21
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obtained from X-ray based rocking curve and electron diffraction based rocking curve 

80% and 94%, respectively. A relatively close orientation parameter 0.20 and 0.21, and 

FWHM 8° and 9°, respectively were obtained for similar samples. Even though the 

correlation between orientation parameters from March-Dollase function were in good 

agreement, the relatively high texture fraction obtained from OIM might be related to the 

number of grains from which orientation information was collected. Considering the high 

reproducibility of texture in SrTiOs templated systems, the result is not surprising. The 

measured pole density data from OIM and March-Dollase function were shown in Figure 

5.16.

5.5 CONCLUSIONS

Orientation imaging microscopy (OIM) was used to characterize the random and 

oriented grains in Nai^Bii/sTiOs-BaTiOs ceramics. In characterization of the sample, a 

vast amount of microstructural (grain size and distribution, grain morphology) and 

orientation information (texture fraction, texture distribution, orientation across grain 

boundaries, pole figures, rocking curves) was obtained.

Random ceramics did not show the presence of many special boundaries like 

{111} twins. Probably the grain growth mechanism is normal grain growth. Large (~30 

pm) grained microstructure were obtained. Pole figures confirmed the random 

distribution of the grain orientations.

In a textured ceramic, large seeded grains (up to 50 pm) dominated the

microstructure, surrounded by small randomly oriented grains. The orientations of the

seeded grains were the same as the SrTiC>3 template particles. The matrix Nai/2Bii/2Ti03 -
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Figure 5.16. Measured pole density data from OIM and March-Dollase function for 

textured Nai/2Bii/2Ti03 -5.5 mol %  BaTiOs samples.
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BaTiC>3 phase nucleated and grew hetero-epitaxially on the template particles (it was not 

possible to distinguish the diffraction patterns of the SrTiOs template particles and 

Nai^BiicTiOs-BaTiOs matrix phase surrounding it). Pole figures and rocking curves 

confirmed a narrow [001]pc fiber texture distribution in the ceramics (FWHM=9°).

In this study x-ray-based and OIM-based texture characterization methods were 

used. Electron diffraction is a point sampling measurement technique, whereas x-ray 

diffraction is an area sampling technique. Therefore, x-ray diffraction is an average 

measurement technique. A complete texture description can be obtained using OIM. The 

calculated orientation distribution function is more reliable with OIM [25], which may 

become more critical in predicting the properties of the textured materials. It is also 

practical, because the sample needs to be characterized only one time to almost 

completely quantify the texture in the sample, including the microstructural features like 

grain size and morphological texture. Nevertheless, both texture characterization methods 

predicted similar FWHM, orientation parameter, and texture fractions.
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Chapter 6

CALCULATION OF THE ELECTRICAL AND ELECTROM ECHANICAL  

PROPERTIES OF TEXTURED 3m  SYM M ETRY (RHOMBOHEDRAL)

CERAMICS

6.1 INTRODUCTION

Theoretical calculation o f the macroscopic physical properties of polycrystalline 

materials from single crystal data is a very difficult task due to inherent complexity of the 

problem. Especially for polarized materials which exhibit piezoelectricity, the 

piezoelectric interactions between grains has to be taken into account to obtain more 

accurate property estimations [1]. One of the common approaches in doing the 

calculations is averaging any anisotropic physical property (polarization, dielectric, 

piezoelectric, etc.) over a representative space. This can be done by assuming a random 

grain (domain) orientation distribution for random ceramics. On the other hand, in order 

to calculate an average physical property for a textured ceramic, a function expressing the 

texture (orientation distribution) in the sample can be incorporated into the averaging 

equation prior to performing the calculations. The texture function can be measured by 

Lotgering factor, rocking curve, pole figure, orientation imaging microscopy etc.

The method of calculation in which grain interactions are taken into account is 

called Effective Medium Theory (EMT) [1]. In fact, EMT has been utilized in the 

calculation of the effective dielectric, piezoelectric, and elastic constants of 

polycrystalline ferroelectric materials especially with tetragonal (4mm) symmetry [1].
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However, most of the physical property calculations from single crystal data reported in 

the literature neglect grain-grain interactions [2].

Single crystals of rhombohedrally distorted perovskites exhibit high strains and, 

therefore, high piezoelectric constants along [001]pc due to the engineered domain state 

[3]. However, large and high quality single crystals are difficult to produce in large 

quantities. Therefore, there is interest in [001 ]pc textured rhombohedral ceramics. Well 

textured ceramics are expected to exhibit similar properties to single crystals, because the 

overall macroscopic property will be governed by the individual crystallites (grains, 

domains) whose orientations are distributed over space.

NBT-BT (BT<6.5 mol%) has rhombohedral symmetry therefore, it might be 

possible for this system to exhibit high strains in the [001]pc. However, the complete 

polarization, dielectric, and piezoelectric tensors are not available for NBT-BT. 

Therefore, the properties of rhombohedral PbZrxTii-xC>3 ferroelectric single domain- 

single crystals, whose properties (polarization, dielectric and piezoelectric) were 

computed using Landau-Ginsburg-Devonshire phenomenological theory, will be used in 

the calculations for random and textured cases [4]. The aim of this chapter is to estimate 

the macroscopic physical properties of random and textured ([001]pc) rhombohedral 

perovskites by averaging single crystal data and to compare those values with the 

experimentally reported ones.
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62 , AVERAGING OF POLARIZATION

The polarization vector Pf for a 3m symmetry ceramic is given by:

Eqn. 6.1

where Ps’ is 51 pC/cm2 for PbZro.52Tio.48O3 on the rhombohedral side of the 

morphotropic phase boundary [4]. The symmetry does not allow a polarization

<11 l>pc in rhombohedral perovskites. To simplify the mathematics, instead of a 

rhombohedral lattice, a trigonal lattice was chosen in the calculations where the [111]

6.1) [6]. An orthogonal coordinate system, x j \  X2’ and X3% is defined so that Xi’([100]) is 

equivalent to the a-axis and X3' ([001]) is equivalent to the c-axis of the trigonal lattice. 

X2% which is the [010], is not in the same direction as the b-axis of the trigonal lattice. 

The polarization vector (Pf) given in Eqn. 6.1 is expressed in this orthogonal coordinate 

system whose axes are labeled as xi’, x^’ and X3 ' .

At this point, a new orthogonal coordinate system with principal axes labeled as 

xj, X2 and X3 (no prime) has to be defined. This new orthogonal coordinate system is 

defined so that the principal axes (xj, X2  and X3 )  are equivalent to the major pseudo-cubic 

axes of the cubic perovskite crystal structure (Figure 6.2) [7], that is xi is equivalent to 

[100], X2 is equivalent to [010], and X3 is equivalent to [001]. x i \  X27 and X35 and xj, X2 

and X3 are the principal axes in trigonal and cubic crystal lattices, respectively, as shown

component in the other principal axes directions [5]. The polarization direction is alon:

direction in the rhombohedral lattice becomes the c-axes of the trigonal unit cell (Figure
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xl%[100] x2\[010]

Figure 6.1. The relationship between the trigonal unit cell and the rhombohedral 

(pseudocubic) unit cell illustrated [6].
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Figure 6.2. The relationship between the two coordinate systems in terms of the (pseudo) 

cubic unit cell.
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in Figures 6.1 and 6.2. The need for the definition of two different coordinate systems is 

that any property of the crystal (polarization, dielectric and piezoelectric) has to be 

expressed in the new coordinate system (no prime) so that they are in the same coordinate 

system as the texture function. If the polarization vector, given in Eqn. 6.1, is expressed 

in this new orthogonal coordinate system, then the average value of polarization can be 

calculated by just measuring the angular deviation of the X3 axis of the pseudo-cubic 

perovskite from sample normal (measurement direction).

The transformation of polarization vector from the old to new coordinate system 

is expressed as:

Pi = aijPj' Eqn. 6.2

where ay is the directional cosine matrix that relates the two coordinate systems 

mentioned above. In order to calculate the ay matrix, the equivalent directions of the x i \  

\ 2 > and X3'axes has to be expressed in the new orthogonal coordinate system relative to 

the xi, X2  and X3  axes. The components of the directional cosines are given in Table 6.1, 

where a  is the angle between the directions given in the second and third column. These 

directions are all expressed in the new coordinate system.

After the transformation the polarization vector will be:

Pi =
P,
? 2

?,
Eqn. 6.3

where Pi=P2=P3=P3,Cos(54.7°). The polarization is along [11 l]pc and the angle between 

any of the principal axes ([100]pc, [OlOjpc, [001 ]pc) is 54.7°. The polarization in any 

direction denoted as 1’ in Figure 6.3 can be calculated using Eqn. 6.4.
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Table 6.1. Axes relations in the old and new coordinate system. All directions given in 

cubic axes.

New axes Equivalent old axes Cos(a)

an [100]=xl [0 - l l ]= x l’ 0

an [100]=xl [2 -l-l]= x 2 ’ 2/V6

ai3 [100]=xl [ l l l ]= x 3 ’ 1/V3

a2i [010]=x2 [0-11] = x l’ -1/V2

322 [010]=x2 [2-1-1] =x2’ -1/V6

323 [010]=x2 [111] =x3’ 1/V3

a3i [001]=x3 [0-11] = x l’ 1/V2

332 [001]=x3 [2-1-1] =x2’ 1/V6

333 [001]=x3 [111] =x3’ 1/V3
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Figure 6.3. Definition of the angles to express directions in orthogonal coordinate system 

with axes labeled as x l, x2. and x3.
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P .<0, <|0 = P3[Sin(0 )Cos(<!)) + Sin(0)Sin(<j>) + Cos(0)] Eqn. 6.4

where 0  is the angle between the 1’ direction and X3 axes, whereas <j> is the angle between 

the xi axis and the direction of the projection of the 1’ onto the X1-X2 plane. Figure 6.3.

There are 8 equivalent polarization directions (<lll>pc) in a rhombohedrally 

distorted perovskite crystal [3]. If an electric field is applied along any o f the <11 l>pc, 

then ideally all polarization will switch to that direction and the material will become a 

single domain. In Figure 6.4, the direction dependence of the net polarization is shown 

for the case of single domain rhombohedral single crystal, which is the plot o f Eqn. 6.4 in 

the O°<0<9O° and 0°<<j><90° angular ranges. At all other angles, the polarization will 

switch to another equivalent <11 l>pc giving the same values of polarization.

Up to this point all the calculations were performed on single crystals. In order to 

calculate the polarization in a polycrystalline ceramic with 3m symmetry crystallites, the 

following assumptions have to be made: with the applications o f the electric field (poling 

field) the polarization will switch to one of the 8 possible <11 l>pc so that the one which 

makes the smallest angle with the electric field is going to be the favorable one. Then, 

each grain will be a single domain with the polarization direction closest to the poling 

field direction (the angle is labeled as 0). This is clearly an oversimplification as it 

ignores elastic incompatibilities, but it does allow calculation of all the properties. Under 

this assumption, all possible polarization directions will fall into a cone and the apex 

angle of the cone is set by the maximum angle (2x0ma.\) that the polarization direction 

will make with the poling field, which is 0max=54.7° when [001]pc o f the crystallite
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40

Figure 6.4. Directional dependence of polarization function (P3) in spherical coordinate 

system.
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(grain) is in the field direction. Any angle greater that 54.7° is not possible because 

another possible <11 l>pc will be favored in order to reduce the angle between the field 

and Ps. So, the angular range that 0 can take ranges from 0° to 54.7°. The angular range 

for <j> is 0° to 90°. Since the portion of angular space marked by the angles O°<0<54.7° 

and 0°<<t><90° encompasses the possible polarization direction distribution in a real 

sample, by averaging the orientation dependent polarization function (Eqn. 6.4) in that 

portion of the space for random and non-random situations, an average value for the 

polarization can be calculated for random and textured samples, respectively.

The polarization can be calculated by integrating over the orientation sphere 

allowing for the distribution of polar axes and averaging over all the crystallites 

(domains) [8]. The equation for the random ceramic case is given by [8]:

54.7” 90"

J JP3(0,<]>)Sin0tf0J<j>
_ t» e=o” i|>=o” t-  x - -< P3 > random —--- 54Vgy-----------------  Eqn. 6.5

J
9=0”<j>=0"

where <P3>random stands for the average value of polarization for the random ceramic. If 

the calculation was performed using Eqn. 6.5 with P3=29 pC/cm2 (in the [001 Jpc) for 

rhombohedral PZT [4] an average remanent polarization of 45 pC/cm2 was obtained for 

random ceramics. The calculated value of average polarization is 87 % of the single 

crystal polarization value in the [11 l]pc (51 pC/cm2), which is consistent with the 

percentage reported in the literature [9]. The average value of remanent polarization of a 

polycrystal form this family is larger than the remanent polarization of the single crystal 

measured in the [001]pc.
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In order to calculate an average value of polarization for a textured ceramic, a 

texture function has to be incorporated into Eqn. 6.5. In this study, a March-Dollase [10] 

function is used.

where 0  is the angle between the texture (orientation) axis and the scattering vector, r is 

the degree of orientation, and f  is the volume fraction of oriented material. The r 

parameter characterizes the width of the texture (orientation) distribution. r=l for a 

random sample and for a perfectly textured sample of tabular grains r=0. The equation for 

textured ceramic case is then given by

where <P3>textured stands for the average polarization for the textured ceramic. Before 

proceeding with the calculations, values for f  and r in the March-Dollase function have to 

be assigned. Typical values of f  and r for a reasonably well textured ceramic would be 0.8 

(80%) and 0.2 respectively. The calculation performed using Eqn. 6.7 would yield an

polarization value in the [11 l]pc.

A comparison of the average calculated polarization for random and textured 

ceramics reveals that [001]pc textured 3m symmetry ceramic has a lower polarization in 

the texture direction than a random ceramic, but is still bigger than single crystals

Eqn. 6.6

54.7“ 90“

J jP3(0,<j))F(f,r,e)Sine^<j>
<  P 3  >  textured 54.7° 90®54.7® 90® Eqn. 6.7

J jF (f ,r ,0 )Sin0rf0<#
6= 0“ $ = 0“

average polarization of 37 pC/cm2 for textured ceramic which is 72% of the single crystal
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polarization measured in the same direction. This can be understood if  the distribution of 

the polar [11 l]pc relative to the measurement direction is taken into account In a [OOljpc 

textured ceramic, the polar [11 l]pc is distributed mainly -54.7° degrees away from the 

measurement direction. However, for a random ceramic, the distribution is even at all 

possible angles, therefore the polarization contribution from grains (domains) whose 

polar [11 l ] p c  axis is more closely parallel to the measurement direction is dominant In 

Figure 6.5, the averaged remanent polarization in a rhombohedral PZT (52/48) as a 

function of texture fraction in March-Dollase [10] function is plotted, taking the r 

parameter as constant (0.2). This calculation gives the maximum available polarization.

6 3  AVERAGING OF DIELECTRIC CONSTANT

The dielectric constant tensor sy’ for a 3m symmetry ceramic is given by:

Sij =

s..' 0 0
0 s..’ 0
0  0  S js'

Eqn. 6.8

where s n ’ and S33' are 1233 and 475 for PZT (52/48), respectively [4]. The symmetry 

allows only three non-zero dielectric constants, two of which are independent [5]. The 

relationship between the cubic unit cell and the trigonal unit cell illustrated in Figures 6.1 

and 6.2 is also used in the coordinate transformation of the dielectric tensor. If the 

dielectric tensor, given in Eqn. 6 .8, is expressed in this new orthogonal coordinate 

system, then the average value of dielectric constant can be calculated by measuring the
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Figure 6.5. Calculated remanent polarization (also expressed in % of Ps) as a function of 

texture fraction in rhombohedral PZT (52/48).

165

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



angular deviation of the X3 axis of the pseudo-cubic perovskite from the sample normal 

(measurement direction).

The dielectric tensor, sy. in the new orthogonal coordinate system is calculated as: 

Sj = Eqn. 6.9

where a& and a,i are the directional cosines that relate the two coordinate systems 

mentioned above. The directional cosines matrix is given in Table 6.1.

After the transformation, the dielectric constant in any direction denoted as 1’ can 

be expressed using Eqn. 6.10.

£33(0 . 6) = —[2941Cos2 (0) -1516Cos(0)Cos(6)Sin(0) -r 2941Cos2 (6)Sin2 (0)
3 Eqn. 6.10

-1516Cos(0)Sin(0)Sin(q) -1516Cos(q)Sin2 (0)Sin(q) -r 2941Sin2 (0)Sin2 (q)] 

where 0 is the angle between the 1’ direction and X3 axes, whereas q is the angle between 

Xi axes and the direction of the projection of the 1’ onto the xi-x; plane. Figure 6.3. 

Figure 6.6  is the plot o f Eqn. 6.10. The maximum dielectric constant direction is the 

direction that is perpendicular to the polarization direction.

Up to this point all the calculations were performed on single crystals. In order to 

calculate the dielectric constant of a polycrystal ceramic with 3m symmetry the same 

assumptions about domain switching with the poling field mentioned in the previous 

section was made to set the angular boundaries for the averaging. So. the angular range 

that 0 can take ranges from 0° to 54.7°. The angular range for 6  is 0° to 90°. Since the 

portion of the angular space marked by the angles O°<0<54.7° and 0°<q<90° is the only 

possible range of [001]pc direction distribution in a real sample, by averaging of
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Figure 6 . 6 .  Directional dependence of dielectric function ( S 3 3 )  in spherical coordinate 

system.
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orientation dependent dielectric function (Eqn. 6.10) in that portion of the space for 

random and non-random situation, an average value for the dielectric constant can be 

calculated for random and textured samples, respectively. This calculation does not 

account either for partial clamping of the dielectric constant or for domain wall 

contributions.

The dielectric constant can be calculated by integrating over the orientation 

sphere with allowance for the distribution of polar axes and averaging over all the 

crystallites (domains) [8]. The equation for the random ceramic is given by [8]:

where <S33>random stands for the average value o f dielectric constant for the random 

ceramic. If the calculation is performed using Eqn. 6.10, an average room temperature 

dielectric constant of 646 was obtained for random ceramics with 3m symmetry. The 

calculated average dielectric constant is 66% of the single crystal dielectric constant 

value in the [001 ]pc- The average dielectric constant of a polycrystal is larger than the 

dielectric constant o f the single crystal measured in the [11 l]pc (36%).

In order to calculate an average value of dielectric constant for textured ceramic a 

texture function has to be incorporated into Eqn. 6.11 as explained in the previous 

section, using the March-Dollase [10] function.

The equation for textured ceramic case is then given by:

54.7° 90'

J Js»(0,<i>)Sinerfe<*j>
e=o° Eqn. 6.1154.7° 90'

e=0°<j>=0‘
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54.7° 90°

J |sjj(0, <j>)F(f, r, Q)$m6dQd§
0s O °  6= 0°  p  ^  4  a< Sw > textured =  w r w --------------------------  Eqn. 6.12

J  jF(f,r,e)Sin0rf0#
8=0° *=0°

where <S33>textured stands for an average value of dielectric constant for the textured 

ceramic. Before proceeding with the calculations, values for f  and r in the March-Dollase 

function have to be assigned. Typical values o f f  and r for a reasonably well textured 

ceramic would be 0.8 (80%) and 0.2 respectively. The calculation performed using Eqn. 

6.12 would yield an average dielectric constant of 829 for textured ceramic, which is 85% 

of the single crystal dielectric constant value in the [001]pc. The average dielectric 

constant of a textured ceramic is larger than the dielectric constant of the single crystal 

measured in the [11 l]pc (75%).

A comparison of the average calculated dielectric constant for random and 

textured ceramics reveals that [001]pc textured 3m symmetry ceramic has a higher 

dielectric constant in the texture direction than a random ceramic, but is still lower than a 

single crystal dielectric constant measured in the same direction. This can be understood 

if  the distribution of the polar [11 l]pc relative to the measurement direction is taken into 

account, keeping in mind that the maximum value of dielectric constant is perpendicular 

to the polarization direction. In a [001]pc textured ceramic, the polar [11 l]pc is distributed 

mainly about 54.7° degrees away from the measurement direction, however, for a random 

ceramic the distribution is even at all possible angles, therefore the contribution to the 

dielectric constant from grains (domains) whose polar [11 l]pc axis is pointing away 

(54.7°) from measurement direction is dominant as in the case of [001]pc textured
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ceramics. In Figure 6.7, the averaged room temperature dielectric constant in a 

rhombohedral PZT (52/48) as a function of texture fraction in March-Dollase [10] 

function is plotted, taking the r parameter as constant (0 .2).

6.4 AVERAGING OF PIEZOELECTRIC COEFFICIENT

The piezoelectric constant tensor dg’ (two suffix notation) for a 3m symmetry 

ceramic is given by:

dij'=
0 0 0 0 1182 -  642

■321 321 0 1182 0 0
7 7 - 3  0 0 0

(pC/N) Eqn. 6.13

for a PZT (52/48) [4] ceramic expressed in the 3m coordinate system.’ The symmetry 

allows only eight non-zero piezoelectric coefficients, four of which are independent [5]. 

The relationship between the cubic unit cell and the trigonal unit cell illustrated in 

Figures 6.1 and 6.2 was used in the coordinate transformation of the piezoelectric 

constant tensor. If the piezoelectric constant tensor given in Eqn. 6.13 is expressed in this 

new cubic coordinate system, then the average value of piezoelectric constant can be 

calculated by just measuring the angular deviation of the X3 axis of the pseudo-cubic 

perovskite from the sample normal (measurement direction).

The piezoelectric tensor, dy, in the new orthogonal coordinate system is calculated

as:

d j  — a id lm  CC matrix Eqn. 6.14
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Figure 6.7.  Calculated room temperature dielectric constant (also expressed in % of S 3 3 )  

as a function of texture fraction in rhombohedral PZT (52/48).
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where a-,i are the directional cosines that relate the two coordinate systems mentioned 

above, whose components are given in Table 6.1. a matnx is derived from the directional 

cosine matrix in order to transform a third rank tensor with two suffix notation [5].

After the transformation, the piezoelectric coefficient (d33, two suffix notation, 

pC/N) in any direction denoted as 1* can be expressed using Eqn. 6.15.

db<0,<t>)= 632Cos? (0) -264COS* (0)Co<<j>)Sii<0) -26Co<0)Cos (4>)Sin2 (6)

+ 632COS1 (<f>)Sin3(0) -26430? (0)Sin(0)Cô ((>) -32'/Co^0)Co^<j>)Sin2 (0)Sin(<t))
Eqn. 6.15

-264Cos (<j>)Sin (0)Sir<<{)) -26Co<0)Siir (G)Siir(({)) -264Co<(<j>)Sin3(0)Sin2 

+632Sin3 (0)Siif ((j>)

where 0  is the angle between the 1’ direction and X3 axis, whereas <f) is the angle between 

the Xj axis and the projection of 1* onto the X1-X2 plane, Figure 6.3. Figure 6.8  is the plot 

of Eqn. 6.15.

Up to this point all the calculations were performed on single crystals. In order to 

calculate the piezoelectric coefficient of a polycrystal ceramic with 3m symmetry the 

same assumptions about domain switching with the poling field mentioned in the 

previous section were made to set the angular bounds for the averaging. So, the angular 

range that 0 can take is from 0° to 54.7°. The angular range for (j) is 0° to 90°. Since, the 

angular space bounded by the angles O°<0<54.7° and 0°<(|)<90o covers the possible 

[llljpc direction distribution in a real sample, by averaging the orientation dependent 

piezoelectric function (Eqn. 6.15) in that portion of the space for random and non-random 

situation, an average value for the piezoelectric can be calculated for random and textured 

samples, respectively.
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Figure 6.8. Directional dependence of piezoelectric coefficient function (d33) in spherical 

coordinate system.
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The piezoelectric constant can be calculated by integrating over the orientation 

sphere with allowance for the distribution of polar axes and averaging over all the 

crystallites (domains) [8]. The equation for random ceramic case is given by:

54.7" 90°

where <d33>random stands for the average piezoelectric coefficient for a random ceramic. If 

the calculation is performed using Eqn. 6.16, a <d33>random o f228 pC/N was obtained for 

random ceramics with 3m symmetry. The calculated value of average piezoelectric 

constant is 36% of the single crystal piezoelectric coefficient value in the [001]pc.

In order to calculate the average piezoelectric coefficient for a textured ceramic a 

texture function was incorporated into Eqn. 6.16 as explained in the previous section 

using the March-Dollase [10] function.

The equation for textured ceramic case is then given by:

where <d33>textured stands for the average piezoelectric coefficient for the textured

(80%) and 0.2 respectively. The calculation performed using Eqn. 6.17 would yield an 

average piezoelectric coefficient of 475 pC/N for a [001]pc textured ceramic which is 

75% of the single crystal value in the [001 ]pc-

J jd,3(e,<j>)Sine<fe</<t>
<  d j3  >  random Eqn. 6.16

0=0°$=0”

54.7° 90°

J Jd»(e,<j>)F(f,r,e)Sine</e<#
<  d w  >  tenured Eqn. 6.17

0 = 0 °  <P=0°

ceramic. Again, the values for f  and r in the March-Dollase function were assigned to 0.8
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A comparison of the average calculated piezoelectric coefficient for random and 

textured ceramics reveal that [001],* textured PZT (52/48) ceramics have higher 

piezoelectric constant in the texture direction than a random ceramic but still lower than 

single crystals piezoelectric constants measured in the same direction. For a 

rhombohedral crystal, the maximum piezoelectric coefficient is in the [001]pc [3]. A 

ceramic textured in that direction would display high piezoelectric coefficients. For a 

random ceramic, the high piezoelectric coefficient in the [001]pc will average out due to 

the random distribution of that orientation. In Figure 6.9, the averaged piezoelectric 

coefficient (d33) in a rhombohedral PZT (52/48) as a function of texture fraction in 

March-Dollase [10] function is plotted, taking the r parameter as constant (0.2).

6.5 CONCLUSIONS

The aim was to calculate the maximum values of polarization, dielectric constant 

and piezoelectric coefficient allowed by the symmetry of a rhombohedral ceramic for 

random and textured ceramics. In doing so, there were three major assumptions that were 

made:

•  every grain is in a single domain state,

• the polarization direction is the closest possible direction to the electric field 

allowed by the symmetry,

•  mechanical and electrical coupling between grains was ignored,

therefore, the calculated values are the maximum effective (average) properties that the 

material is expected to exhibit in the specified direction.
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Figure 6.9. Calculated piezoelectric coefficient @33) (also expressed in %) as a function 

of texture fraction in rhombohedral PZT (52/48).
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Trends in the net polarization, dielectric and piezoelectric coefficients were 

determined as a function of the degree of texture. Although the domain averaging used in 

the calculations ignores the grain interactions that lowers the overall macroscopic 

piezoelectric response, the predictions made are consistent with the experimental results 

obtained either on PMN-PT [11] or NBT-BT [Chapter 2] ceramics. It is possible to 

improve the properties of polycrystalline ceramic with crystallographic orientation 

control.

Comparing the predicted results for poled random ceramic, [001 ]pc oriented 

ceramic and [001]pc oriented perovskite single crystal with rhombohedral symmetry 

reveals that:

•  The remanent polarization of a random ceramic is higher than a [001]pc oriented 

single crystal. The remanent polarization of the [001]pc oriented textured ceramic 

should be lower than a random ceramic but higher than a [001]pc oriented single 

crystal.

•  The dielectric constant of a random ceramic is lower than that for a [001]pc 

oriented single crystal. The dielectric constant of the [001]pc oriented ceramic 

should be higher than a random ceramic but lower than a [001]pc oriented single 

crystal.

•  The piezoelectric coefficient of the random ceramic is lower than a [001]pc 

oriented single crystal. The piezoelectric coefficient o f the textured ceramic 

should be higher than a random ceramic but lower than a [001]pc oriented single 

crystal.
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Chapter 7

SUMMARY AND FUTURE WORK

7.1 SUMMARY

(Nai/2Bii/2)o.945Bao.o55Ti03  ceramics were fiber textured in the [001]pc direction by 

using two kinds of template particles, i.e. SrTi03  and BLjTisOn template particles. 

Growth of sodium bismuth titanate on the strontium titanate template surfaces was 

heteroepitaxial. A brick-wall microstructure resulted after sintering at 1200°C, with a 

SrTi03  template located at the core of each grain. 94% textured NBT-BT ceramics, 

measured by Lotgering factor, were obtained by using 5 vol% SrTiOs template particles. 

The FWHM of the texture distribution was ~8°, measured by rocking curve and OIM. 

Reproducible results were easily obtained with SrTiOs templates using the TGG 

approach.

Textured Nai/2Bii/2Ti03-BaTiC>3 ceramics were fabricated by reactive templated 

grain growth using B U ^ O ^  template particles. A texture fraction of 80% was obtained 

as measured by Lotgering factor. Pre-reaction at 700°C or 800°C before heating the 

sample to sintering temperature is very critical, because samples directly heated to the 

sintering temperature did not show any evidence of texturing.

<001>pc oriented rhombohedral single crystals show high strain and piezoelectric 

coefficients [1]. The same concept is also valid for <001>pc oriented rhombohedral 

Nai/2Bii/2Ti03 -BaTi03  ceramics. Piezoelectric coefficients higher than randomly oriented 

ceramics but close to the single crystal values were obtained. The highest piezoelectric
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coefficient o f 520 pC/N was measured from the textured sample with 5.5 mol% BaTiOs 

doping, on the rhombohedral side of the MPB. The piezoelectric coefficient from 

Berlincourt was ds3~200 pC/N. The properties of textured ceramics can be explained 

based on a combination of the presence of rhombohedral symmetry and considerable 

domain wall contributions to the properties in the samples. The dss from Berlincourt 

measurement of random sample at MPB was 110 pC/N.

At low fields (@30 kV/cm) the measured ds3 from unipolar strain curve was 

-275 pC/N, however, the Berlincourt number was -200 pC/N. At high fields (@ 70 

kV/cm) the measured ds3 from unipolar strain curve was -520 pC/N. Thus, under 

unipolar drive, the dss values exceed the low field numbers by -38% and -160%, 

respectively. The field dependence of piezoelectric coefficient in unipolar strain curves 

suggests that there is substantial amount of contribution to dss at high fields. This also 

draws into question whether the high field numbers reported for flux grown crystals are 

similarly inflated.

Grain orientation influences the materials properties mainly via crystal anisotropy. 

There is a very close correlation between texture fraction and electrical and 

electromechanical properties or any other properties. However, this relation is not linear. 

In this work, enhancements in the properties were not observed until a high texture 

fraction (f>70%), was obtained [2,3].

The unipolar strain vs. electric field curves of textured Na^Bii^TiOs single 

crystals is hysteretic. The same behavior (with more hysteresis) is also seen in textured 

NaicBii/^TiOs ceramics. The reason for the appearance of hysteresis may lie in the phase 

transition sequence seen in Nai/2Bii/2TiC>3 ceramics. The transition from cubic phase to
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tetragonal phase at 520°C is ferroelastic [4,5]. The ferroelastic domain state survives and 

influences the domain state in the suceeding phase transition at 230°C from tetragonal to 

rhombohedral phase. The electric field does not alter the ferroelastic domains, but a 

mechanical stress does. Therefore, it is highly probable that the poling of the ceramic in 

the rhombohedral phase only temporarily moves some of the ferroelectric domain 

boundary. If the field is removed (E=0 kV/cm), some of the initial domain structure may 

reappear again. So, every time a unipolar strain measurement is done, domain boundary 

movement leads to hysteresis in the curve. If this is the case, unless a mechanical stress is 

applied while cooling through the two transition temperatures to control the domain state 

it is hard to get an engineered domain state at room temperature. The source of hysteresis 

might be also the pont defects, and/or field forced transition to tetragonal phase.

Using linear averaging methods, the macroscopic properties o f randomly oriented 

and [001]pc textured perovskite ceramics were estimated from single crystal data. Since, 

the complete polarization, dielectric, and piezoelectric tensors are not available for the 

Nai/2Bii/2Ti03 -BaTiC>3 system, the properties o f lead based rhombohedral ferroelectric 

single crystal-single domain PZT (52/48) (whose properties were computed using 

Landau-Ginsburg-Devonshire phenomenological theory,) were used in the calculations 

[6].

The variation in polarization, dielectric constant, and piezoelectric coefficient of 

[001]pc textured Nai^Bii^TiOs-BaTiOs ceramics were consistent with the calculations 

based on the rhombohedral symmetry present in the crystallites (domains). Since [001]pc 

is not the polar direction in a rhombohedral crystal, a [001]pc textured ceramic should 

possess lower remanent polarization than a randomly oriented sample, but larger than a
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[001]pc cut single crystal. The room temperature dielectric constant increases with 

increasing texture fraction from 500 for randomly oriented ceramic to 650 for f=94% 

textured ceramics.

<001>pc oriented rhombohedral single crystals show high strain and piezoelectric 

coefficients. The same concept is also valid for <001>pc oriented rhombohedral 

Nai/iBii/iTiOs-BaTiOs ceramics. A piezoelectric coefficients higher than randomly 

oriented ceramics but close to the single crystal values were obtained. The high value of 

dss is at least partly because textured samples were more hysteretic than single crystals as 

a result of the unstable domain state.

7.2 FUTURE W ORK

The electromechanical properties of Nai^Bii^TiOs-BaTiOs ceramics were 

calculated from the slope of unipolar strain measurements. These measurements are high 

field measurements. The electromechanical properties need to be measured using 

resonance methods. This method utilizes low electric fields.

Texture in the ceramic can be well characterized using EBSD. Orientation 

Distribution Function (ODF) can be then calculated from EBSD data and can be used to 

correlate texture and properties [7]. Local arrangements of the grains can be better 

incorporated into the averaging equation, leading to better approximations o f the 

macroscopic property.

In many textured ceramics, template particles are a different phase, but have 

similar crystal structure and lattice parameter o f the matrix phase. Sometimes, template 

particles (seeds) do not react with the matrix material and maintain their single
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crystallinity and phase, like NaioBii^TiOs textured with SrTiOs templates. The 

properties of bulk materials are modified by the presence of template particles due to 

clamping, dilution and electric field in-homogeneity. The seed at the center of the 

templated grain do not show the same response to the electric field as the matrix material, 

usually hinders the strain in the matrix material leading to clamping effect Furthermore, 

the dielectric constant of the seed and the matrix materials are different from each other. 

The electric field (E) across the sample will not be homogeneous across the sample. 

Further study needs to be done in this area. The system described above resembles a 0-3 

composite. Such a system can be modeled using as 0-3 composite model where the 

template particles can be regarded as the discontinuous phase. The dielectric properties of 

the textured ceramics can be modeled using logarithmic mixing law.

Linear averaging of the single crystal properties to estimate the macroscopic 

physical properties of randomly oriented and textured ceramics results in overestimation

[2]. Effective medium theory that has been adapted to piezoelectric ceramics to estimate 

the dielectric and piezoelectric properties gives more realistic numbers. However, 

effective medium theory has not been adapted to estimate the piezoelectric properties of 

textured ceramics with rhombohedral symmetry (3m) crystallites. In EMT, the response 

o f a piezoelectric grain is modeled in a piezoelectric matrix. Since the piezoelectric 

response of the grain and the matrix is different, the assumed model represents the real 

situation more realistically.

It is clear from the review of the literature that the largest piezoelectric 

coefficients observed to date in NaicBij^TiOs-based single crystals is coupled with 

substantial hysteresis. One possible cause for high hysteresis in the unipolar strain curve
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is related to the high temperature ferroelastic phase transition. A compositional 

modification of the NaicBii^TiOs ceramics might be required so that the high 

temperature ferroelastic phase transition might be avoided. Then, it might be possible to 

further decrease the hysteresis in Nai/2Bii/2Ti03  based ferroelectric ceramics.

The crystal structure refinement by Jones and Thomas [8] is still controversial. To 

correctly assign the crystal sysmmetry, a high quality Nai^Bii^TiOs single crystal is 

required. The single crystals of Nai^Bii^TiOs are usually grown by flux method in which 

it is difficult to control compositional inhomogeneity (variation). Because Na^BiicTiOs 

melts incongruently at 1290°C [9]. However, it might be possible to grow single crystals 

of NaicBii^TiOs by surface templated grain growth process which might allow better 

control over stoichiometry. In surface templated grain growth, the growth of single 

crystal is at relatively lower temperatures compared to flux methods, so the volatilization 

of the species, Na and Bi in this case, can be better controlled.
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