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Abstract 

Piezoelectric materials find applications in multitude of devices such as sensors, actuators 

and energy harvesters. However, most of these piezoelectric materials utilize lead-based systems 

which are becoming serious problem owing to the restrictions imposed by regulatory agencies 

across the globe. In the functional ceramics community, currently there is no problem more 

important than to find a replacement for lead-based piezoelectrics used for actuators. The 

electromechanical properties required for actuators (high piezoelectric constant, high coupling 

factor, low loss, and high transition temperatures) for known lead-free compositions are, 

however, far inferior to those of lead-based systems. There are three lines of research for 

addressing this fundamental problem – (i) search for new systems through a combination of 

theory-based prediction followed by experimental effort (doping, solid solutions having a 

morphotropic (M) or polymorphic (P) phase boundary (PB), (iii) stabilization of metastable 

phases or finding the high temperature triclinic systems, and (iii) improving the properties of 

known compositions through microstructure optimization, domain engineering and 

multilayering. All these approaches are challenging and require innovation to make a significant 

impact on the current state-of-the-art. In this thesis, the later line of research was focused which 

is promising for near future applications, as it builds upon the known material systems with high 

depoling temperatures that have demonstrated the potential to be practical. 
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In the first chapter, a novel method for the synthesis of lead-free (1-x)(Na0.5Bi0.5)TiO3 – 

xBaTiO3 piezoelectric ceramics was investigated. Initially, multiple compositions around 

morphotrpic phase boundary (MPB) were synthesized to identify the optimum composition 

0.93Na0.5Bi0.5TiO3-0.07BaTiO3 (NBT-BT) for electromechanical effect. The new synthesis 

method starts with the synthesis of Na2Ti6O13 (NTO) whiskers which are then transformed into 

lead-free NBT-BT ceramics. Synthesis of NTO whiskers was performed using molten salt 

synthesis (MSS) method. Tape casting method was used to align the whiskers in base matrix 

powder and subjected to various processing temperatures to elucidate the microstructure and 

texture evolution. For this, scanning electron microscopy (SEM), high resolution transmission 

electron microscopy (HRTEM), atomic force microscopy (AFM) and energy dispersive 

spectroscopy (EDS) analysis were used as principal tools. The sintering process can be 

understood by dividing it into three stages, namely (i) transformation of monoclinic whiskers in 

to NBT-BT perovskite phase through topochemical reaction (<800
o
C), (ii) localized sintering 

confined on single whisker (800-1050
o
C), and (iii) liquid phase sintering as densification and 

grain growth occurs in the whole matrix (>1050
o
C). The concentric growth ledges observed on 

grain surfaces were found to be preferably confined on the corners of cubical grains indicating 

<111> growth direction. The Lotgering factor (f100) for the sintered matrix was found to decrease 

with increase in sintering temperature. The longitudinal piezoelectric constant (d33) of samples 

sintered for 20h at 1175
o
C, 1200

o
C and 1225

o
C was measured to be ~153 pC/N, ~216 pC/N and 

~180 pC/N, respectively. 

Next, a novel method was developed for the synthesis of nanostructured lead-free 

ferroelectric NBT-BT whiskers with high aspect ratio using NTO as a host structure. High 

energy x-ray diffraction coupled with atomic pair distribution function (PDF) and Raman 
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scattering analyses were used to confirm the average structure of lead-free NBT-BT whiskers as 

rhombohedral, i.e. a ferroelectricity enabling type. The HRTEM analysis revealed local 

monoclinic-type structural distortions indicating a modulated structure at the nanoscale in the 

MPB composition of lead-free NBT-BT whiskers. The structural rearrangement during the 

synthesis of lead-free NBT-BT whiskers was found to occur via translation of edge shared 

octahedra of NTO into a corner sharing coordination. The high temperature morphological 

changes depicting disintegration of isolated whiskers into individual grains due to higher grain 

boundary energy have been found to occur in a close analogy with Rayleigh-type instability. 

In lead-based ABO3 compounds, with B-site disorder, the origin of enhancement of 

piezoelectric properties near MPB has been associated with the presence of an intermediate 

monoclinic/orthorhombic state that bridges the adjacent ferroelectric rhombohedral and 

tetragonal phases. However, the origin of high piezoelectric response in lead-free ABO3 

compounds with A-site disorder has not been conclusively established. In this thesis, a 

microscopic model derived from comparative analyses of HR-TEM and neutron diffraction was 

developed that explains the origin of high piezoelectric response in lead – free MPB 

compositions of NBT-BT. Direct observation of nanotwins with monoclinic symmetry 

confirmed the presence of an intermediate bridging phase that facilitates a pathway for 

polarization reorientation. Monoclinic distortions of an average rhombohedral phase were 

attributed to localized displacements of atoms along the non-polar directions. These results 

provide new insight towards design of high performance lead – free piezoelectric materials. 

Microstructure and domain structure play dominant role towards controlling the 

magnitude of piezoelectric coefficient and hysteretic losses in perovskites. Brick-wall like 

microstructure with large grain size and small domain size can provide significant enhancement 
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in the magnitude of piezoelectric coefficient. A synthesis technique for lead-free piezoelectric 

NBT-BT system that can provide [001]pc/[012]Rh grain oriented ceramics with large grain size 

and an electrical poling technique that results in smaller domain size will have significant impact 

on the electromechanical response. In this research, a synthesis technique was developed and the 

processing variables that play deterministic role in achieving the large grain brick-wall like 

microstructure were expplained. Interfaces in the microstructure were found to be coherent at the 

atomic scale facilitating the domain wall motion with applied electric field. The piezoelectric 

response was found to increase monotonously with the incease in the degree of texturing and 

optimized microstructure was found to provide 200% enhancement in the magnitude of 

piezoelectric coefficient as compared to its random form.  

In order to understand mechanim of enhanced piezoelectric response in textured NBT-

BT, in-situ neutron diffraction experiments revealed that characteristically different structural 

responses are induced in textured and randomly-oriented NBT-BT ceramics upon application of 

electric fields (E), which are likely related to the varying coherence lengths of polar nano regions 

and internal stresses induced by domain switching. 

In conjunction to focus on NBT-BT, new lead-free piezoelectric materials with enhanced 

piezoelectric response were synthesized. This study provides fundamental understanding of the 

enhanced piezoelectric instability in lead-free piezoelectric (1-x) BaTiO3-xA(Cu1/3Nb2/3)O3 (A: 

Sr, Ba and Ca and x = 0.0-0.03) solid solutions. These compositions were found to exhibit large 

d33 of ~330 pC/N and electromechanical planar coupling constant (kp)~ 46% at room 

temperature. The piezoelectric instability in these compositions was found to increase with x 

despite monotonous decrease in the long range polar ordering. High energy X-ray diffraction 

coupled with PDFs indicated increase in local polarization. Raman scattering analysis revealed 
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that substitutions on A and B-site both substantially perturbed the local octahedral dynamics and 

resulted in localized nano polar regions with lower symmetry. These localized polar distortions 

were found to persist much above the Curie temperature (Tc). Polarization – electric field (P-E) 

hysteresis loop analysis indicated presence of the internal bias that was found to be correlated 

with the formation of polar defects. This defect structure was found to modulate the domain 

structure resulting in nano domains and broad domain walls with higher mobility as revealed 

through analysis from HR-TEM and piezoresponse force microscopy (PFM). The presence of 

nano domains and local structural distortions smears the Curie peak resulting in diffuse order-

disorder type phase transitions. The electron paramagnetic resonance (EPR) investigations 

revealed that substitution of Cu
2+

 takes place on octahedral sites that are distorted due to Jahn-

Teller effect. The A-sites were distorted by substitution of Sr and Ca on Ba-site possessing 

different ionic radii and electronegativity. The effect of these distortions on the variations in 

physical property was modeled and analyzed within the context of nanodomains and phase 

transitions.  

As an application, the solid solution with nominal composition of (1-x)BaTiO3-

xBa(Cu1/3Nb2/3)O3 (BCN) (x = 0, 0.025) was synthesized by conventional mixed oxide route, 

followed by compositional modification with varying concentration of Sn, as given by the 

formulation: 0.975 BaTi1-ySnyO3 – 0.025 Ba(Cu1/3Nb2/3)O3 (y = 0.05, 0.06, 0.075, 0.1). Room 

temperature XRD patterns showed decrease in tetragonality of BT after modifying with BCN 

(BT-BCN). Modifications with Sn lead to further decrement in tetragonality and the room 

temperature structure became cubic at 6.0 at% doping level. The decrement in tetragonality was 

accompanied by lowering of Tc.  BT-BCN doped with 6 and 7.5 at% Sn were found to exhibit 

diffuse phase transition accompanied by high dielectric constant ≥ 7000, low loss tangent ≤ 1% 
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and grain size in the submicron regime (≤ 1 μm). These compositions were found to be 

promising for Y5V type multilayer ceramic capacitors (MLCCs).  

Lastly, the dielectric and ferroelectric responses of compositionally graded bilayer and 

trilayer composites consisting of BT and 0.975BaTiO3-0.025Ba(Cu1/3Nb2/3)O3 (BT-BCN) were 

investigated. Two types of graded bilayer samples were synthesized, one with same thickness of 

BT and BT-BCN while other with different layer thicknesses. The graded trilayer sample 

consisted of BT layer sandwiched between two BT-BCN layers of equal thickness. SEM and 

TEM images showed a sharp interface with needle-shape domains across the interface. The 

domain size on BT-side was found to be larger than that on BT-BCN-side. The temperature 

dependence of dielectric response for all composite systems was found to exhibit shifting of 

characteristic Curie peak compared to constituent material which was associated to coupling 

between layers. Moreover, the differences in grain size, tetragonality, domain mobility of each 

layer was found to perturb the electrical response of composite. The polarization mismatch 

between uncoupled BT and BT-BCN established internal electric field in composite specimen 

and defined new polarization states in each layer by perturbing free energy functional of the 

composite specimen. Dynamic hysteresis behaviors and power-law scaling relations of all 

specimens were determined from P–E field hysteresis loop measurements as a function of 

frequency. All systems were found to exhibit similar dynamic scaling relationships. Hysteresis 

area <A>, Pr and EC decreased with increasing frequency due to delayed response, but increased 

with increasing applied electric field due to enhancement of driving force. Trilayer system was 

found to exhibit strong internal-bias field and double hysteresis behavior. The coupling effect 

resulting due to polarization mismatch between layers had substantial influence on the dynamic 

hysteresis behavior and power-law scaling relations. 
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energy barrier for 2 D nucleation at 1448K.----------------------------------------------72 

 

Figure 4.22: (a-d) AFM image of the growth steps observed on the grain surface of the specimen 

heated at various temperatures.-------------------------------------------------------------73 

Figure 4.23: (a) Temperature dependence of dielectric constant and loss tangent at various 

frequencies for poled specimen (1175
o
C, 20h), (b) Current density (j) versus electric 

field plot for poled and unpoled specimen (1175
o
C, 20h) in forward and reverse bias, 

PE-hysteresis for the same specimen recorded at (c) RT and (d) 125
o
C.--------------77  
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Figure 5.1: Powder x-ray diffraction patterns of pure NTO matrix and products of its reaction 

(see eq. 4.1). Experiment was conducted at different temperatures (in deg. Celsius) 

in the increasing order to understand the transformation sequence. Note the XRD 

patterns of pure NTO and NBTO obtained at 800 
o
C show sharp Bragg peaks 

indicating good crystallinity. The Bragg peaks in the XRD patterns of the reaction 

products (e.g. sample treated at 200 and 500 
o
C) are very broad indicating a low 

degree of crystallinity.------------------------------------------------------------------------86   

Figure 5.2: Atomic pair distribution functions G(r) (full line in black) extracted from the full 2θ 

range of the XRD patterns shown in Fig. 5.1.  The PDFs for the starting NTO and 

resulting NBTO are very well approximated with structure models (broken line in 

red) featuring the monoclinic (S.G. C2/m) and rhomobhedral (S.G. R3c) structures 

of crystalline Na2Ti6O13 (NTO) and Na0.5Bi0.5TiO3 (NBTO), respectively.-----------87  

Figure 5.3: The schematic of fragments from the structures of NTO (left) and NBTO (right). 

TiO6 octahedra are in blue, Na/Bi atoms in yellow. Several interatomic distances 

between connected TiO6 octahedra are marked with arrows.---------------------------88 

Figure 5.4: Low-r part of the experimental atomic PDFs of Fig. 5.2. Arrows mark several 

distances between atoms sitting on the vertices of corner sharing Ti-O6 units (see 

Fig. 5.3) that exist in NTO and persist in the products of its reaction (see equation 

(4.1)) until a perovskite NBTO is formed. ------------------------------------------------89 

Figure 5.5: Cu Kα x-ray diffraction data at RT for (a) NTO powder whiskers with monoclinic 

symmetry, (b) NBT-BT processed at 800 
o
C indexed with reference to cubic phase, 

(c) NBT-BT processed at 900 
o
C with inset depicting a magnified view of the {111}c 

and {200}c reflections, where c stands for cubic phase. The high energy x-ray 

diffraction data of NBT-BT/900 
o
C (d) and the respective atomic PDF (e). The low-r 

part of the experimental PDF data is shown in Fig. 5.5f (open circles). The data can 

be fitted very well with a structure model (line in red) based on the rhombohedral 

(S.G R3c) structure of NBT perovskite.---------------------------------------------------91 

Figure 5.6: (a) Raman spectra of pure NTO matrix and products of its reaction (see eq. 4.1). 

Synthesis experiments were conducted in the temperature range of 200 – 700
o
C. The 

Raman spectra of NTO and the specimen processed at 200
o
C is similar. Note the 

systematic changes in the intensity of various peaks in spectra of specimens reacted 

at and above 500
o
C. (b) Raman spectra of samples reacted at 700, 800 and 900

o
C. 

The spectra of the specimen reacted at 800
o
C and 900

o
C are similar to typical Raman 

scattering behavior observed for NBT based systems.----------------------------------94 

Figure 5.7: SEM micrographs of (a) NTO whisker matrix. Whiskers after reaction at (b) 700
o
C, 

(c) 800
o
C and (d) 900

o
C. The length of whiskers varies from 7.0-20 μm and the 

width varies from 0.30 – 1.0 μm. The overall shape of the whiskers was maintained 



 
 

xviii 
 

even after reaction at different temperatures despite of noticeable change in surface 

morphology.-----------------------------------------------------------------------------------96 

Figure 5.8: Magnified SEM micrographs depicting morphological changes of the whiskers 

reacted at (a) 200
o
C, (b) 500

o
C, (c) 600

o
C, (d) 700

o
C and (e) 800

o
C and (f) 900

o
C.  

Note the effect of reaction temperatures on the surface morphology leading to 

development of nano size grains at 900
o
C.------------------------------------------------98 

Figure 5.9: Lattice fringe of (a) Na2Ti6O13 matrix whiskers synthesized at 1100 
o
C, (b) HRTEM 

image of NBT-BT whisker processed at 800
o
C, (c) Lattice fringes corresponding to 

region marked as ‘B’ in Fig. 5.9(b) depicting core of the whiskers with larger 

interplanar spacing than that of NBT based systems. (d) Lattice fringes 

corresponding to the region ‘A’ (marked in Fig. 5.9(b)) near the edge of NBT-BT 

whisker processed at 800 
o
C and the regions marked with 1, 2 and 3 depicting planes 

with various orientation on the same whisker and symbol (├) depicts edge type 

dislocation in Fig. 5.9(d) are magnified next to Fig. 5.9(d), (e) lattice images of 

NBT-BT whiskers processed at 900
o
C.----------------------------------------------------99 

Figure 5.10: (a) Schematic of the transformation of Na2Ti6O13 structure into ABO3 type 

perovskite structure of NBTO through rearrangement of the octahedral connectivity 

type, (b) Schematic representation of the perovskite structure (ABO3) (c) The change 

in the distance between two Ti-Ti atoms with the tilt angle of corner sharing 

octahedra depicting optimum distance between two Ti-Ti atom at 180
o
 as in ABO3 

type perovskite-------------------------------------------------------------------------------102 

Figure 5.11: Change in the morphology of isolated whiskers heated on alumina plate in air at 

various temperatures (a) 1000
o
C, (b) 1100

o
C, (c) 1175

o
C and (d) 1200

o
C. The higher 

grain boundary energy leads to disintegration of whiskers to achieve equilibrium 

cubical shape.--------------------------------------------------------------------------------104 

Figure 5.12: Schematic representation of change in morphology during disintegration of NBT-

BT whisker with increase in tempretaure. The polycrystalline whisker disintegrates 

into isolated cubic grains via grain boundary grooving in analogy with Rayleigh type 

instability.------------------------------------------------------------------------------------105 

Figure 5.13: (a) Long range polar lattice distortions in BaTiO3, (b) polar lattice distortions in 

Pb(ZrTi)O3, (c) polar lattice distortions in Na0.5Bi0.5TiO3-BaTiO3. The dotted circles 

marked represent possible distortion direction of A-site atoms depending on the 

neighboring atoms. -------------------------------------------------------------------------111 

Figure 5.14: High purity single crystal studies. (a) TEM image of thin domains with domain 

walls planar on (100), the magnified view of these domains is depicted in Fig. 

5.14(b). (c) The herringbone type domains structure composed of thin domains with 
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domain walls planar on (100) and (010) and intersecting on (110) plane. The 

magnified view of these domains is depicted in Fig. 5.14(d). (e) SAED with large 

probe size, (f) electron diffraction with nano beam. The arrows marked in (e) and (f) 

indicates superlattice reflections. It was noticed that the            =1 and the angle 

between these vectors was ~ 90
o
, however the SAED with nano beams shows 

deviation in the ratio and the angles indicating lowering of symmetry. ------------117 

Figure 5.15: Bright field TEM image of various domain variants of NBT-BT single crystals 

viewed from [001]c zone axis.-------------------------------------------------------------118 

Figure 5.16: (a) TEM bright field image of the magnified view of edges of domains in NBT-BT 

single crystal, (b) HR-TEM image corresponding to rectangular region marked in 

(a), the FFTs in the inset depicts the FFT corresponding to respective regions 

indicating no sufficient deviation in atomic planes between two variants . (c) and (d) 

depicts the nano-beam diffraction between two variants.-----------------------------119 

Figure 5.17: A HR-TEM image showing the presence of a nanometer twinned region in NBT-

BT whiskers. The two patterns on the right labeled 1 and 2 are Fast Fourier 

Transform (FFT) patterns from the corresponding regions of the HR-TEM image 

marked 1 and 2; the split spots in the yellow circles of the FFT of region 2 indicates 

twinning of the atomic planes. The inset on the HR-TEM image is an SEM 

micrograph of NBT-BT whisker.--------------------------------------------------------------

---------------------122 

Figure 5.18: (a) A schematic representation of the twin arrangement observed in fig.-5.17, (b) 

Schematic plot of bent lattice planes indicating the various energy contributions 

(After Salje [237). The lattice on either end of the plot is distorted due to PE-FE 

phase transition. The spontaneous strain is symbolized by the double arrows. The 

relevant energy is Landau potential. When the planes are bent additional gradient 

energy occurs as described by the Ginzburg energy. The single arrow represents 

bending of the planes------------------------------------------------------------------------123 

Figure 5.19: High resolution neutron diffraction patterns fitted with space group (a) R3c (b) Cc. 

Insets are showing {111} reflection was fitted well R3c space group.--------------125  

Figure 5.20: SAED patterns for NBT-BT whiskers taken along (a) [001]C and (b) [112]C. The 

super lattice reflections ½ {ooe}C  and  ½ {ooo}C  are marked  with arrows in Fig. 

(a) and (b) respectively. (c) and (d) depicts the SAED taken with [013]C and [111]C 

zone axes, respectively. The superlattice reflection marked with arrows in (d), 

however the intensity is very small.------------------------------------------------------127  

Figure 5.21: A schematic of the projection of [001] depicting cation displacement and antiphase 

octahedra tilting-----------------------------------------------------------------------------128 
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Figure 5.22: (a) A simple model showing [001]pc projection of ABO3 type structure.  The unit 

cell is marked as square 1 with broken lines. The displacement of A-site (indicated 

by solid circle with light blue color) cation depicted by the dotted circle in the unit 

cell 2, which could lead to lower local symmetry of the system. (b) The simulated 

SADP using R3c unit cell with [001]pc zone axis.--------------------------------------128  

Figure-6.1: (a) d33 versus Lotgering factor. (b) d33 versus various dopants. (c) ME voltage 

coefficients for trilayer laminates of Metglas/NBT-BT/Metglas for randomly 

oriented and textured NBT-BT systems.-------------------------------------------------138 

Figure 6.2: (a) Micrographs of Bi4Ti3O12 platelets synthesized at 1150
o
C(30 min), the left and 

right side inset show Bi4Ti3O12 platelets with smaller size synthesized at 1100
o
C (30

 

min) and the corresponding XRD spectra recorded at room temperature respectively. 

(b) NBT templates synthesized using topochemical conversion from BIT, inset 

shows XRD spectra recorded after conversion of BIT to NBT demonstrating 

perovskite structure.  (c) Micrograph of the specimen with out CIP heated at 800
o
C 

(2h) after embedding seed inside. Note the polycrystalline nature of seed after 

processing at this temperature due to low density. (d) Low magnification cross-

section image of the specimen with embedded seed heated at 800
o
C (2h), inset 

depicts the magnified view of aligned NBT seed buried in NBT-BT powder inside 

ceramic tapes laminated to get desired thickness of final specimen. Micrographs of 

the cross-section of the specimen depicting  various stages of textured grain growth 

on NBT seed during high temperature processing (e) 1000
o
C (2h), (f) 1100

o
C (2h), 

(g) 1175
o
C (25h). Please note that at lower temperature (~800

o
C), there is hardly any 

growth on the seed (inset of Figure 6.2(d)). But at elevated temperatures (≥1000
o
C), 

nucleation and growth of epitaxial NBT-BT layer starts. Inset of 6.2(g) shows low 

magnification image of textured grains in the speciment heated at 1175 
o
C (10h). (h) 

TEM image of triple junction showing presence of liquid phase in textured 

specimen, (i) EBSD orientation map of (100)pc textured NBT-BT, right and left 

insets show EBSD mapping of randomly oriented NBT-BT ceramics and inverse 

pole figure showing color scheme. -------------------------------------------------------142 

Figure 6.3: Schematic of tape casting process for synthesizing grain oriented ceramics.-------142 

Figure 6.4: Schematic representation of the growth of textured NBT-BT grain on NBT template. 

(a) NBT seed surrounded by NBT-BT powder at intial stage. (b) Formation of the 

liquid phase in the vicinity of NBT seed and nucleation of new phase during 

sintering process. (c) Growth of [001]pc textured grain via epitaxial growth on NBT 

template on prolonged sintering process at~1175
o
C, (d) Schematics of potential 

barrier of NBT seed and metastable liquid phase in polycrystalline matrix. The 

difference in the potential barrier indicates the activation energy for diffusion.----145 
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Figure 6.5: (a) Bright field image depicting magnified view of the interface, inset is showing 

low magnification TEM image of NBT seed and grown textured grain. (b) Lattice 

fringes near the interface of the seed and textured grain. (c) Nano domain in the 

textured grain near interface region. (d) FFT pattern corresponding to nano domain 

regions in (c) showing splitting of spot in the inset. (e) Nano domain running across 

the interace without deviation, the inset of (e) shows simulated interface between 

cubic NBT seed and grown tetragonal NBT region viewed down from [001] zone 

axis, blue circles represent Na and Bi atoms, green circles represent Ti atoms, cyan 

circles represent oxygen atoms. (f) Dark field images depicting the contrast change 

due to polar nano regions.-----------------------------------------------------------------------

---147 

Figure 6.6: (a) XRD data taken at room temperature for various specimens of NBT-BT. Please 

note increasing relative intensity of (001)PC Bragg reflections (equivalent to (012) 

reflection in rhomohedral symmetery setting) for textured specimens. (b) 

Synchrtoron diffraction (~115 keV, wavelength = 0.10798 Å) patterns of T-NBT-BT 

and R-NBT-BT showing strong texture along the {012}h reflection of the underlying 

rhombohedral structure (c) and (d) 2-D diffraction images corresponding to the 

synchrotron data in (b) for T-NBT-BT and R-NBT-BT; (e and f) Rietveld fits to the 

synchrotron diffraction patterns of R-NBT-BT and T-NBT-BT, respectively.-----150 

Figure 6.7: (a) Temperature dependence of relative permittivity and loss tangent of poled 

textured NBT-BT specimen, (b) P-E hysteresis of various NBT-BT textured 

ceramics with different degree of orientation, (c) remanent polarization (2 Pr) versus 

E-field for textured and randomly oriented specimen, (d) coercive field (2Ec) versus 

E-field field for textured and randomly oriented specimen, (e) piezoresponse force 

microscopic (PFM) image of domains in randomly oriented NBT-BT, inset is close-

up view, (f) PFM phase image depicting domains in textured NBT-BT.------------151 

Figure 6.8: Schematic showing in-situ neutron diffraction experiment at VULCAN (ORNL). 

Detector 1 measures diffracted neutrons with momentum transfer along   
⃗⃗⃗⃗ , parallel 

to the direction of applied electric field  ⃗ . Detector 2 measures diffracted neutrons 

with momentum transfer along   
⃗⃗⃗⃗ , transverse to the direction of applied electric 

field  ⃗ . ----------------------------------------------------------------------------------------158 

Figure 6.9: PE hysteresis loops at 1 kHz for NBT-BT polycrystalline ceramics (a) randomly 

oriented (b) textured. The field dependence of 2Pr and its derivative with respect to 

applied electric field for (c) randomly oriented (d) textured. The sharp peak in the 

dPr/dE plots of textured specimen indicates coherent switching of the specimen. 

Temperature dependence of relative permittivity for (e) randomly oriented, (f) 

textured polycrystalline NBT-BT ceramics----------------------------------------------159  
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Figure 6.10: Comparative plots of coercive fields (Ec) versus applied electric field (E) for 

textured and randomly oriented polycrystalline NBT-BT ceramics.-----------------160 

Figure 6.11: Changes in the (200)PC diffraction peak profile for the randomly oriented 

polycrystalline specimen, (a) parallel, and (b) transverse, to the direction of the 

applied electric field.  Figures (c) and (d) show changes in the (111)PC diffraction 

peak profile for the same specimen, parallel, and transverse to the applied electric 

field direction, respectively.----------------------------------------------------------------162 

Figure 6.12: Changes in the (200)PC diffraction peak profile for the 100 textured specimen, (a) 

parallel, and (b) transverse, to the direction of the applied electric field.  Fig. (c) 

show changes in the (111)PC diffraction peak profile for the same specimen, parallel 

to the direction of applied electric field.--------------------------------------------------163 

Figure 7.1: Compositional dependence of d33 and kp for (a) (1-x)BaTiO3-xA(Cu1/3Nb2/3)O3 with 

A-site ion as (a)Ba, (c)Sr and (e)Ca.  Compositional dependence of ε33 and tanδ plots 

for (1-x)BaTiO3-xA(Cu1/3Nb2/3)O3 with A-site ion as(b) Ba, (d) Sr and (f)Ca-----173 

Figure 7.2: Tolerance factor (t) as a function of compositions of different series showing a 

higher rate of decrease for the compounds having an isovalent substitution on A-sites 

and aliovalent substitution on B-sites.---------------------------------------------------175 

Figure 7.3: XRD-spectra recorded at RT for BT-xACN with A-site ion as (a) Ba (b) Sr (c) Ca, 

variation in {200} Bragg reflections with A-site ion as: (d) Ba, (e) Sr, (f) Ca-----176  

Figure 7.4: Tetragonality and grain size as a function of composition in BT-xACN with A: (a) 

Ba (b) Sr and (c) Ca-------------------------------------------------------------------------177 

Figure 7.5: (a) Experimental XRD patterns taken with Ag Ka ( λ=0.559 A) radiation. Note XRD 

data quality is optimized for atomic PDFs analysis, (b) experimental atomic PDFs. 

The PDF for BaTiO3 (BTO) is very well reproduced by a model (line in red) based 

on a tetragonal (polar/ferroelectric) structure--------------------------------------------180 

Figure 7.6: Higher-r part of the experimental atomic PDFs (symbols). Model PDFs for 

tetragonal (line in red) and cubic (line in blue) structures of BTO are shown as well. 

Note the different behavior of particular PDF peaks in the case of polar (tetragonal) 

and non-polar (cubic) structures. The PDF peaks at 25.7 A and 26.25 A for the polar 

structure have similar intensity (follow the red arrow) while those in the PDF of the 

non-polar structure go like high-low (follow the blue arrow).-------------------------181 

Figure 7.7: Raman spectra recorded at RT for various compositions of (a) BT-xBCN, (b) BT-

xSCN, (c) BT-xCCN. High frequency Raman modes at RT for (d) BT-xBCN, (e) 

BT-xSCN and (f) BT-xCCN.---------------------------------------------------------------184 
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Figure 7.8: Variation in peak position of low frequency Raman mode with the change in 

compositions.---------------------------------------------------------------------------------185  

Figure 7.9: Temperature dependence of Raman spectra for (a) BT, (b) BT-0.03BCN, (c) BT-

0.03CCN and (d) BT-0.03SCN.-----------------------------------------------------------188 

Figure 7.10: Raman spectra of various compositions at (a) 81 K, (b) 298 K and (c) 573 K. 

Magnified high frequency regime for various compositions at (d) 81, (e) 298 and (f) 

573 K.-----------------------------------------------------------------------------------------189 

Figure 7.11: Change in the position of Raman mode with the temperature variation for BT, BT-

xBCN, BT-xSCN and BT-xCCN.---------------------------------------------------------190   

Figure 7.12: EPR spectra recorded at RT for (a) x=0.01 and (b) x=0.03 compositions of different 

series. Schematic representation of the structural model (c) T
4+

 sites surrounded by 

oxygen octahedra in case of pure BaTiO3, (d) the      
      

     defect dipole 

oriented along the crystallographic c –axis, creating axial center.--------------------194 

Figure 7.13: Piezoresponse force microscopic images of domains switching under applied DC 

bias for (a)-(d) BaTiO3, (e)-(h) BT-0.025BCN, the values of DC bias are mentioned 

on the images.--------------------------------------------------------------------------------196 

Figure 7.14: Temperature dependence of dielectric response at 1 kHz for various compositions 

of BT-xACN with A as (a-b) Ba, (c-d) Sr,(e-f) Ca.-----------------------------------199 

Figure 7.15: The schematic of potential well for (a) dipolar energy Fdip, (b), elastic energy Felas, 

(c) total energy Ftotal =Fdip+Felas. (d) Schematic of variation in potential wells of total 

energy for different compositions. As the Tc decreases with the change in 

composition (x) the potential well becomes shallow depicting the decrease in 

activation energy for polarization switching.--------------------------------------------201    

Figure 7.16: Temperature dependence of inverse relative permittivity (1/ε) at 1 kHz for various 

compositions of BT-xACN with A as (a) Ba, (c) Sr and (e)Ca. The ln(1/ε -1/ ε m) 

versus ln(T-Tm) plots for various compositions of BT-xACN with A as(b) Ba, (d) Sr 

and (f)Ca.-------------------------------------------------------------------------------------204 

Figure 7.17: (a) Variation in difference of relative permittivity at Tc and RT with respect to 

change in composition of BT-xSCN, (b) P-E hysteresis loop of BT-xSCN at 10 Hz, 

Inset is showing PE-hysteresis loop of pure BaTiO3, (c) remnant polarization (Pr) as 

a function of maximum applied electric field (E) at 10 Hz, Inset is showing electric 

field dependence of Pr for pure BaTiO3. -------------------------------------------------206 
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Figure-7.18: (a)-(b) Bright field TEM images of domains in BaTiO3, (c) SAED corresponding 

to the area presented in (a) and (b). The inset of figure 7.18 (c) shows the higher 

order diffraction from the same area. ----------------------------------------------------208 

Figure 7.19: (a) The HR-TEM image of lattice fringes of BT-0.025SCN depicting contrast 

change due to presence of defects, the inset is depicting FFT pattern corresponding 

to rectangular region. (b) Depicts inverse fast fourier transform image of (a).------209 

Figure 7.20: (a) TEM image of BT-xSCN with x = 0.02, (b) HR-TEM image of lattice fringes 

across domains, the arrows marked shows broad domain wall, (c) FFT pattern 

corresponding to lattice fringes depicted in (a), (d) Inverse fast forier transform 

(IFFT) of (b) clearly depicting domain wall. --------------------------------------------211 

Figure 7.21: (a) TEM image of BT-xBCN with x = 0.025, (b) HR-TEM image of lattice fringes 

across domains, the arrows marked shows broad domain wall, (c) FFT pattern 

corresponding to lattice fringes depicted in rectangular box marked in (a), triple 

spots encircled depict presence of nano twins, (d) magnified view of IFFT of the 

area in rectangular box clearly depicting domain wall.---------------------------------212 

Figure 8.1: Room temperature XRD patterns for: (a) BT, (b) BTBCN, (c) SBTBCN-1, (d) 

SBTBCN-2, and (e) SBTBCN-3 (f) SBTBCN-4----------------------------------------218 

Figure 8.2: SEM images of thermally etched sintered ceramic samples of (a) BT (b) BTBCN (c) 

SBTBCN-1 (d) SBTBCN-2 (e) SBTBCN-3 (f) SBTBCN-4.--------------------------219 

Figure 8.3: Variation of d33 and kp as a function of Sn content.-------------------------------------220 

Figure 8.4: P-E hysteresis loops for synthesized compositions.-----------------------------------221 

Figure 8.5: Temperature dependence of (a) εr and (b) tanδ at 1 kHz.-----------------------------223 

Figure 8.6: (a) εr and tanδ versus temperature at various frequencies (b) 1/εr versus temperature 

at 1 kHz for SBTBCN-2.----------------------------------------------------------------------

224 

Figure 9.1: Schematic representation of the bilayer and trilayer thick films (a) BT (b) Bilayer 

with equal thickness of BT and BTBCN layer (0.5 mm each) (c) Bilayer with higher 

thickness of BT (0.65mm) and BTBCN (0.35mm) (d) Trilayer with 0.3mm thickness 

of each BTBCN layer and 0.4 mm BT layer sandwiched in between them. -------230 

Figure 9.2: XRD patterns recorded at RT on (a) BT and ( b) BTBCN side of the bilayer.-----231 

Figure 9.3: (a)-(c) SEM micrographs of the interface at various magnifications, (d) TEM image 

of the domain structure across the interface (inset showing SAED pattern).------232 
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Figure 9.4: PFM image of (a) BT side and (b) BTBCN side.------------------------------------234 

Figure 9.5: Temperature dependence of relative permittivity for (a) BT (b) BTBCN (c) Bilayer 

with equal thickness (d) Bilayer with unequal thickness (e) Trilayer with BT layer 

sandwiched between two BTBCN layers (f) 1/ε versus temperature plot.----------235 

Figure 9.6: P-E hysteresis loops of BT single layer system (a) various f with fixed E0 = 30 

kV/cm, and (b) various E0 with fixed f = 10 Hz.---------------------------------------240      

Figure 9.7: (a) P-E hysteresis loops of BTBCN and BT layers at fixed f = 50 Hz and E0 = 27 

kV/cm, and (b) P-E hysteresis loops of multilayer systems with fixed f = 50 Hz and 

E0 = 27 kV/cm.-------------------------------------------------------------------------------244 

Figure 9.8: Scaling relations for sub-coercive and saturated field conditions (a) BT single layer 

system, (b) bilayer with equal thickness system, (c) bilayer with unequal thickness 

system, and (d) trilayer system. Dotted lines indicate linear relations fitted to data in 

each regime.----------------------------------------------------------------------------------246 
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List of symbols and acronyms  

Symbols  

 
    

    Ba
2+

 sitting on Ba-site with neutral effective charge  

    
     Cu

2+
 sitting on Ti

4+
 site  

d33   longitudinal piezoelectric constant 

Ec   Coercive field  

ε   Relative permittivity 

εo   Permittivity of free space 

FL   Landau potentials  

FG   Ginzburg energy 

γb   Grain boundary energy  

γs   Surface energy  

γt   Domain wall energy density 

ΔG*   Energy barrier for 2D nucleation 

h    Height of the growth step 

j    Current density 

jL   Leakage current density 

jD    Displacement current density 

kp   Planar electromechanical coupling factor 

kB   Boltzman constant 

λo    The average distance between two growth steps 

λ   Wavelength of radiation 

μm   Bohr magneton 

μn   Nuclear magneton 

    
    Nb

5+
 sitting on Ti

4+
 site   

Ps   Saturated polarization 

Pr   Remnant polarization 

tanδ   Loss tangent factor  

Tc    Curie temperature  

Td   Depoling temperature 

Tm    Temperature of maximum relative permittivity  

  
     Oxygen vacancy 
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List of acronyms 
 

AFM Atomic force microscopy  

BT-ACN  BaTiO3-A(Cu1/3Nb2/3)O3; A = Ba, Sr and Ca 

BTBCN  BaTiO3-Ba(Cu1/3Nb2/3)O3 

BIT   Bi4Ti3O13 

CCD   Charge coupled device 

CIP   Cold isostatic press  

DPT   Diffuse phase transition 

EBSD Electron backscattered diffraction 

EDS   Energy dispersive spectroscopy 

EPR    Electron paramagnetic resonance 

FE-PE   Ferroelectric-paraelectric  

FeRAM  Ferroelectric random access memory 

FeMFET  Ferroelectric metal oxide field effect transistor 

FFT Fast Fourier transform 

FIB Focused ion beam 

GSAS   General Structure and Analysis System 

HAADF High angle annular dark field 

HR-TEM  High resolution transmission electron microscopy  

IPF Inverse pole figure 

JCPDS Joint Committee on Powder Diffraction Standards 

KBT   K0.5Bi0.5TiO3 

KNN/NKN  K0.5Na0.5NbO3 

KNN-LF4:   (K0.44Na0.52Li0.04)(Nb0.86 Ta0.10 Sb0.04)O3  

LPS   Liquid phase sintering 

LO   Longitudinal optic 

ME   Magnetoelectric 

MLCC   Multilayer ceramics capacitor  

MPB   Morphotropic phase boundary 

NBT-BT  Na0.5Bi0.5TiO3-BaTiO3 

NTO   Na2Ti6O13 

PDF   Pair distribution function 

P-E Polarization–electric field  

PFM Piezoresponse force microscopy 

PNR   Polar nano region 

PZT   Pb(Zr0.52Ti0.48)TiO3 

ME   Magnetoelectric 

PZN-PT  Pb(Zn1/3Nb2/3)O3–PbTiO3 

PMN-PT  (PbMg1/3Nb2/3)O3-PbTiO3 

RTGG   Reactive templated grain growth 
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SAED Selected area electron diffraction 

SBTBCN  Sn doped BaTiO3-Ba(Cu1/3Nb2/3)O3 

SEM Scanning electron microscopy  

SNS Spallation neutron source 

STEM Scanning transmission electron microscopy 

TSSG   Top seeded solution growth  

TEM   Transmission electron microscopy 

TGG   Templated grain growth  

TCC   Temperature coefficient of capacitance 

TO   Transverse optic 

XRD X-ray diffraction 

Y5V Y5V are class 2 ceramics capacitor with temperature range of −30 to +85 

°C and % capacitance Change +22% to -82% 
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Chapter-1 Introduction 

1.1 Piezoelectricity 

Piezoelectricity was discovered in 1880 by Jacques and Pierre Curie. Since that 

discovery, piezoelectric effect has been sucessfully utilized across industry and academia. 

Piezoelectric materials find a wide range of applications in our daily lives like gas ignitors, 

microphones, speakers and ink jet printer etc. to various cutting edge technologies including 

sonar, medical ultrasound trasducers and energy harvestors[1].  

The prefix ‘Piezo’ was derived from Greek word for ‘press’ or ‘sqeeze’[2]. The 

piezoelectric effect is considered as linear interaction between mechanical and electrical systems 

in non-centric crystals.  There are two types of piezoelectric effect namely ‘direct piezoelectric 

effect’ and ‘converse piezoelectric effect’. The direct piezoelectric effect implies the generation 

of electric charge under applied stress; however, converse piezoelectric effect is the generation of 

mechanical strain in response to the applied electric field. The basic equations describing 

piezoelectric effects are [3,4]:  

              
       (Direct piezoelectric effect)     (1.1) 

         
            (Converse piezoelectric effect)               (1.2) 

where     and     are the stress applied to a piezoelectric material,    is the induced charge 

density,    and   are the applied electric field,     is the strain developed,    
  is the dielectric 

constant (permittivity) at constant stress, and      
  is the material compliance at constant electric 

field. Both      and      are the piezoelectric coefficients of the third rank tensors with units of 

C/N and m/V, respectively. These equations are based on Einstein reduced tensor notation. 
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Generally, piezoelectric equations use reduced-suffix notation for the piezoelectric coefficients 

[4]: 

                            (1.3) 

                            (1.4) 

where i =1,2,3 and m = 1, 2, 3,……….6.  As strain and stress tensors are symmetric, the 

piezoelectric coefficient tensor is also symmetrical with respect to the same indices, i.e.     

   . The equations (1.3) and (1.4) describe directional properties which are usually specified 

with subscripts to identify the condition of their determination [5], e.g. d33 indicates the induced 

polarization generated in direction 3 (parallel to the direction in which piezoelectric materials is 

polarized) under the application of stress in direction 3, or the induced mechanical strain in 

direction 3 when electric field is imposed in the same direction.  Another important parameter for 

characterization of piezoelectric materials is the electromechanical coupling factor (e.g. kp, kt and 

k33 etc.), which depicts the ability of materials to convert one kind of energy to another. The 

general form of coupling factor is defined as:  

  √
                         

                          
               (1.5) 

or 

  √
                          

                          
               (1.6) 

The value of k is always less than unity due to incomplete conversion of energy. The 

expression of k depends on the dimensions of the specimen. For a thin disc of piezoelectric 

material, the planar coupling factor (kp) is measured. The values of kp  depicts the coupling 
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between an electric field applied parallel to the direction in which the piezoelectric specimen is 

polarized (direction 3) and the mechanical effects that produce the radial vibrations (direction 1 

and 2). Generally, piezoelectric materials having high values of d coefficient and k factor are 

desired for actuator applications.   

1.2 Ferroelectricity 

Ferroelectric materials possess spontaneous electric polarization Ps, which can be 

switched under applied field. Every dielectric material cannot be ferroelectric. Ignoring 

translation repetitions, the crystals can be classified in to 32 point groups. There are 21 point 

group which do not have a center of symmetry. Out of these 21 point groups, 20 were found to 

show piezoelectric effect. Among those a group of materials having temperature dependent 

spontaneous polarization, called pyroelectric materials. A sub group of pyroelectric materials is 

ferroelectric materials which display switchable spontaneous polarization.  

The spontaneous polarization (Ps) in ferroelectrics can be reoriented between two or more 

equilibrium states under the applied electric field [6]. Ferroelectric materials possess 

crystallographically allowed directions of spontaneous polarizations called polar axis. Moreover, 

the region having uniform polarization is called ferroelectric domain [7]. These domains are 

formed to minimize the electrostatic energy of depolarizing field and elastic energy associated 

with mechanical constraints produced upon cooling through phase transitions [7]. The interface 

between two domains is called a domain wall.  
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As mentioned above, the most important characteristic of ferroelectric materials is 

polarization reversal by applied electric field [3]. A typical P-E hysteresis loop in ferroelectrics is 

depicted in Figure 1.1. When the field is small, the polarization increases linearly with the field.  

 

This is mainly due to field induced polarization, because the field is not large enough to cause 

orientation of the domains. On further increasing the field, the polarization increases nonlinearly 

with increasing field, because all domains start to orient in the direction of field. At high field, 

polarization will reach a state of saturation in which most domains are aligned in the direction of 

applied field to achieve a mono-domain state.  The extrapolation of the linear segment of the 

curve at high field to the polarization axis gives the value the spontaneous polarization (Ps).  

However, in polycrystalline materials all domains in various grains cannot be aligned in direction 

of electric field and the true spontaneous polarization equal to that of single domain state cannot 

be achieved. In this case, the Ps value displayed in Fig. 1.1 is more correctly termed as ‘saturated 

polarization’ [3]. Moreover when the external field is reversed, some domain cannot return to 

Figure-1.1 A typical P-E hysteresis loop displayed in ferroelectric materials  
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original state giving rise to remanent polarization (Pr) at zero electric field.  The remnant 

polarization can be removed by further applying electric field in opposite direction and the 

critical field require for this is called coercive field ‘Ec’.  On further increasing electric field in 

negative direction, all domains will be aligned in this negative direction and the cycle can be 

completed by switching the field direction gain.  

With the increase in temperature (T), the spontaneous polarization of a typical 

ferroelectric generally decreases. If the polarization suddenly becomes zero at some critical 

temperature (Curie temperature, Tc) [6], the system is said to have first order phase transition. On 

the other hand if value of spontaneous polarization decreases continuously with increase in 

temperature, the system is characterized by second order phase transition. When the system cools 

down through Curie temperature, structural transformation occurs and the system loses the center 

of symmetry and becomes ferroelectric with more than one possible polarization state as 

depicted in Figure 1.2 (a) by two minima separated by a potential energy barrier ∆G[8]. 

However, in paraelectric state (T > Tc) only one minimum is available denying the presence of 

switchable spontaneous polarization as shown in Figure 1.2 (c).  

At the phase transition temperature, the dielectric, elastic, optical and thermal properties 

show anomalies [7]. The temperature dependence of a dielectric depicts very high value of 

relative permittivity at Curie temperature. The high dielectric permittivity in the vicinity of Curie 

temperature can also be explained by the free energy diagram by assuming reduced potential 

barrier among the equivalent polarization states. Due to which even a small external impact 

might induce a strong response from the dipoles, i.e. a high dielectric permittivity. However in 

different phase or temperature region, different mechanism may contribute to the dielectric 

permittivity. Sometimes, the high dielectric permittivity at Tc is shifted towards room 
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temperature by doping to get high relative permittivity at room temperature. The shifting of Tc 

towards RT is often accompanied with an enhanced piezoelectric response suggesting the 

important role played by structural instability. However for piezoelectric materials high Curie 

temperature is desired to get wide temperature range of operation. The structural instability has 

been considered an important factor in enhanced piezoelectric response in solid solutions near 

MPB. In this thesis, we therefore investigated the effect of structural instability on piezoelectric 

Figure-1.2 (a) –(c) Schematic of Free energy (G) versus polarization (P) plots at various 

temperatures in case of first order phase transitions [8], (d) Schematic of relative permittivity versus 

temperature for a normal ferroelectric 
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response with respect to lead free materials. Next section provides description of MPB and the 

established mechanism for achieving enhanced piezoelectric response around MPB.  

1.3 Piezoelectric materials with morphotropic phase boundary  

Morphotropic phase boundary (MPB) is an intrinsic region of a phase diagram where two 

or more phases coexist. The solid solution of piezoelectric materials having MPB show enhanced 

piezoelectric and dielectric responses at this phase boundary. For example, the phase diagram of 

PZT with PbTiO3 and PbZrO3 as end members is provided in Figure 1.3 (a) [9]. The change in 

piezoelectric coefficients and electromechanical coupling constant of PZT with compositions 

near MPB are shown in Figure 1.3(b) and (c), respectively. Traditionally, the high piezoelectric 

response has been attributed to the enhanced number of polar axis in MPB composition [1, 9]. In 

a particular crystallographic symmetry, there are always a fixed number of equivalent polar axes 

in which the dipoles can be switched. The Ti-rich side of MPB in PZT possesses the tetragonal 

crystal symmetry with 6 equivalent [001] directions as polar axes. However on the Zr-rich side 

of the MPB, PZT with rhombohedral symmetry possesses 8 equivalent [111] directions as polar 

axes. Because at MPB two different phases coexist, the switching of polar axes in PZT has 14 

available directions under applied E-field. This phenomenon was considered to be responsible 

for giving rise to high piezoelectric response at MPB. Noheda et al discovered the monoclinic 

phase between tetragonal and rhombohedral phase at MPB of PZT and thereby the phase 

diagram of PZT was modified by showing the monoclinic phase [10] (Figure 1.3(d)). Some well-

known piezoelectric materials having MPB are (1-x)Pb(Mn1/3Nb2/3)O3-xPbTiO3, (1-

x)Pb(Zn1/3Nb2/3)O3-xPbTiO3, and (Na0.5Bi0.5)TiO3-BaTiO3, etc. High resolution X-ray diffraction 

investigations suggested that the major intrinsic contribution from both rhombohedral and 

tetragonal phase comes from the tilting of the Ps vectors [11]. The monoclinic phase with 24 
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permitted orientation states is expected to provide bridging polarization continuity leading to 

enhanced piezoelectric response [11].  

In addition, it has been shown that enhanced piezoelectric response can be related to the 

presence of miniaturized ferroelectric domains (< 1μm) with high mobility [12]. Wada et al. [12] 

were able to synthesize miniaturized domain structure  in BaTiO3 single crystal by applying E-

field along non polar [111]C direction through a poling process conducted above Tc. The high 

piezoelectric response (d31 = - 230 pC/N) observed in this system was attributed to the high 

density of domain walls [12]. Wang et al. [13] have performed theoretical calculations and have 

confirmed that the enhanced piezoelectric response in the specimen with miniaturized domains 

was correlated with domain wall broadening under applied E-field [13]. Further, the enhanced 

piezoelectric response in non-polar directions was also attributed to the domain wall broadening 

mechanism [13]. Building upon these prior studies, investigations were conducted on  MPB 

composition of NBT-BT with respect to domain shape and size to understand the mechanism for 

enhanced piezoelectric response. 

 1.4 Relaxor ferroelectrics  

The ferroelectric materials with compositionally induced disorder exhibit relaxor 

behavior. The diffused phase transition (DPT) and the frequency dependence of the Curie peak is 

the characteristics of relaxor-type materials. This kind of behavior has been observed in 

disordered ABO3 type perovskite ferroelectrics, hydrogen bonded ferroelectrics and anti-

ferroelectrics [14]. 

In perovskites the functional response is highly dependent on the A and B-site cation 

chemistry like charge, ionic radii, electronegativity. Bismuth strontium titanate (Bi2/3xSr1-x)TiO3,  
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sodium bismuth titanate Na0.5Bi0.5TiO3-BaTiO3 and lead lanthanum zirconate titanate, 

(Pb1−xLa2/3x)(ZryTi1−y)O3(PLZT) are the typical examples of A-site substitutions. For the B-site 

substitution, the compounds lead magnesium niobate, (PbMg1/3Nb2/3)O3 (PMN) and lead 

scandium tantalate, Pb(Sc1/2Ta1/2)O3 (PST) are well-known relaxor materials discovered by 

Smolensky’s group [15]. Figure-1.4 shows the temperature dependence of permittivity plot for 

PMN showing strong frequency dispersion of relative permittivity with broad Curie peak[16], 

which is in contrast to the purely displacive transition shown in Figure-1.2(d). In these materials, 

relative permittivity could reach up 20,000 near Tc and Tm shifts up with the increase in 

frequency. In relaxor-type ferroelectric materials polarization does not vanish immediately after 

Tm, but decreases gradually. Moreover, the relaxor-type ferroelectric materials do not exhibit 

macroscopic symmetry change during transition at Tm[14]. However at local length scales 

symmetry breaking polar nano regions (PNRs) or nano domains exist well above Tm strongly 

affecting the functional response [15]. These PNRs are also considered as ordered regions in 

disordered matrix [1]. The relaxor-type ferroelectrics exhibit high dielectric constant, large 

electrostrictive coefficients and temperature stability of functional response due to diffuse phase 

transition. The A-site disordered Na0.5Bi0.5TiO3-based lead-free piezoelectric also exhibit DPT, 

however the origin of DPT is not clear. In this thesis, investigations were conducted on PNRs in 

NBT-BT in order to understand the DPT exhibited by these materials systems. Studies were also 

conducted on the newly developed BT-based piezoelectric materialsto establish a correlation 

among the phase transition behavior, domain structure and PNRs. 
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Figure-1.3 (a) Morphotropic phase boundary of PZT. Reprinted with permission from[9]. 

Copyright [1971], Academic press, an imprint of Elsevier. (b) Enhanced piezoelectric response at 

MPB. Reprinted with permission from[9]. Copyright [1971], Academic press, an imprint of 

Elsevier. (c) Enhanced electromechanical coupling factor and dielectric constant. Reprinted with 

permission from[9]. Copyright [1971], Academic press, an imprint of Elsevier.  (d) Revised 

phase diagram of PZT showing monoclinic bridging phase [10]. Reprinted with permission from 

[16]. Copyright [2008], Springer Science + Business Media. 
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Figure-1.4 Temperature dependence of relative permittivity at various frequencies for 

(PbMg1/3Nb2/3)O3(PMN). Reprinted with permission from [16]. Copyright [2008], Springer 

Science + Business Media. 

  

1.5 Lead-free piezoelectric materials 

Piezoelectric materials find a myriad of applications in various cutting-edge technologies 

as discussed in the previous section. However, most of the currently used piezoelectric materials 

are lead-based and hence are matter of environmental concern. Recently, lead-free Na0.5Bi0.5TiO3 

(NBT) based piezoelectric materials have emerged as potential candidate to replace lead based 

piezoelectric materials.  

NBT was discovered by Smolenskii[17]  in 1961. It was reported that NBT is a relaxor 

ferroelectric with diffuse phase transition from rhombohedral to tetragonal phase between 200
o
C 

and 320
o
C and from tetragonal to cubic phase at 540

o
C[18-21]. The temperature range of 200-

320
o
C has been subject of intense discussions related to the existence of antiferroelectric phase. 

Some researchers have suggested coexistence of rhombohedral and tetragonal phases in this 
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temperature range with PNRs [22].  However in a recent in-situ temperature dependent TEM 

investigation [23], it was reported that phase transition from ferroelectric rhombohedral to anti-

ferroelectric orthorhombic phase proceeded via an antiferroelectric modulated phase consisting 

of orthorhombic sheets in a rhombohedral matrix in the temperature range from 200 - 300
o
C. A 

second phase transition from O-T (Orthorhombic-Tetragonal) phase occurs near 320
o
C, which 

corresponds to the antiferroelectric/paraelectric phase transition. 

The solid solution of NBT with various tetragonal compounds has been investigated including 

K1/2Bi1/2TiO3 (KBT), BaTiO3, CaTiO3, SrTiO3 and PbTiO3 [24-27]. Takenaka et al. [24] 

presented the phase diagram of NBT-BT showing the existence of MPB as shown in Figure 1.5. 

The d33, k33 and loss tangent factors for NBT- 6% BT composition were found to be ~125 pC/N, 

55% and 1.3%, respectively. However, Tc and ferroelectric to anti-ferroelectric transition 

temperature (Td, also referred as depoling temperature) decreased at MPB. In comparison to 

lead-based perovskites, NBT has higher elastic modulus (~110 GPa vs 70 GPa) and lower 

density (6 g/cm
3
) which makes it favorable for light-weight actuation applications [25]. 

Modification with BiScO3 and BiFeO3 lead to increment in Tc of NBT and NBT-BT up to 400
o
C 

together with an improvement of remnant polarization (Pr)[28-30]. Li et al.[31] have reported the 

dielectric and piezoelectric response of (1-x)(Na0.5Bi0.5)TiO3-xNaNbO3 ceramics. The samples in 

composition range of 0.01 to 0.02  were found to exhibit d33 ~ 80 – 88 pC/N.  In a recent work, 

the effect of Na nonstochiometry in Bi0.5Na0.5-xTiO3 ceramics was investigated [32]. The grain 

size was found to decrease with increase in Na nonstoichiometry. However, d33 was increased 

from 74 pC/N (Td ~ 190
o
C) at x =0.0 to 91 pC/N (Td ~ 112

o
C) at x=- 3.5 and then dropped with 

further Na deficiency. The effect of bismuth excess was studied on NBT-BT ceramics near MPB 

and compositions with x ≤0.505 were found to exhibit large Pr ~ 37.5-41.1 µC/cm
2
 , d33 ~ 171-
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176 pC/N at RT with moderate depoling temperature (Td) ~ 85
o
C[33]. Wang et al[34] have 

studied (0.95-x)(Bi1/2Na1/2)TiO3-x(Bi1/2K1/2)TiO3-0.05BaTiO3; x= 0 – 20 mol% compositions 

and specimen with x = 5 mol% was found to exhibit d33 ~ 148 pC/N, kp~ 34 %, kt~49.2 % and Td 

~125
o
C.  However, these modifiers also increased the magnitude of coercive field (Ec) which  

 

 

Figure 1.5 Phase diagram of (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 (NBT-BT) reported by Takenaka et 

al. Reprinted with permission from [24]. Copyright [1991], The Japan Society of Applied 

Physics. 

  

makes the poling difficult. Generally, Ec and Td are lower in doped materials, however cobalt 

doping was found to enhance Td by 20
o
C [35,36]. High piezoelectric properties in these Bi-based 

compounds are always accompanied with the lowering of Td as shown in Fig. 1.6. Lower Td 



 
 

14 
 

leads to unstable domains which are easy to switch and hence giving rise to higher piezoelectric 

constant [35]. Li doping of 4 at% in NBT-BT has been found to improve the piezoelectric 

coefficient as d33= 176 pC/N, k33 = 0.6 and Td= 171
o
C[37]. In order to further improve the 

piezoelectric response without lowering the Td various researchers have used reactive template 

(RTGG) and template (TGG) grain growth method [38-44].  The <100>c textured NBT-BT 

ceramics [40] were found to exhibit improved response given as:  d33 ~ 241 pC/N, kp ~ 41.2 % 

and kt ~ 66.5% at RT with Td ~ 115
o
C.   

Investigations on growth of lead-free single crystals in NBT-BT systems have shown that 

near MPB compositions congruently melt and can be grown by flux growth[45] and top seeded 

solution growth (TSSG) method[46]. Recently, d33 as high as 457 pC/N with k33 ~ 68.5 % was 

reported on Mn-doped NBT-BT single crystal grown by TSSG method. Piezoelectric properties 

of some NBT-based materials along with other lead-free piezoelectric materials are listed in 

Table 1.1. In order to demonstrate the practical feasibility, Chen et al. [47] have investigated the 

performance of high frequency ultrasonic transducers consisting of NBT-BT single crystal as 

active element. The [001] oriented NBT-BT crystal was found to exhibit thickness 

electromechanical coupling coefficient kt of ~ 0.52 and low clamped dielectric constant of ~ 80. 

They further demonstrated that -6–dB bandwidth of transducer was 46.16 % and the insertion 

loss at the center frequency was -31.89 dB indicating NBT-BT single crystal as promising 

candidate for ultrasonic transducer application.  

Recently, high electric field induced strain (~0.45%) was observed in (1-x-y) 

(Bi0.5Na0.5)TiO3-xBaTiO3-y(K0.5Na0.5)NbO3ceramics[48-50]. The MPB composition 

0.94(Bi0.5Na0.5)TiO3 –6mol% BaTiO3 was found to exhibit field induced ferroelectricity and 

remained ferroelectric after field removal[51]. On addition of KNN, these ceramics were found 
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to exhibit high strain (up to 0.45%) due to the full recovery of original dimensions for every 

electric cycle [52,53]. It turned out that addition of KNN lowered the transition temperature (Td) 

from the low-temperature ferroelectric to the high-temperature antiferroelectric phase [54]. 

Moreover, large electric field-induced strain in BNT-BT-KNN was attributed to a field induced 

transition from the antiferroelectric to the ferroelectric phase and explained in terms of change in 

the unit cell volume. 

 

Figure 1.6. Variation of the piezoelectric constant and transition temperature (ferroelectric to 

antiferroelectric phase mentioned as depolarization temperature) as a function of BaTiO3 

concentration in NBT– BT system[55]. 

 

Also, in NBT-based lead-free piezoelectric materials, the effect of doping has not been 

very successful as opposed to PZT based systems where d33 up to 600
 
pC/N could be achieved by 

doping.  However in this thesis, synthesis of grain oriented NBT-BT materials with composition 

near MPB was successfully accomplished by overcoming barriers related to processing. The 
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synthesis of grain oriented NBT-BT composition near MPB has been challenging due to the 

presence of multiple phases. These grain oriented specimen were found to depict enhanced 

piezoelectric response. To understand the nature of E-field induced phase transitions in textured 

and randomly oriented NBT-BT, in-situ neutron diffraction experiments were performed under 

E-field.  

Table 1.1 Dielectric and piezoelectric properties of the prominent lead free systems [55] 

Materials  d33 kp k33 Tc To-t/Td Ref 

BaTiO3 

BT-BCN 

NBT-KBT-LBT 

NBT-KBT-BT 

NBT-xBT; x =6 - 8% 

NBT-6BT+7.5L 

NBT-6BT-2NKN 

NBT-20KBT (MPB) 

(K0.5Na0.5)NbO3 (H.P.) 

(K0.5Na0.5)NbO3 

NKN-Li (7%) 

NKN (Textured) 

NKN-SrTiO3 (5%) 

NKN-LiTaO3(5%) 

NKN-LiNbO3 ( 6%) 

NKN-LiSbO3 (5%) 

190 

330 

216 

183 

122-176 

208 

30 

140-190 

127 

80 

240 

410 

200 

200 

235 

283 

0.36 

0.43 

0.401 

0.367 

0.21-0.36 

0.368 

--- 

0.27-0.35 

0.46 

0.35 

0.45 

0.61 

0.37 

0.36 

0.42 

0.50 

0.5 

---- 

--- 

0.619 

--- 

--- 

--- 

--- 

0.6 

0.51 

0.64 

- 

-- 

-- 

-- 

-- 

115 

80 

350 

290 

225-228 

260 

260 

280-300 

420 

420 

460 

253 

277 

430 

460 

392 

0 

-- 

160 

100 

90-105 

85 

 

130-170 

--- 

195 

~20 

25 

27 

55 

70 

45 

[56] 

[57] 

[58] 

[59] 

[60-64] 

[65,66] 

[49,50] 

[67-72] 

[73,74] 

[75] 

[76] 

[39,77]  

[78,79] 

[80] 

[81] 

[82] 
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Chapter-2  

Purpose of research and organization of thesis 

2.1 Purpose of research 

The objective of this research is to design, synthesize and characterize lead-free 

piezoelectric ceramic materials with enhanced functional properties and to understand their 

structure-property relationships. Conventionally, NBT based lead-free piezoelectric ceramics 

have been synthesized by mixed-oxide sintering route leading to random polycrystalline grain 

structure. It is well-known that the piezoelectric properties are higher in oriented single crystals. 

However, the processing of single crystal is complicated and is not cost-effective. Further, the 

stoichiometry in single crystals is difficult to control and often variation in composition leads to 

changes in properties across the diameter and length of the ingot.  

An alternative to single crystal is texturing of the piezoelectric ceramics. In this case, 

selection and synthesis of suitable template is the critical issue. The process for achieving 

texturing in alkali-based ceramics is challenging due to diffusion and low melting oxides. It 

would be extremely beneficial if certain degree of texturing can be achieved during the normal 

course of ceramic fabrication without using the complex multi-step template grain growth 

method (TGG) and reactive template grain growth (RTGG) method. In this thesis, one such 

possibility was investigated by using Na2Ti6O13 single crystal whiskers that were aligned in the 

base matrix powder during tape-casting stage. Texturing of new composition required in-depth 

understanding of phase transformation, microstructural development and high temperature 

chemical reactivity of base matrix powder with templates. An in-depth understanding of 

transformation mechanism of Na2Ti6O13 into Na0.5Bi0.5TiO3-0.07BaTiO3 (NBT-BT) was 

developed and overall densification mechanism for all sintering stages was investigated using 
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high resolution microscopy and diffraction. This new method for synthesizing the NBT-BT 

ceramics opens the possibility of achieving varying grain shape and sizes with certain degree of 

texturing.  

Ferroelectric nanostructures with high aspect ratio are highly desired but their synthesis is 

extremely challenging since at reduced dimensions most perovskites adopt a structure with cubic 

symmetry resulting in a highly isotropic shape during high temperature processing. A novel 

molten salt synthesis process was developed for the synthesis of lead-free NBT-BT ferroelectric 

whiskers with high aspect ratio. This method utilizes topochemical transformation using 

Na2Ti6O13 as a host structure. Furthermore, a model was developed to understand mechanism the 

structural transformation mechanism from edge-sharing octahedral coordination in NTO to 

vertex sharing octahedral coordination of NBT-BT. 

The ABO3 type perovskite piezoelectric compositions near the MPB are known to exhibit 

high piezoelectric response. Polarization rotation through intermediate monoclinic phase has 

been considered to be an important mechanism resulting in enhanced electromechanical response 

in lead-based B-site disordered piezoelectric systems near MPB. However, the mechanism of 

high piezoelectric response in A-site disordered lead–free systems at MPB is not well 

understood.  In this thesis, we describe a microscopic model derived from comparative analyses 

of HRTEM and neutron diffraction that explains the origin of high piezoelectric response in lead 

– free MPB compositions of NBT-BT. Samples of high purity single crystals and polycrystalline 

ceramics were used for the high resolution microscopy and diffraction studies. 

Texturing enables the polycrystalline ceramics to resemble their single crystal 

counterparts so that favorable domain engineered states can be obtained for composition close to 
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MPB. Texturing of lead-free MPB compositions is an extremely challenging problem due to 

several fundamental constraints – volatility of the alkali elements, chemical reactivity with seed 

templates, poor sinterability of the base compositions, and cubical equilibrium grain shape. All 

these problems were solved and more than 90% grain oriented ceramics were achieved which 

lead to 200% improvement in the piezoelectric properties as compared to the random ceramics of 

same composition. This is significant advancement in the field of lead-free piezoelectrics 

opening the pathway for actuation applications.  

Investigations on the textured samples using in-situ bulk neutron diffraction patterns 

revealed that the pseudo-cubic nature of the bulk lattice was maintained subsequent to the 

application of E-field. In contrast, significant distortions in diffraction peak profiles were 

observed in the randomly oriented specimen, indicating coexistence of phases with 

rhombohedral and tetragonal symmetries. Although the (001)PC textured specimen exhibits no 

electric-field-induced phase transformation, it shows a much higher d33 (~ 320 pC/N) than that of 

the randomly oriented specimen (~160 pC/N). Based on these observations, It could be asserted 

that structural instability, at least on a bulk scale, is not a necessary prerequisite to obtain large 

piezoelectric properties in NBT-BT ceramics. This result indicates that the enhanced 

piezoelectric behavior of the (001)PC textured specimen is partially due to it’s domain engineered 

state, as well as due to preservation of the “relaxor” nature due to existing PNRs. 

Compositional modification of piezoelectric materials is a principal technique used for 

tuning the magnitude of electromechanical response. These compositional modifications perturb 

the atomic-scale structure and global microstructure, modulate the phase transition behavior and 

influence the evolution of the domain structure. However, comprehensive studies accounting for 

compositional effect on local dynamics/distortion and further on the domain structure and 
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microstructure and their correlation with functional response are limited for lead – free relaxor 

piezoelectrics. A novel lead-free piezoelectric (1-x) BaTiO3 – x A(Cu1/3Nb2/3)O3 (A: Ba, Sr and Ca) 

compositions was synthesized. In order to provide fundamental understanding of A-site instability 

on piezoelectricity, the local structural distortions, phase transition behavior, microstructure, 

domain structure and associated changes in functional response of the system were investigated. 

This study provides fundamental understanding about the origin of enhanced piezoelectric 

instability in BT-based materials and its correlation with the average and local structural changes. 

The microstructure – domain structure – defect chemistry – physical property relationships were 

investigated in complex perovskite solid solutions given by the formulation (1-x)BaTiO3-

xA(Cu1/3Nb2/3)O3 (BT-xACN, x = 0.0-0.03, A=Ba, Sr, Ca). 

Multilayer ceramic capacitor (MLCC) technologies require continuous development of 

high dielectric constant material in order to meet the growing demand of miniaturization, high 

volume efficiency, lifecycle, and low cost. In order to meet these requirements, thickness of each 

layer is a critical factor. Dielectric layers less than 3.0 μm thickness require sub-micron grain size 

with good densification. There has been limited success in achieving large relative permittivity 

with smaller grain sizes. A novel Sn-modified system [0.975 BaTi1-ySnyO3 – 0.025 

Ba(Cu1/3Nb2/3)O3] was developed in this thesis that exhibited dielectric constant higher than 7000 

(with TCC suitable for Y5V type MLCCs), dielectric loss factor less than 1% and grain size less 

than 1 μm. 

Graded structures offer the possibility of tuning the hysteresis loops by modulating the 

parameters such as leakage current, sharpness of the interface and ferroelectric – anti-ferroelectric 

exchange coupling. Using tape-casting based process, bulk graded ferroelectric structures of 

BaTiO3 and 0.975BaTiO3-0.025Ba(Cu1/3Nb2/3)O3 were synthesized for two specific reasons: (i) to 
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better understand the physics governing the dynamic hysteresis behavior, and (ii) to 

deterministically model the hysteretic scaling relationships. It was observed that coupling resulting 

due to polarization mismatch between layers changes the free energy function and influences the 

dynamic hysteresis behavior and power-law scaling relations.  

2.1 Organization of thesis 

Chapter-1 Introduction 

     This chapter summarizes the fundamental concepts of piezoelectricity and 

ferroelectricity. The concepts related morphotropic phase boundary, intermediate bridging 

phases and relaxor-type ferroelectrics were included in the discussion. This chapter also 

presented a detailed review of various prominent lead-free piezoelectric systems. 

Chapter-2 Purpose of research and organization of thesis 

After summarizing the current state-of-the-art in the Chapter 1, the need for new 

investigations related to lead-free piezoelectrics was identified with clear pathway towards 

design of composition and microstructure. The data reviewed in Chapter 1 also indicated the 

need to continue the search of new lead-free compositions.  

Chapter-3 Experimental procedure 

This chapter summarized the details of main experimental procedures used throughout 

the dissertation. The chapter explained the synthesis method for ceramics adapted in this thesis. 

It also provided details on the characterization techniques such as x-ray/neutron diffraction, 

Rietveld refinement and PDF analysis, used throughout this dissertation. The description of 

Raman spectroscopy, TEM, electrical characterization and PFM measurements was presented to 

inform the readers about the necessary background. 
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Chapter-4 

In this section, synthesis, microstructural evolution and electrical characterization of lead-

free (1-x)Na0.5Bi0.5TiO3-xBaTiO3 (NBT-BT) ceramics with x = 0.05, 0.06, 0.07, 0.08, 0.09 was 

reported. The piezoelectric response was optimized by synthesizing the compositions around the 

MPB given as 0.93Na0.5Bi0.5TiO3-0.07BaTiO3. Next in this chapter, a novel method for the 

synthesis of NBT-BT was presented. This method starts with the synthesis of monoclinic 

Na2Ti6O13 (NTO) whiskers and then transforms them to NBT-BT ceramics. 

Chapter-5  

This chapter discusses the synthesis process for achieving nanostructured ferroelectric 

NBT-BT whiskers with high aspect ratio using NTO as a host structure. A microscopic model 

was developed by conducting comparative analyses through HR-TEM and neutron diffraction 

that explains the origin of high piezoelectric response in lead – free MPB compositions of NBT-

BT. Extensive structural investigations on high purity single crystals and polycrystalline samples 

were conducted to validate the model. NBT-BT whiskers with a diameter of ~2-3 grains (grain 

size ranging 300-500 nm) were used in the structural analysis to avoid the influence on the 

domain migration in a given grain from the domains in neighboring grain. 

Chapter-6  

This chapter described the synthesis method for grain oriented NBT-BT ceramics. The 

mechanism for grain transformation and its influence on piezoelectric response was explained in 

detail by using results from XRD, TEM and PFM analysis. This chapter also provided a 

comparative description of the properties of textured and randomly oriented polycrystalline lead-

free piezoelectric 0.93(Na0.5Bi0.5TiO3)-0.07BaTiO3 (NBT-BT) ceramics by using data from in-

situ field-dependent neutron diffraction experiments.  
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Chapter-7  

This chapter provides the fundamental understanding of the enhanced piezoelectric 

instability in new lead-free piezoelectrics given as: (1-x) BaTiO3-xA(Cu1/3Nb2/3)O3 (A: Sr, Ba 

and Ca and x = 0.0-0.03) through detailed structural and electromechanical analysis. 

Chapter-8  

This chapter provides the approach for the synthesis of new BaTiO3 (BT) based high 

dielectric compositions that are promising for Y5V type multilayer ceramic capacitors (MLCCs). 

Chapter-9    

This chapter investigates the dielectric and ferroelectric response of compositionally 

graded bilayer and trilayer composites consisting of BaTiO3 (BT) and 0.975BaTiO3-

0.025Ba(Cu1/3Nb2/3)O3 (BT-BCN). Two types of graded bilayer samples were synthesized by 

varying the layer thicknesses. The graded trilayer sample consisting of BT layer sandwiched 

between two BT-BCN layers of equal thickness was also synthesized. 

Chapter-10 Summary and future work 

 This chapter summarizes the significant results of the thesis. It also describes about the 

future work that needs to be pursued to successfully transition the NBT based ceramics into 

practical applications.  
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Chapter-3 Experimental procedure 

 3.1 Synthesis of piezoelectric ceramics: 

3.1.1 Solid state reaction:  

In order to synthesize polycrystalline piezoelectric ceramics, solid state reaction method 

was adapted. This method can be categorized into two broad steps: (i) synthesis of ceramics 

powder, (ii) sintering of the compact ceramics body.  

3.1.2 Synthesis of ceramics powders:  

For the synthesis of (1-x)Na0.5Bi0.5TiO3-xBaTiO3, the stoichiometric amounts of starting 

materials (Na2CO3, Bi2O3, TiO2, BaCO3) were weighed followed by first ball milling for 24h. 

The ball milling was performed under ethanol in polyethylene bottles with Yttria-stabilized ZrO2 

balls as milling media. The resulting mixture was dried in an electric oven at 80
o
C for 12h. The 

powder thus obtained was calcined in alumina crucibles covered with alumina plate at higher 

temperatures. The temperature of calcination was optimized to achieve perovskite phase. After 

calcination the powder gets agglomerated and to break this agglomeration a second ball-milling 

was performed for 24h. After finishing the second ball-milling, the slurry was kept for drying in 

an oven for 12h at 80
o
C.  Finally, after drying, the powder was sieved with a sieve having 300 

μm opening and used for ceramic fabrication.  
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3.1.3 Sintering process:  

The powder obtained after calcination was uni-axially pressed into pellets using a steel 

die. These pellets were covered with the powder of the same composition and processed at high 

temperature (less than the melting temperature) to obtain a highly dense ceramic body. The 

reduction of the excess surface energy associated with particle surfaces is the macroscopic 

driving force operating during this process [83]. This is achieved by (i) reduction of the total 

surface area by an increase in the average size of the particles leading to coarsening (Figure 3.1 

(b)), and/or (ii) the elimination of solid/vapor interfaces and the creation of grain boundary area, 

followed by grain growth, which leads to densification (Figure 3.1 (a))[83]. These two 

mechanisms are usually in competition. If the atomic process that leads to densification 

dominates, the pores get smaller and disappear with time. This process is called sintering. 

However, if the atomic process leading to coarsening is faster, both the pores and grains coarsen 

Figure-3.1 Schematic diagram depicting two possible paths through which collection of                          

particles can lower its energy[83]. (a) Densification followed by grain growth. In this 

case shrinkage of the compact has to occur. (b) Coarsening where the large grains grow 

at the expense of the smaller ones. 
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and get larger with time [83]. After optimization of sintering temperature of NBT-BT, all the 

materials were sintered at 1200
o
C for 2h with heating and cooling rate of 5

o
C/min 

3.2 Structural characterization 

3.2.1 X-ray diffraction  

X-ray diffraction (XRD) can be used to characterize any crystalline specimen. However 

this method is most sensitive to the high-Z elements, because the diffracted x-ray intensity is 

stronger from heavier nuclei [84]. It can easily be used with a resolution in the sub-angstrom 

range. Figure 3.2 shows the Bragg reflection from the set of crystal planes with spacing d. A 

beam of parallel x-rays is impinging on the crystal surface at an angle θ and diffracted at an exit 

angle θ.[84] The condition for constructive interference is that the path difference between the  

 

Figure-3.2 Bragg reflection from the set of crystal planes with a spacing d. 
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two rays shown in the figure is equal to an integral number n of wavelengths:  

AB + BC = dsinθ + dcosθ = nλ    (2.1) 

Rewriting this formulates the famous Braggs law as: 

nλ  = 2dsinθ       (2.2) 

where λ is the wavelength of incident x-rays and n is the order of diffraction[84].  

A powder XRD spectrum of a specimen provides d-spacing of the line and their intensity. 

High intensity is desirable for getting high quality spectrum. The d-spacing is important as it is 

directly related to unit cell parameter of the specimen. Therefore, the XRD spectrum can be used 

to determine a change in crystal symmetry and confirm the formation of desired phase [84]. For 

example, when a crystal structure changes from cubic to tetragonal, the inter-axial angles remain 

unchanged, however the length of unit cell changes: a=b≠c. In XRD spectra, {111} reflections 

would be identical in cubic and tetragonal phase and there would be only one {111} Bragg peak. 

However, the single {100} Bragg peak now splits in to two (100) and (001) Bragg peaks. 

Because in tetragonal symmetry, lattice parameters a = b, Bragg reflections from (100) and (010) 

are detected at the same 2θ angle, resulting in intensity of (100) peak nearly twice that of (001) 

peak. In case of rhombohedral phase, {111} Bragg peaks splits in to two peaks (111) and (-111), 

however {100} Bragg reflections remains unchanged. XRD experiments (Cu Kα radiation) were 

conducted using PANalytical X’Pert Pro powder X-ray diffractometer at operating voltage of 45 

kV and current of 40 mA. 
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3.2.2 Neutron diffraction 

The X-rays are mainly scattered by heavier cations however neutrons are scattered by all 

the ions. Therefore combined use of two probes could be helpful in separating the cation-cation 

correlation from the cation-oxygen correlation. Neutrons are the fundamental particles with zero 

charge, mass m, and spin ½. The relation between the wave vector  ⃗⃗  and the momentum  ⃗  is 

given by:  ⃗    ⃗⃗  .[84, 85]] The de Broglie wavelength of the neutron is given as:   
 

 
 

     

√ 
, 

where E is the energy of the neutron in units of MeV[85]. In this thesis, the neutron powder 

diffraction patterns of the NBT-BT whiskers were collected at the VULCAN diffractometer of 

the Spallation Neutron Source (SNS), Oak Ridge National Laboratory[86]. The diffraction 

pattern was collected with an incident neutron beam in the time-of-flight mode. Rietveld 

refinement on the diffraction pattern was performed using the GSAS software package [87]. 

3.2.4 Rietveld refinement  

In 1969, Rietveld[88] presented a method for the analysis of the powder XRD data. In 

this method the whole pattern of diffracted intensity and the diffraction profile as a function of 

the angle 2θ is calculated. The profile get modified due to experimental effects such as the peak 

shape, absorption, polarization correction, the Debye-Waller factor, sample geometry, and the 

background[89]. The profile of calculated intensity Icalc (Q), is compared to the experimental 

data. In order to obtain the best-fit structural model, each parameter of the model is refined [89].  

The R-factor (residual function), which is the difference between the model and experiment [89],  

  
∫                      

∫             
      (2.3)   
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is minimized through least square fitting. The ideal value of R should be zero, however various 

errors results in non-zero R values. Generally R value of a few % is considered as excellent 

fitting, while 10% represents a poor fitting. Another common R factor is weighted profile R-

factor (Rwp), which deals with the statistical significance of each data-point by weighing its 

contribution to the residual function. The weighted residual function is defined as [89]:  

    
∫ 

 

    
                        

∫
 
        

     
  

    (2.4) 

where      is the estimated random error on each data-point at the level of one standard 

deviation.  

3.2.4 Atomic pair distribution function (PDF) analysis: 

Generally, the Bragg peaks and diffuse scattering intensities have been treated separately 

during the crystallographic analysis. The position and intensity of Bragg peaks have been used to 

determine the structure; however diffuse scattering has been used to obtain more information in 

regard to structural deviations from the perfect lattice [89]. In case of small deviations, this 

approach is useful, however this method fails if the structure is disordered [89]. In this case 

atomic PDF analysis comes in to play as it deals with the Bragg and diffuse scattering on equal 

basis[89,90]. The atomic PDF, G(r), gives the number of atoms in a spherical shell of unit 

thickness at a distance r from a reference atom as [90]: 

                       (2.5) 

where ρ(r) and ρo are the local and average atomic number densities, respectively, and r is the 

radial distance. G(r) is one dimensional function that oscillates around zero and shows positive 
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peaks at distances separating pairs of atoms [90]. The negative valleys in G(r) correspond to real 

space vectors lacking atoms at either ends[90].G(r) is a Fourier transform of the experimentally 

observable total structure function S(Q)[90] given as: 

      
 

 
 ∫                    

    

   
     (2.6) 

where Q is the magnitude of wave vectors (Q = 4πsinθ/λ), 2 θ is the angle between the incoming 

and outgoing X-rays, and λ is the wavelength of X-rays used. The structure function is related to 

the coherent part of the total scattered intensity as[90]: 

                ∑   |     |  |∑        |    (2.7)  

where      is the coherent scattering intensity per atom in electron units and    and    are the 

atomic concentration and X-ray scattering factor, respectively, for the atomic species of type 

i[91]. The equations (2.6) and (2.7) consider the total scattering (Bragg scattering and diffuse 

scattering) in PDF [90]. Therefore, average and longer range atomic structure (manifested in 

Bragg peaks) and the local structural distortions (manifested in diffuse component of the 

diffraction pattern) are incorporated in PDF[90].  

3.2.5 Raman spectroscopy  

Raman spectroscopy is a versatile tool to investigate the local structural distortions due to 

shorter characteristic length[92]. The dynamic behavior of the lowest wavenumber transverse 

optical mode (soft mode) has been of great interest in ferroelectric materials [93]. Raman 

scattering is very sensitive to the subtle structural modifications and can be used to detect low 

concentration impurity phases which remain unperceived to normal diffraction methods. 

Moreover, the chemical heterogeneity at sub-micrometer levels [94] can be easily probed 
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through spatially resolved Raman spectroscopy. The Raman spectra usually contains intensity 

versus the difference in wave number between incident and the scattered beam and the peaks are 

related to the corresponding phonon frequency[92]. Because of small wave vector of optical 

photons, the phonons involved in the Raman scatetring of crystalline solids have very small 

momentum compared with the Brilloiun zone[92]. Therefore, only zone-centered phonons 

participate in the Raman scattering[92]. Raman spectroscopy is very useful for investigating the 

role and origin of structural and chemical factors. 

In this thesis, Raman studies were conducted in the backscattering geometry using a 

Jobin-Yvon T6400 Triplemate instrument utilizing laser radiation of 514.5 nm from a coherent 

Innova 99 Argon source. The green laser light was focused in ~2m-diameter by using a Raman 

microprobe with a 50X objective. A charge-coupled device (CCD) system collected and 

processed the scattered light. The integration time of the spectrum and the slit width and laser 

beam power were adjusted in order to achieve a high signal to noise ratio. The typical spectral 

resolution for the Raman system with an 1800 grooves/mm grating and 1-in CCD was less than 1 

cm
-1

. The system was calibrated with Si spectra at room temperature before and after recording 

the spectra. 

3.2.6 Transmission electron microscopy  

The Philips EM 420 electron microscope was used to record selected area electron 

diffraction (SAED) and bright field images. This microscope could be operated with the variable 

acceleration voltage from 40 to 120 kV. This microscope is equipped with slow scan CCD 

camera for BF/DF imaging and electron diffraction pattern recording. The HR-TEM experiments 

were performed on FEI TITAN 300 electron microscope operated 300 kV. While doing HR-
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TEM imaging, the specimens were tilted to particular zone axis.  The analysis of the images was 

performed using ImageJ and DigitalMicrograph
TM

 (Gatan Inc., Pleasanton, CA, USA) software. 

The simulation of SAED was performed using CrystalKit program.  

3.3 Electrical characterization  

3.3.1 Measurements of dielectric properties  

Piezoelectric materials are generally dielectrics. The dielectric constant and loss tangent 

factor are important parameters for characterization of a piezoelectric material. The temperature 

dependence of dielectric constant and loss tangent factor provides vital information about nature 

of phase transition of these materials. Generally these measurements are performed in parallel 

plate capacitor configuration. Suppose a parallel plate capacitor is filled with a dielectric 

medium. On applying an alternating electromotive force ℰ with frequency ω onspecimen, an 

alternating current i flows through the capacitor [95],  

        ℰ    √    ,    (2.8) 

where    is the capacity of the parallel plate condenser without any medium (in vacuum) and    

is the relative dielectric constant is a function of ω. As the dielectric loss (including leakage 

current) exists in a dielectric material,    could be written as a complex number [95]: 

  
                     (3.9) 

where,       is the real part of the dielectric constant (which is sometimes denoted as relative 

permittivity in this thesis) and         is the imaginary part. The imaginary part represents the 

dielectric loss. Generally, loss tangent factor (tanδ) is used to represent the dielectric loss and is 

defined as: 
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                                 (3.0) 

The electric current density [95] in a parallel plate capacitor can be written as: 

       
       

     

where E is the electric field strength. The real part of the ratio J/E is the electric conductivity σ 

[95] in dielectric materials: 

         
      

σ(ω) represents the total dielectric losses caused by various mechanisms. Therefore,    and      

are sufficient for characterizing the dielectric response of a material. For electrical 

measurements, silver electrodes were applied on flat faces of sintered pellets of piezoelectric 

ceramics. Computer controlled HP 4192A impedance analyzer coupled with high temperature 

oven was used to measure the dielectric constant and loss tangent factor as a function of 

temperature at various frequencies with oscillation level of 500 mV. 

3.3.2 P-E hysteresis measurements 

The polarization-electric field (P-E) measurements were recorded using the computer-

controlled ferroelectric tester Precision Pro with Vision-Pro software from Radiant Technology 

Inc. The P-E hysteresis curves were generated with a standard bipolar profile with parameters of 

0 offset and pre-loop delay of 100 ms. 

3.3.3 Piezoelectric measurements  

Prior to poling, ferroelectric materials do not show piezoelectric properties because of the 

random orientation of ferroelectric domains in the ceramics. During poling process, a DC electric 
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field is applied on ferroelectric ceramic sample to align domain in the direction of electric field. 

In order to avoid the electric arcing, the poling process was performed in silicone oil bath. For 

effective poling, the temperature, time and E-field was optimized. Theoretically, when the E-

field is larger than the coercive field of a ferroelectric sample, most of the domains will be 

aligned along the applied field direction. However, the experimental results show that poling 

field should be 3x or 4x higher than that of coercive field [95] to obtain optimum piezoelectric 

response. The longitudinal piezoelectric coefficient (d33) was measured using a Berlincourt APC 

YE 2730A d33 meter. The electromechanical properties were measured using the frequency 

dependent impedance spectrum measured by HP 4194A impedance analyzer. The 

electromechanical coupling factor, mechanical quality factor, piezoelectric voltage constants 

were calculated from these measured parameters.   

3.3.4 Piezo-response force microscopy (PFM) 

The PFM is a scanning probe microscopy (SPM) based technique used to investigate 

domain structure. In this study, a Bruker atomic force microscope was used. In order to perform 

PFM measurements, the piezoelectric samples were grinded to ~ 100 μm thickness and polished 

to be optically flat. This specimen was glued on the sample stage using conducting silver epoxy 

and the other surface was scanned by the conducting SPM tip. For this an AC modulation 

voltage (peak to peak) with a frequency was applied between the conducting tip and the bottom 

electrode of the specimen.  
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Chapter-4 

4.1 Structural and electrical characterization of lead free (1-x)Na0.5Bi0.5TiO3-

xBaTiO3 ceramics
[a]

 

In this chapter, the synthesis method, microstructural and electrical characterizations of 

lead-free (1-x)Na0.5Bi0.5TiO3-xBaTiO3 (NBT-BT) ceramics with x = 0.05, 0.06, 0.07, 0.08, 0.09 

were investigated. The piezoelectric response was optimized by synthesizing the compositions 

around morphotropic phase boundary (MPB). These NBT-BT ceramics were synthesized using 

conventional solid state reaction method. These samples were subjected to room temperature 

XRD measurements for structural characterization. Scanning electron micrographs were 

recorded for all the compositions to check morphology, while measured density using 

Archimedes principle comes out to be more than 96% of theoretical density for all specimens. 

The values of free permittivity (ε
T

33/εo) and longitudinal piezoelectric constant (d33) for x = 0.07 

were found to be 1027 and 160 pC/N, respectively along with the electromechanical coupling 

constant factor kp ~ 22(%). However for x = 0.08, values of d33 and kp were found to be 151 

pC/N and 35%, respectively. The longitudinal piezoelectric constant (d33) in x=0.07 composition 

was found to be around 28% higher than that of reported for same composition.  

4.1.1. Background: 

The profound increase of scientific research in piezoelectric materials is growing very 

fast due to their diversified potential application in many cutting edge technologies.  But, the 

piezoelectric response of lead-based piezoelectric materials like PZT is much higher. Therefore, 

there is strong urge to develop lead-free piezoelectric materials equally efficient as lead based. 

                                                           
[a]

 Reproduced with permission from [174]. Copyright 2010, The American Ceramic Society. 



 
 

36 
 

Various methods are used to improve piezoelectric response of the materials; construction of 

solid solution near morphotropic phase boundaries, doping of aliovalent cations, grain size 

control, and synthesis of textured ceramics. Further, construction of solid solution around MPB 

is also very popular method to improve the piezoelectric response of an underline system.  

Na0.5Bi0.5TiO3 have been in picture since a long time[15], recently these materials have been the 

point of attraction  as “eco-friendly” lead free piezoelectric with potential industrial application 

[19,20]. The sodium bismuth titanate Na0.5Bi0.5TiO3 (NBT) belongs to A'A"BO3 - type complex 

perovskites with A sublattice occupied by ions of different species having different valence 

states.  

Moreover, solid solutions of Na0.5Bi0.5TiO3 (NBT) with BaTiO3 (BT); (1-x) 

Na0.5Bi0.5TiO3–x BaTiO3, have been studied to improve the dielectric and piezoelectric 

properties of NBT.  A morphotropic phase boundary (MPB) between a rhombohedral 

ferroelectric relaxor structure (NBT) and a tetragonal ferroelectric (BT) structure has been found 

at x = 0.06–0.07[24,96,97]. At MPB, materials show structural coexistence of the two phases in a 

large temperature range and improved electromechanical and piezoelectric properties [24]. It has 

been reported for (1-x) Na0.5Bi0.5TiO3–x PbTiO3 system that MPB may be shifted due to lattice 

distortion [98]. In present chapter, the synthesis of various (1-x)Na0.5Bi0.5TiO3-xBaTiO3 ceramics 

around MPB was performed using conventional solid state reaction method. These specimens 

were further subjected to structural analysis followed by optimization of piezoelectric and 

electrical response. 

4.1.2. Experimental  
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The synthesis of (1-x)Na0.5Bi0.5TiO3-xBaTiO3 (x = 0.05, 0.06, 0.07, 0.08, 0.09) randomly 

oriented ceramics were performed using solid state reaction method. For this, stoichiometric 

amounts of high purity Na2CO3, TiO2, BaCO3 and Bi2O3 were mixed and ball milled for 24h 

with ZrO2 balls in polyethylene bottle. The ball milled powders were subjected to two step 

calcination (800 - 900
o
C for 2h). Calcined powder was again ball milled, pelletized, and sintered 

at 1100 - 1200
o
C for 2h. XRD-patterns were recorded at RT to confirm the phase evolution in all 

samples using X-Ray Diffraction System (Philips Xpert Pro). SEM images were collected using 

LEO (Zeiss) 1550 microscope for thermally etched samples. The density was measured using 

Archimedes principle. For electrical and piezoelectric measurements, silver paste was applied on 

flat surfaces of the ceramic disks and fired at 650
o
C. These samples were poled at 5 kV/mm for 

1h at 60
o
C.  The d33 values were measured using by Berlincourt meter using a d33-meter, while 

HP 4194A impedance analyzer was utilized to measure electrical response. Relative permittivity 

(ε) (and tangent loss factor was determined as a function of temperature at selected frequencies 

using HP 4284A LCR meter connected to a computer-controlled high temperature furnace. 

4.1.3. Results and discussion 

Figure-4.1 represents XRD-spectra recorded at RT for all the (1-x) NBT-xBT ceramics. It 

was observed that all (1-x)NBT-xBT compositions crystallize in pure perovskite phase. Figure-

4.2(a) and Figure-4.2(b) depict variations of (200) and (111) peaks of NBT-BT samples with 

various BaTiO3 content at RT, respectively.  It can be seen in Figure-4.2(b) that with increasing 

amount of BaTiO3, the shape of (200) rhombohedral peak becomes asymmetric and finally get 

split in to (002) and (200) tetragonal peaks along with the presence of rhombohedral (200) peaks. 

The tetragonality (c/a) calculated for x = 0.07, 0.08, 0.09 comes out to be 1.0087, 1.0101, 

1.0153, respectively. Moreover, c/a ratio could not be calculated for x = 0.06 as tetragonal (200) 
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peak get merged with rhombohedral (200) peak, but one can still observe (002) peak, which 

further get merged with the rhombohedral (200) peak. Thus, one can observe decrease in 

tetragonality with decreases in BaTiO3 content in the base matrix. The obvious rhombohedral 

split in (111) peak can be clearly observed for x = 0.05 composition, which get merged in to one 

peak indicating transition of structure from rhombohedral to tetragonal with the increase in the 

BaTiO3 content in the base matrix.  Figure-4.2(c) shows trend of variations of (220) peaks with 

the change in BaTiO3 content in NBT-BT. It is observed that the intensity of rhombohedral (220) 

peaks decreases gradually with the increase in the BaTiO3 content along with the evolution of the 

tetragonal (220) peaks for increased BaTiO3 content. Thus, one can observe coexistence of two 

phases rhombohedral and tetragonal in a same composition indicating the underline composition 

at (MPB). 

 

Figure 4.1- XRD-patterns recorded at RT for various compositions of (1-x)Na0.5Bi0.5TiO3-xBaTiO3 
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Figure-4.3 shows the scanning electron micrographs of thermally etched (1-x) NBT-xBT; 

x= 0.05, 0.06, 0.06, 0.07, 0.08, 0.09 compositions. These micrographs clearly indicate the highly 

dense ceramics body. The density of all NBT-BT specimens is higher than 96% of theoretical 

density (Figure-4.4). The increasing trend of theoretical density with respect to increase in 

BaTiO3 can be noticed. 

Figure -4.5 depicts relative permittivity (ε) and loss tangent factor (tan δ) as a function of 

temperature at 100 kHz for unpoled (1-x)NBT-xBT; x=0.07 specimen. The presence of diffuse 

transition can be observed in terms broad transition peaks. Three regions are marked as 

ferroelectric, antiferroelectric and paraelectric phase in wide temperature range of ε(T) and 

tanδ(T) plots .  

Figure 4.2 Effect of compositional change on various Bragg reflections in (1-x)Na0.5Bi0.5TiO3-

xBaTiO3: (a) {200}, (b) (111) and (c) (220). 
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Figure- 4.3 SEM micrographs of (1-x)NBT-xBT ceramics 
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Figure 4.4 Theoretical density versus composition in (1-x)NBT-xBT ceramics 

 

Figure-4.5 Permittivity (ε) and loss tangent (tan δ) versus temperature plot for unpoled 

0.93NBT-0.07BT ceramics 

Figure- 4.6 (a) shows free permittivity (ε
T

33/εo) and tangent loss factor tanδ (%) as a 

function of BaTiO3 content (x).  All values are average values measured on three samples 

prepared in different batches. ε
T

33/εo and tanδ(%) are found to be maximum for x = 0.07 

composition, which lies around morphotropic phase boundary (MPB) in NBT-BT system.   
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Figure- 4.6 dependence of dielectric response (a) and piezoelectric response (b) at room 

temperature for (1-x)NBT-xBT ceramics 
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Figure 4.6(b) depicts compositional dependence of longitudinal piezoelectric constant 

(d33) and and electromechanical coupling constant factor kp. The value of d33 increases up to 160 

pC/N for x =0.07 and then drops on further increase in BaTiO3 content, while kp assumes the 

maximum value ~35(%) for x =0.08. The longitudinal piezoelectric d33 value observed in this 

composition is much higher than d33 value observed in NBT-BT ceramics reported in literature 

(d33~125 pC/N) [24,35] synthesized by conventional solid state reaction method. Higher d33 

(~160 pC/N) value can be ascribed to the existence of this composition at MPB, which is 

composed of two phase rhombohedral and tetragonal. Rhombohedral structure possess eight 

(111) polar axis and tetragonal phase possess six (100) polar axis and hence there are 14 polar 

axis in MPB composition, which increases the probability of alignment of diploes along the polar 

axis giving rise to decent piezoelectric properties.   

4.1.4. Chapter summary: 

The (1-x) NBT-xBT composition near MPB was optimized by synthesizing x = 0.05, 

0.06, 0.07, 0.08, 0.09 compositions. All these compositions crystallize in single perovskite phase 

with the variation in (200) (111) and (220) peaks indicating presence of   composition at MPB. 

All the specimens are showing > 96% of theoretical density. Composition x = 0.07 was found to 

show higher d33 value ~ 160 pC/N and kp ~ 22% along with value free permittivity value (ε
T

33/εo) 

of 1027.  However, d33, kp and ε
T

33/εo value found to be 151 pC/N, 35 % and 1010, respectively 

for x = 0.08 compositions.   
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4.2 Synthesis and characterization of Na2Ti6O13 whiskers and their 

transformation to (1-x) Na0.5Bi0.5TiO3-xBaTiO3 ceramics
 [b]

 

In previous chapter, the composition around morphotrpic phase boundary in (1-x)NBT-

xBT was optimized. The composition 0.93Na0.5Bi0.5TiO3-0.07BaTiO3 was identified as MPB 

composition. However, the sintering of NBT-BT is has some issues due to presence of elements 

having low melting temperature. In this chapter, a novel method for the synthesis of NBT-BT 

has been presented. This method deals with the synthesis of monoclinic Na2Ti6O13 whiskers and 

their transformation to lead-free 0.93Na0.5Bi0.5TiO3-0.07BaTiO3 (NBT-BT) ceramics. Synthesis 

of Na2Ti6O13 templates was performed using molten salt synthesis (MSS) method. These 

whiskers were further characterized using XRD, SEM, TEM and HRTEM for structural analysis. 

Tape casting method was used to align the whiskers in a base matrix powder and subjected to 

various processing temperature to elucidate the microstructure and texture evolution. For this, 

SEM, HRTEM, AFM and EDS analysis were used as principal tools. The sintering process can 

be understood by dividing it into three stages, namely (i) transformation of monoclinic whiskers 

in to NBT-BT perovskite phase through topochemical reaction (<800
o
C), (ii) localized sintering 

confined on single whisker (800-1050
o
C), and (iii) liquid phase sintering as densification and 

grain growth occurs in the whole matrix (>1050
o
C). The concentric growth ledges observed on 

grain surfaces were found to be preferably confined on the corners of cubical grains indicating 

<111> growth direction. The Lotgering factor (f100) for the sintered matrix was found to decrease 

with increase in sintering temperature. The longitudinal piezoelectric constant (d33) of samples 

sintered for 20h at 1175, 1200 and 1225 
o
C was measured to be ~153, ~216 and ~180 pC/N 

respectively. 

                                                           
[b]

 Reproduced with permission from [177]. Copyright 2010, the American Ceramic Society. 
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4.2.1. Background  

 Current generation piezoelectric actuators, sensors and transducers are fabricated mainly 

using lead-based piezoelectric composition [5,15,99]. However, there is growing environmental 

concern in use of lead which has prompted research in finding alternative lead-free compositions. 

Na0.5Bi0.5TiO3-BaTiO3 solid solution is considered as one of the promising lead-free candidate 

for possible replacement of lead-based ceramics [24]. This system consists of a morphotropic 

phase boundary (MPB) and it has been shown that the compositions close to MPB exhibit 

excellent electromechanical properties [24]. Considering the technological relevance of 

Na0.5Bi0.5TiO3 (NBT) based ceramics, various methods have been adopted to synthesize this 

material including hydrothermal synthesis method [100,101], stearic acid gel method[102], the 

citrate method[103], mixed oxide route[104], and slurry synthesis with a transient Aurivillius–

type structure[105]. In a recent work, in-situ high temperature diffraction measurements were 

performed in order to investigate the formation of NBT phase during the course of sintering 

[106]. Several researchers have also investigated the role of dopants such as Nd2O3, La2O3, 

Sm2O3, Nb2O5, Eu2O3, MnCO3, Fe2O3, and Dy2O3 to achieve higher density and ferroelectric 

properties [107-112]. Most of the dopants are found to improve the electrical characteristics but 

at the same time shift the depoling temperature (Td) towards room temperature (RT). The 

optimized composition in this system has been shown to be (1-x)Na0.5Bi0.5TiO3-xBaTiO3; x= 

0.07 (denoted as NBT-BT in this chapter).
 

Conventionally, NBT ceramics are synthesized by mixed-oxide sintering route leading to 

random polycrystalline grain structure. It is well-known that piezoelectric properties are higher 

in oriented single crystals.  However, the processing of single crystal is complicated and not 

cost-effective. The composition in single crystals is difficult to control and often leads to 
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variation of properties across the diameter and length of the ingot. The other alternative to 

achieve high property is by texturing of the piezoelectric ceramics [38]. Texturing refers to the 

orientation of grains with similar crystallographic orientation normally conducted using template 

grain growth (TGG) or reactive templated grain growth (RTGG) approaches. Both of these 

methods require templates having shape anisotropy with high aspect ratio [40,42-44,113,114]. 

Textured NBT-BT based ceramics processed using RTGG method by using Bi4Ti3O12 templates 

were reported to exhibit d33 of 241 pC/N with lotgering factor f100 of 96%[41]. The ceramics 

processed using TGG method by using SrTiO3[40] and NBT[115] templates were found to 

exhibit d33 of 200 pC/N at f100 of 94% and 299 pC/N at f100 of 87%.  

The selection and synthesis of suitable template is the critical issue in fabrication of 

textured ceramics. However, the process of achieving texturing still remains a challenge which 

has limited its use across the laboratories and industry. It will be very interesting if certain degree 

of texturing can be achieved during the normal course of ceramic fabrication without using the 

complex multi-step TGG and RTGG process. One such possibility was investigated by using 

Na2Ti6O13 single crystal whiskers that were aligned in the base matrix powder during tape-

casting stage. Texturing of new composition requires in-depth understanding of phase 

transformation, microstructural development and high temperature chemical reactivity of base 

matrix powder with templates.  

In this chapter, in-depth understanding of transformation mechanism of Na2Ti6O13 into 

NBT-BT, microstructural development and overall densification mechanism for sintering stages 

was provided. Detailed discussion was provided on the synthesis and microstructure of 

Na2Ti6O13 whiskers and subsequently their transformation in to NBT-BT ceramics. Na2Ti6O13 

whiskers were synthesized using molten salt synthesis method and characterized using SEM, 
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XRD, TEM and HR-TEM. A physical understanding of interaction between Na2Ti6O13 whiskers 

and base matrix powder was performed using the results from microscopy and chemical analysis 

which provides insight on the transformation of whiskers with monoclinic phase to perovskite 

phase of Na0.5Bi0.5TiO3-0.07BaTiO3. The electrical response of these NBT-BT ceramics was 

investigated and correlated with the microstructure. This new method for synthesizing the NBT-

BT ceramics opens the possibility of achieving varying grain shape and sizes with certain degree 

of texturing.  

4.2.2. Experimental 

4.2.2.1 Synthesis of Na2Ti6O13 whiskers: The molten salt synthesis method was used to 

synthesize Na2Ti6O13 whiskers. For this purpose, stoichiometric amount of Na2CO3 and TiO2 

(Rutile) powder was ball-milled for 24h followed by addition of controlled amount of NaCl. The 

ball-milling was performed using Y-stabilized ZrO2 balls in polyethylene bottle. Various 

combinations of oxide to salt ratio (1:1, 1:2, 1:3) were investigated, however 1:2 ratio was found 

to provide required aspect ratio of the template whiskers and hence it was used for further 

experiments. The salt mixed oxide powders were heated at 1100
o
C for 10h followed by cooling 

to RT. The mixture was then washed with deionized water several times to remove the trace salt. 

The basic mosaic of rutile structure is TiO6 octahedron where octahedra share parallel edges and 

form chain if viewed along c-axis and the chains are connected by sharing the vertices, however 

orientation of chains are different[116] Rutile (TiO2) reacts with Na2CO3 leading to 

reconstruction of octahedra to produce Na2Ti6O13 whisker. The octahedra chain in the rutile is 

combined as three units to produce Na2Ti6O13 [116].   
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 4.2.2.2 Sample preparation: In order to prepare the perovskite specimen, the stoichiometric 

amount of raw powder was batched according to following chemical reaction: 

0.93[Na2Ti6O13+1/2Na2CO3+3/2Bi2O3] + 6[0.07(BaCO3+TiO2)] 

     6[0.93Na0.5Bi0.5TiO3-0.07BaTiO3] + 0.885CO2        (4.1) 

Table 4.1 List of the amount of various starting materials used for the synthesis NBT-BT using 

Na2Ti6O13. 

Na2Ti6O13 

(g) 

Bi2O3 

(g) 

Na2CO3 

(g) 

TiO2 

(g) 

BaCO3 

(g) 

Total weight 

(g) 

 

12.5869 

 

16.2504 

 

1.2321 

 

0.8390 

 

2.0722 

 

32.9805 

 

The ball milling of mixture consisting of Na2CO3 (Alfa Aesar, 99.8 %), Bi2O3 (Alfa Aesar, 99.9 

%), BaCO3 (Alfa Aesar, 99.8 %) and TiO2 (Alfa Aesar, 99.5 %) powders was performed in 

polyethylene bottles using yttria-stabilized ZrO2 balls as milling media and high purity ethanol as 

solvent. The resulting matrix powder was mixed with Na2Ti6O13 whisker templates in 

commercial binder system ‘B73225’ (Ferro Corporation) to form slurry which was tape casted 

on polymer sheet with 200 µm opening of the doctor blade. After drying, the tape was cut in to 

20 x 20 mm size and then laminated at 80
o
C for 1h. The laminated tape was then cut in to desired 

shape and subjected to binder burn out at 400
o
C for 4h with heating rate of ~0.5 

o
C/min. 

Subsequently, these specimens were subjected to two step heating cycle; 800
o
C for 2h followed 

by 1175
o
C for 20h. In order to characterize the phase and microstructual change with texture 

evolution, samples were subjected to sequential heating in the range of 800 – 1175
o
C with 

temperature interval of 100
o
C. The microstructural evolution between 1000 – 1100

o
C was 

closely monitored with temperature interval of 25
o
C. In order to elucidate the grain growth and 
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densification mechanism, samples were subjected to isothermal heating at 1175
o
C for varying 

time periods. The density of sintered specimens was measured by using Archimedes principle. 

The surface morphology of the sintered samples was observed using a LEO Zeiss 1550 (Zeiss, 

Munich, Germany) scanning electron microscope equipped with HKL Nordlys II Electron Back 

Scatter Diffraction (EBSD) system. In order to investigate the structure of Na2Ti6O13 whiskers, 

single whisker was mounted on FIB grid using focused ion beam (FIB) machine (FEI Helios 600 

NanoLab) and subsequently characterized by a FEI Titan 300 ( FEI, Hillsboro, USA) 

transmission electron microscope (TEM). The degree of orientation was determined from the 

XRD pattern in the range of 2θ = 20 – 60
o
 by Lotgering’s method. The Lotgering factor f is 

defined as the fraction of area textured with required crystallographic plane using the formula 

[117]: 

Lotgering Factor 
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             (4.2) 

where I and Io are intensity of the diffraction lines (hkl) of textured and randomly oriented 

specimens, respectively. For electrical measurement, silver electrode was applied on the flat 

faces of the rectangular specimen and then fired at 650
o
C for 30 minutes. Samples were poled at 

5 kV/mm at 60
o
C in a silicon oil bath. The longitudinal piezoelectric constant (d33) was measured 

by Berlincourt d33-meter.  

4.2.3. Results and discussion: 

4.2.3.1 Structural characterization of Na2Ti6O13:  

Figure 4.7(a) shows the XRD patterns of Na2Ti6O13 whiskers measured at room 

temperature. It can be seen that Na2Ti6O13 whisker crystallizes in pure monoclinic phase. 
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Na2Ti6O13 belongs to the family of M2TinO2n+1 compounds, where n = 6 or 3 and M = Na or K.  

Na2Ti6O13 has a base centered monoclinic structure with parameters, a = 1.51310 nm, b= 

0.37450 nm, c = 0.91590 nm and β = 99.3
o
C with spatial group C2/m[118]. Figure 4.7(b) shows 

the microstructure of Na2Ti6O13 whiskers synthesized using molten salt method with 1:2 oxide to 

salt ratio. These whiskers were found to exhibit high aspect ratio suitable for aligning in the base 

matrix. The estimated average length of whisker was found to be ~10-20 μm and thickness was 

in the range of 0.5 – 1.0 μm.  

 

Figure 4.7: (a) XRD-patterns of Na2Ti6O13 whiskers recorded at RT, (b) SEM images of 

Na2Ti6O13 whiskers synthesized using molten salt synthesis method. 
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Figure 4.8(a) shows the TEM image of whisker mounted on the FIB grid (inset of Fig. 

4.8(a) representing the sample). HR-TEM image of this whisker is shown in Fig. 4.8(b). Two 

dimensional lattice fringes are clearly seen in this image with interplanar spacing of fringes of 

0.90 and 0.62 nm corresponding to the d-spacing of (001) and (201) planes respectively. The 

(001) lattice plane is parallel to the length of whisker. Fast Fourier transform (FFT) of selected 

area from lattice image was indexed with [010] zone axis in which plane (201) can be observed 

with interplanar spacing of 0.62 nm. This HR-TEM (Fig.4.8 (b)) analysis shows microstructure 

Figure 4.8 : (a) TEM image of Na2Ti6O13 whisker, (b) HR-TEM image of Na2Ti6O13 whiskers 

from [010] zone axis (inset is showing the FFT of selected portion), (c) magnified view of the 

lattice image depicted in (b), and (d) schematic representation of structure of Na2Ti6O13 

whisker. 
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of planes extending without any grain boundaries depicting single crystalline nature of Na2Ti6O13 

whiskers. Figure 4.8 (c) is a magnified view of the lattice image and Fig. 4.8(d) represents the 

schematic structure model of Na2Ti6O13 crystals. In Na2Ti6O13 structure, a 3-D network of TiO6 

octahedron joined by corners and edges form a zig-zag structure with rectangular tunnels along 

y-axis, where sodium ions are located. To elucidate further about crystalline structure of whisker, 

selected area electron diffraction (SAED) patterns were measured by tilting the Na2Ti6O13 crystal 

to different zone axes   (Figure 4.9).  Figure 4.9(a) shows the SAED pattern indexed with (201)  

and   ̅02) planes observed from [010] zone axis. Figure 4.9(b) shows the SAED pattern 

measured from [001] zone axes with planes indexed as (200), (310) and (110). Both SAED 

patterns (Fig. 4.9(a) - (b)) were found to exhibit single crystalline nature of whiskers. 

Figure 4.9: SAED patterns recorded on whisker from various zone axes. 
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4.2.3.2 Transformation of Na2Ti6O13 whiskers in to NBT-BT ceramics  

4.2.3.2.1 XRD analysis and density measurements:  

Figure 4.10 (a) depicts the microstructure of single tape of matrix containing Na2Ti6O13 

template whiskers along with binder system. Whiskers were found to be embedded in base 

matrix powder along with the binder system and were mostly arranged in the direction parallel to 

the tape casting. The XRD-spectrum recorded at RT on this tape is shown in Fig. 4.10 (b). The 

change in intensity of the powder peaks with respect to Na2Ti6O13 peaks indicates the preferred 

orientation of whiskers in the tape. Figure 4.11 (a) shows the XRD patterns measured at various 

stages of heat treatment process. Up to 400
o
C (which corresponds to the binder burnout 

temperature) no reaction occurred between Na2Ti6O13 whiskers and powder matrix. XRD-spectra 

recorded on specimen heated for 2h at 800
o
C indicates that whiskers reacted with powder matrix 

leading to structural transformation to perovskite phase NBT-BT. Figure 4.11 (b) depicts the 

variation of Lotgering factor f100 (fraction of area textured in (100) plane) with change in 

temperature. It was found that in the range of 800 – 900
o
C, the magnitude of f100 was around 

20% which decreases upon heating to higher temperatures. Thus after transformation to NBT-BT 

perovskite phase at 800 and 900
o
C, specimens were found to exhibit lower but significant degree 

of orientation (texture) ~20% in (100) plane. This 20% texture was found to decrease rapidly 

with further increase in temperature which can be associated with rapid microstructural changes 

as discussed in detail later.    

In order to investigate the sintered phase, specimens processed at 1175 
o
C for 20h were 

crushed to fine powder and XRD analysis was conducted as shown in Fig. 4.11 (c). 
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Inset of Fig. 4.11 (c) depicts the magnified view of (111) and (200) peak. The splitting of 

(111) peak indicates rhombohedral phase, however the splitting of (200) indicates tetragonal 

nature of the specimen. Therefore, Fig. 4.11 (c) suggests that this composition was close to 

Figure 4.10: (a) SEM image of single tape containing template whiskers embedded in the base 

matrix powder, and (b) Comparative change in intensities of various reflections observed in 

XRD-spectra recorded for aligned whiskers embedded in green tape with respect to that of 

powder XRD-spectra of whiskers.  
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morphotropic phase boundary (MPB)[119]. The XRD spectra recorded on powdered specimens 

processed at further higher temperatures (1200
o
C and 1225

o
C for 20h) were found to be similar.  

 

Figure 4.11 : (a) XRD spectra measured at RT for the specimen heated at various temperatures, 

and (b) Lotgering factor (f100) as a function of temperature, (c) RT XRD-spectra of the powdered 

NBT-BT specimen processed at 1175C for 20h, Inset of this plot indicates magnified view of 

{111} and {200} reflections, (d)  Relative density as a function of sintering temperature.  

 

The characteristic XRD pattern of NBT-based random ceramics exhibited highest 

intensity for {110} reflections [120]. The relative intensity of powder diffraction lines can be 

given as [121]: 
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where I is relative integrated intensity (arb. units), F is structure factor, p is multiplicity factor, 

and θ is Bragg angle. The trigonometric terms given in the parenthesis are Lorentz-polarization 

factor and e
-2M 

is the temperature factor with M dependent on amplitude of thermal vibration and 

scattering angle. The intensities can be changed through [121]: (i) preferred orientation i.e. grains 

in polycrystalline matrix are aligned in preferred crystallographic orientation, and (ii) extinction 

i.e. decrease in the integrated intensity of diffracted beam as the crystal (or individual grains in 

case of polycrystalline specimens) becomes nearly perfect. In present investigation, XRD-

spectrum recorded on specimens after phase transformation was similar to characteristic XRD-

spectrum of randomly oriented ABO3 type perovskite with highest intensity for {110} 

reflections, though relative intensities for various reflections were found to vary. This further 

confirms the texture evolution in the sintered specimens.  

The relative density as a function of temperature on all the specimens subjected to heat 

treatment for 2h is shown in Fig. 4.11(d). It can be observed that the density of NBT-BT ceramic 

synthesized with Na2Ti6O13 whiskers was about 40% of theoretical density at 800
o
C which is the 

phase transformation temperature. On further increasing the temperature, relative density 

decreases slowly up to 1050
o
C. However, when specimens were heated above 1050

o
C, the 

density starts to increase and reaches to 82% of the relative theoretical density at 1175
o
C (2h). 

Due to low density, the specimens were difficult to pole and suffered electrical breakdown at 

very low field. However, after heating the specimen at 1175
o
C for 20h, the relative density 

reaches up to 93% of theoretical density but the Lotgering factor was as small as 7%. The 

specimens sintered at 1200
o
C for 20h were found to have density of 97% whereas specimens 

sintered at further higher temperature were characterized by relatively smaller density ~95% due 

to loss of volatile elements. Both these specimens were characterized by small degree of 
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texturing 6-7%. The electrical response measured on these specimens is presented in section 

4.2.3.2.6. 

Generally, densification occurs with increase in processing temperature up to certain 

extent. But in this case, the density first decreases and then increases upon further heating. 

Therefore Fig. 4.11(d) can be divided in two temperature range sections: (i) area where density 

decreases with increase in temperature, and (ii) the area where density increases with increase in 

temperature. In order to understand the variation of density with temperature, a systematic study 

of microstructural evolution and texture was conducted at various processing temperatures. 

4.2.3.2.2 Scanning electron microscopy:  

Figure 4.12 (a) – (b) shows the microstructure of specimen after binder burn-out process 

(400
o
C), leaving behind Na2Ti6O13 whiskers embedded in base matrix. Smooth surface of the 

whiskers embedded in the powder matrix can be clearly observed indicating absence of 

secondary reaction on the surface at this stage. On further heating the system to 800
o
C for 2h, 

whiskers in the sample could be found without much change in morphology (Fig. 4.13(a)-(c)). 

The microstructure at this temperature was porous. However, RT XRD-spectrum indicates 

conversion of monoclinic whiskers to ABO3 type perovskite phase after reacting with the base 

matrix (Figure 4.11(a)). Figure 4.13 (d) - (f) show the micrographs of specimen heated at 900
o
C 

for 2h. Microstructures were characterized by large porosity along with the intact shape of 

whiskers, which are now perovskite. 

In the magnified images of Figure 4.13(c) and (f), we can notice the rough surface of 

whiskers after transformation. These samples were further heated to 1000
o
C resulting in grain 
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Figure 4.12(a)-(b): Microstructure of the specimen containing Na2Ti6O13 whiskers in powder 

matrix after binder burnout process at 400 
o
C. 

coarsening on whisker with size in the range of 100 – 300 nm indicating polycrystalline nature as 

shown in Fig. 4.13 (g)-(i). After 1000
o
C, there was rapid change in microstructure and thus the 

SEM imaging was performed on specimens heated in small temperature intervals of Δ25
o
C, from 

1000 to 1100
o
C. Figures 4.13 (j-l) and (m-o) show the microstructure of specimen heated at 1025 

and 1050
o
C, respectively. One can clearly observe the interconnected grains giving rise to 

bamboo type structure (Fig. 4.13 (o)), however the magnified view of these interconnected grains 

show presence of growth steps on grain surfaces (Fig 4.13 (p)). The microstructure of the 

specimen heated at 1075, 1100 and 1175
o
C is shown in Fig.’s 4.14 (a-c), (d-f) and (g-i), 

respectively. These microstructures have residual porosity. But interestingly as this system was 

further heated to 1100
o
C for 2h, the morphology got completely changed into net-like structure 

consisting of grains connected through neck. Moreover, microstructure of the specimen 

processed at 1175
o
C (2h) was much denser as also observed in the temperature dependence of 

density plot. 
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Figure 4.13: Microstructure of the specimen at various stages of heat treatment: (a-c) 800 
o
C 

(2h), (d-f) 900 
o
C (2h), (g-i) 1000 

o
C (2h), (j-l) 1025 

o
C (2h), (m-o) 1050 

o
C (2h), (p)  magnified 

view of the micrograph (o) depicting the grain boundary regime 
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Figure 4.14: Microstructure of the specimen at various stages of heat treatment: (a-c) 1075
o
C 

(2h), (d-f) 1100
o
C (2h), (g-i) 1175

o
C (2h). 

 

   Figure-4.15 (a) shows the microstructure of the specimen sintered at 1175
o
C for 20h. 

Figure 4.15 (b) shows the EBSD (Electron backscattered diffraction image) image of same 

specimen while Fig. 4.15(c) is the inverse pole figure (IPF) of corresponding EBSD orientation 

map shown in Fig. 4.15(d) for specimen processed at 1175
o
C for 20h. This orientation map 

(indexed using Na0.5Bi0.5TiO3 R3c space group) clearly depicts the spread in orientation of 

grains. The morphology of specimens sintered at 1200
o
C and 1225

o
C for 20h is shown in Fig. 

4.15 (e) and 4.15(f) respectively. One can see the presence of abnormal grain growth in the 

specimen processed at 1200
o
C for 20h as few bigger grains were found to be embedded in matrix 

of smaller grain. On further increasing the temperature, uniformly distributed larger grains were 
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observed as a result of Ostwald ripening mechanism due to formation of liquid phase[122]. The 

average grain sizes measured for specimen sintered at 1200
o
C and 1225

o
C for 20h was found to 

be ~15 and ~152 µm. Next, the specimens were subjected to isothermal heat treatment at 1175
o
C 

for different length of time. Figure 4.16(a) depicts the variation in grain size and rate of grain 

growth with time at 1175
o
C. As can be observed from this figure that grain size increases rapidly 

when the sample was heated for 80 min, after which the grain growth rate (dG/dt) decreases 

exponentially and almost becomes constant for prolonged exposure of heat treatment. 

 

Figure 4.15 (a) SEM micrographs of specimen sintered at 1175 
o
C for 20 h, (b) EBSD image of 

this specimen (1175
o
C, 20h), (c) Inverse pole figure (IPF) corresponding to grain orientation 

map presented in (d) for specimen processed at 1175 
o
C for 20h, (e) SEM image of the specimen 

processed at 1200 
o
C for 20h, and (d) SEM micrographs of the specimen processed at 1225 

o
C 

for 20h.  
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Figure 4.16: (a) Variation of grain size and grain growth rate with respect to change in 

temperature, and (b) temperature dependence of relative density with respect to the change in 

time. 

 

If the rate of grain boundary migration Vp (sometimes called grain boundary velocity) is 

taken to be approximately equal to the instantaneous rate of grain growth then one can relate 

them as[123]: 

bbp FM
dt

dG
V 

             (4.4) 



 
 

63 
 

where G is the average grain size, Mb is the boundary mobility and Fb is the driving force for 

boundary migration. It was found that the specimen exposed to prolonged heat treatment has 

lower driving force Fb and decreasing grain growth rate. This was expected due to the fact that 

increase in grain size leads to decrease in grain-boundary area per unit volume, which in turn 

reduces the interfacial energy per unit volume. Therefore, the driving force for grain growth is 

lower which further leads to reduction in growth kinetics. Figure 4.16(b) depicts the change in 

density with respect to time for isothermal heat treatment. It was found that the trend in variation 

of density with respect to time of isothermal heat treatment is similar to that of grain size 

variation. Initially, densification occurs very fast and then slows with the time, which is similar 

to that observed in liquid phase sintering [124]. Thus, densification and coarsening compete with 

one another and densification slows down after prolonged exposure to heat treatment. In order to 

understand the role of crystalline structure and chemical composition across the grain boundary 

towards sintering, detailed HR-TEM and EDS analyses were performed on the specimen heated 

at 1075
o
C and 1175

o
C for 2h. 

4.2.3.2.3 Transmission electron microscopy (TEM):  

For this analysis, specimens were prepared by standard polishing technique, i.e. 

mechanical grinding, dimpling and Ar ion beam milling. Figure 4.17(a) shows a TEM image of a 

specimen heated at 1075
o
C for 2 h depicting interconnected grains with bamboo like structure.  

Figure 4.17 (b) shows a HRTEM image around grain boundary region revealing lattice structure.  

The top inset on the right side of Fig. 4.17 (b) depicts the low magnification image of region-of-

interest. The change in contrast in the grain boundary region indicates that boundary plane is not 

vertical rather inclined at an angle. However, the grain boundary at this temperature was not as 

sharp as that formed at higher temperature. Lattice image depicting plane with various 
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orientations marked with arrows can be seen in high resolution image. The yellow arrows show 

planes with larger interplanar spacing than those marked with red arrows. The magnified view of 

lattice image from spot A and spot B is depicted in the inset marked with A and B, respectively. 

The interplanar spacing at spot A and B was found to be 0.83 nm and 0.42 nm, respectively.  

 

Figure 4.17:  (a) TEM image of specimen heated at 1075
o
C (2h), (b) HR-TEM lattice image at 

the grain boundary region of the same specimen (arrows indicate planes with different 

orientation, inset depicting the low magnification image, magnified view of  spot A and spot B of 

lattice image) 

The interplanar spacing of 0.42 nm is close to 0.4242 nm of (110) plane of the rhombohedral 

Na0.5Bi0.5TiO3 (NBT) phase [120] (JCPDS # 85-0530). However, the interplanar spacing of 0.83 

nm is much larger than that of for NBT phase and can be attributed to the presence of metastable 

intermediate phase during the transformation process. The presence of planes with various 

orientations suggests that system is in transient state. Thus, the system requires further thermal 

activation to increase diffusion of various species in order to achieve more ordered and 

homogenous state.  
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In order to investigate the chemical homogeneity across grain boundary and to identify 

preferred diffusion path of corresponding chemical species, EDS line scan was performed across 

the grain boundary as marked red line in a STEM-HAADF image (Fig. 4.18 (a)). While 

recording EDS spectra, drift correction was used to achieve higher accuracy in measurements. 

Figure 4.18 (b) shows the variation in ratio of atomic percent of Na/Ti and Bi/Ti across the grain 

boundary region marked with red line in Fig. 4.18 (a). It can be observed form this plot that 

Na/Ti ratio is  

 

Figure 4.18:  (a) STEM-HAADF image of the grain boundary region indicating region of EDS 

line analysis, (b) variation of atomic % ratio of Na/Ti and Bi/Ti  
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highest in the vicinity of grain boundary region and decreases on either side of the grain 

boundary regime, which indicates that grain boundaries are Na-rich resulting in chemical 

potential gradient across the grain boundary. Generally, Na ions have tendency of segregation on 

to grain boundary [125-127]. Na segregation in the grain boundary regime could be more 

prominent during liquid phase sintering as observed in the present investigation. However, Bi/Ti 

ratio remained almost constant across region of measurement. This chemical inhomogeneity 

further leads to rapid microstructural change observed around 1075
o
C and indicates the presence 

of liquid phase sintering which facilitates rapid mass transport of Na and Bi.   

Figure 4.19(a) depicts a lattice image across the grain boundary in a region of interest for 

specimen heated at 1175
o
C for 2h. The inset in the lower corner on left side of this figure 

indicates STEM-HAADF image of the corresponding region. The spot EDS analysis was 

conducted on both sides of the grain boundary regime using the STEM mode (Table -4.2). This 

analysis was found to show that Bi and Na deficient phase exists at one side of grain boundary, 

while other side of the grain boundary possess Na and Bi rich phase [marked on lattice images in 

Fig. 4.19(a)]. Well-defined grain boundaries with grains possessing highly crystalline nature 

were observed. The indexing of HR-TEM image of Bi and Na deficient phase side of grain 

boundary was found to correspond with triclinic Ba2Ti9O20 phase[128,129], while indexing of Na 

and Bi rich phase was found in accordance with tetragonal Na0.5Bi4.5Ti4O15 phase[130-132]. In 

Na and Bi deficient side region, ( ̅    plane was marked with interplanar spacing of 1.00 nm, 

while in Bi and Na rich region the (008) plane was found to exhibit interlayer spacing of 0.51 

nm. The Fast Fourier transformation (FFT) image of Na and Bi-rich region and Na and Bi-

deficient region are shown in Fig. 4.19 (b) and (c) respectively. These FFT images were indexed 

using tetragonal Na0.5Bi4.5Ti4O15 and triclinic Ba2Ti9O20 for Na and Bi-rich and deficient phases, 
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respectively. Ba2Ti9O20 possess hollendite-like structure
[c]

 but additional barium ions replace 

oxygen ions and disrupt the tunnel walls leading to formation of cavities which contains two 

barium ions per tunnel [128,129]. Na0.5Bi4.5Ti4O15 is a four layer ferroelectric with Curie 

temperature of 655
o
C and crystal structure similar to the pseudo tetragonal BaBi4Ti4O15 phase 

[130-132]. However, these phases were not uniformly distributed but rather localized entities 

resulting from compositional fluctuation due to liquid phase sintering. One might also expect 

these kinds of localized phases in sample processed at higher temperature and longer processing 

time. Moreover, the contribution of these localized phases towards diffuse nature of phase 

transition (DPT) in addition to polar nano regions (PNR) cannot be ruled out which is explained 

further for ε(T) plots presented in section 4.2.6.  

Table-4.2 List of atomic % of various elements detected by EDS 

 

 

 

 

 

 

Figure 4.20 (a) shows the STEM-HAADF image of the microstructure depicting presence of 

liquid phase. To examine chemical composition on various spots marked in STEM image, EDS 

analysis was performed as shown in Fig. 4.20 (b). The ratio of Na/Ti, Bi/Ti and Ba/Ti was 

                                                           
[c]

 Hollandite structure is made of rutile mosaic with edge sharing and have large square tunnel [116]. 

Elements Na and Bi deficient  

phase 

Na and Bi rich 

phase 

Atomic % Atomic % 

Na 0.33 ±0.09 5.56 ±0.21 

Bi 0.12 ±0.44 11.92 ±1.72 

Ba 4.54 ±1.35 0.00 

Ti 31.31 ±1.04 19.28 ±0.55 

O 63.68±0.94 63.23±0.81 



 
 

68 
 

 

Figure 4.19:  (a) HR-TEM image of the lattice across the grain boundary (inset on the right side 

of upper and lower corner of the image showing magnified view of corresponding region, while 

inset on left side of lower corner depicts STEM-HAADF image of region of interest), (b) FFT of 

the Bi and Na deficient phase, and (c) FFT of the Bi and Na rich phase. 
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highest on spot-1 and decreases for spot-2 and spot-3, indicating the presence of liquid phase 

with high content of Na, Bi and Ba. The observation of liquid phase confirms the argument about 

liquid phase sintering at higher temperatures. 

 

Figure 4.20: (a) STEM-HAADF image depicting presence of liquid phase in the specimen 

heated at 1175C (2h), (b) Variation of Na/Ti and Bi/Ti on various points of EDS spot analysis. 

Inset of Fig. 4.20 (b) showing Ba/Ti ratio on various points. 

 

4.2.3.2.4 Equilibrium shape and growth mechanism: 

The γ-plot is a polar diagram where the length of the radius coordinate is proportional to 

the magnitude of interface energy. The isotropic interface energy gives rise to spherical shape at 

equilibrium as a sphere has small surface area to volume ratio. However in case of anisotropic 
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surface energy, the shape of the crystal depends on the polar γ-plot. The condition for 

equilibrium is given by [133]: 

Total surface energy   ∫                                (4.5)   

Assuming equilibrium shape of NBT-BT grains in Fig. 4.21 (a), the schematic γ-plot and 

Wulff construction can be used to elucidate the difference in surface energy along <111> and 

<100> crystallographic direction. According to Wulff theorem[134,135], if planes are drawn 

perpendicular to the radius vectors where they cut γ-plot, the inner most envelope of these planes 

corresponds to the equilibrium grain shape. It can be observed from Fig. 4.21 (b), that the surface 

energy in <100> direction is lower than that of <111> direction giving rise to larger (100) faces. 

Thus, the 3D growth process of these crystalline grains was confined on the corners of pseudo 

cubic grains (Fig. 4.21 (a)) along the <111> direction [136].  

The shape of growth patterns was found to be hexagonal suggesting growth direction is 

along <111> direction (Fig. 4.21(c)). The schematic of (111) plane is shown in Fig. 4.21(d). The 

morphology of the specimen heated for 20 h at 1175
o
C was similar to that of specimen heated for 

2h except larger grain size and higher density. It has been reported that grain growth is fastest 

along <111> direction [137-141] and therefore exhibits smallest (111) plane. Based on these 

prior results, the growth direction observed in these figures could be along <111>. However, 

these grains are randomly distributed in specimen (as observed in orientation map of EBSD 

image) giving rise to characteristic XRD-spectrum for NBT based ceramics as explained in 

previous section. The formation of these types of growth steps has been considered as a result of 

layer growth mechanism and can be explained by using the relationship for the formation of 

steps due to growth along screw dislocation[142]. Figure 4.21(e) shows that the step spreads out 
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with velocity vstep along the surface and with  ̇ in direction perpendicular to surface. In this case, 

the growth rate of the surface can be given by [143]: 

 ̇                        (4.6) 

where h is step height, λo is the average distance between two steps, and vstep is the velocity. In 

the case of 2D nucleation, the growth rate is given by [144]: 

 ̇             
   

  
                (4.7) 

where ΔG
*
 is the energy barrier for 2D nucleation. Comparing equations (3.6) and (3.7), one 

obtains:       

  (4.8) 

This equation is plotted in Fig. 4.21 (f) for h/λo from 0 to 0.5 at 1175
o
C (1448K). It can be seen 

that with increase in value of ΔG
*
, h/λo decreases exponentially indicating reduction in growth 

rate normal to the grain surface. In order to measure the step height (h) and average separation 

between the two steps (λo), atomic force microscopy (AFM) was performed.  

 Figure 4.22 (a)-(d) shows AFM images of surface morphology for specimen heated at 

1000
o
C (2h), 1050

o
C (2h), 1175

o
C (2h) and 1175

o
C (20 h), respectively. The growth steps can be 

easily seen in these images. The measured step height h was found to be ~3.5 nm with ~ 46 nm 

of separation between two consecutive steps (λo) for both the specimen heated at 1175
o
C. 

However, the average values of h and λo for the specimen heated at relatively lower temperature 

(1050
o
C) was found to be ~ 11 nm and 94 nm, respectively. The higher average value of λo than 

that of h indicates that   ̇ is much slower than that of vstep and thus steps spread out faster leading  

)/exp(/ * kTGh o 
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Figure 4.21: (a) Magnified view of the NBT-BT grains of the specimen heated for prolonged 

period (~20h), arrow indicates concentric growth steps preferably confined on corners of the 

grain, (b) a schematic polar  -plot and the Wulff construction of equilibrium shape of NBT-BT 

grains, (c) surface of the grains depicting the shape of hexagonal growth patterns as corners of 

these patterns are marked with arrows, (d) schematic of (111) plane, (e) schematic representation 

of the growth step’s mechanism observed on the grain surface, and (b) variation of h/ λo as a 

function of energy barrier for 2 D nucleation at 1448K. 
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to 3D growth process. In the present case, the ratio h/λ was measured to be ~0.08 and the 

corresponding energy barrier calculated from Eqn. (3.8) for 2D nuclei was ~0.32 eV for the 

specimen heated at 1175
o
C.  

 

Figure 4.22 (a-d): AFM image of the growth steps observed on the grain surface of the 

specimen heated at various temperatures. 

 

4.2.3.2.5 Sintering of NBT-BT ceramics with monoclinic whiskers: 

Combined these results indicate that the complete sintering process can be divided in to three 

parts: (i) transformation of monoclinic whiskers to perovskite phase (ii) localized sintering, and 

(iii) liquid phase sintering. 

(i) Transformation of monoclinic whiskers to perovskite phase: After binder burn out the samples 

were exposed to heat treatment for 2h at 800
o
C. The XRD spectrum measured at RT confirmed 
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the formation of perovskite phase indicating transformation of monoclinic whiskers into ABO3-

type perovskite whiskers. According to the chemical reaction proposed in the experimental 

section, Bi2O3 and Na2CO3, BaCO3 and TiO2 react with Na2Ti6O13 whiskers. Due to difference in 

chemical potential across matrix powder and whisker, Bi
3+

 and Ba
2+

 diffuse in to the Na2Ti6O13 

whisker leading to rearrangement of the octahedra chain which results in the formation of 

perovskite structure. The shape of whiskers remained intact (Fig. 4.13(a-c)) in the matrix which 

indicates topochemical reaction between the base powder matrix and Na2Ti6O13 whiskers. 

Na2Ti6O13 structure was characterized by 3-D network of edge and corner sharing octahedra 

[116,118]. The structures with apex sharing of octahedra at an angle 180
o
 are most stable among 

other type of geometrical connections as in this case the separation between adjacent Ti
4+

 is 

higher resulting in lower energy configuration. The screening effect from the anions (oxygen) is 

also higher for this condition [116]. This type of geometrical arrangement of octahedra provides 

thermodynamic stability to perovskite structure and thereby facilitates the structural 

transformation. After topochemical transformation, small equiaxed grains were formed on 

perovskite whiskers as shown in SEM images. The growth of these small grains with isotropic 

perovskite structure can be explained by assuming Rayleigh instability [145,146]. The small 

grains on a given whisker should have same crystallographic orientation[146] which gives rise to 

partial texturing (~20%) as observed from the samples sintered at 800
o
C [Fig. 4.11(b)]. However 

on further increasing the sintering temperature, the degree of texturing decreased because of 

random grain growth [Fig. 4.11(b)]. Ideally to preserve the orientation, coalescence among the 

grains on a given whisker should occur without leaving void [146].  

(ii) Localized sintering: The microstructural evolution up to 1050
o
C can be described using the 

experimental results described in previous sections. After formation of pure perovskite phase at 
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800
o
C, as the specimen was further heated to 1000

o
C for 2h, small grains ranging from 100 – 

300 nm can be observed on the surface of whisker as explained in previous section. These grains 

grow with increasing temperature as is evident from the microstructures of the specimen 

processed at 1025
o
C and 1050

o
C for 2h. The grain growth was observed to result in division of 

the long whiskers into integral connection of grain-network, where individual grains were 

connected through neck presenting bamboo type structure (Fig. 4.13(o)). Interestingly, this 

phenomenon was localized on a single whisker. The microstructural evolution in polycrystalline 

system has been commonly attributed to grain boundary migration, however the possibility of 

grain rotation in evolution of such microstructures cannot be ruled out. The excess energy of a 

polycrystalline system is the product of the grain boundary area and grain boundary energy, and 

the system can minimize its energy either by reducing its area or through grain rotation [147]. In 

the present case, small grain size on whiskers gives rise to high grain boundary area. Thus the 

system tries to minimize the grain boundary area resulting in grain coarsening, which was 

confined locally on a whisker. Grain coarsening termed as thermodynamically driven migration 

of grain boundary, occurs in order to reduce the total surface area. Generally grain growth is 

propelled by the chemical potential gradient across the curved boundary [123], which was 

confirmed by the line scan EDS performed across the grain boundary depicting chemical 

inhomogeneity (Fig. 4.18(b)). The growth steps observed on the grain surface are shown in Fig.’s 

4.13(p) and 4.22(b). The growth steps formed in this region were found to have higher values of 

h and λo than that observed on the grain surface at 1175
o
C. These growth steps on the grain 

surface indicate polynuclear growth mechanism, which suggests that the formation of nucleation 

steps on the particle surface is fast enough to create a new layer before the previous one has been 
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completed [123]. Furthermore, these growth steps reduce kinetic barrier for nucleation [148,149] 

which in turn increases the growth rate. 

(iii) Liquid phase sintering mechanism: On further increasing the sintering temperature above 

1050
o
C, grain coarsening occurs to create a net type microstructure and the conventional liquid 

phase sintering (LPS) mechanism starts. The LPS leads to reduction of porosity and enhances the 

grain growth in order to minimize the surface area and to achieve lowest energy configuration 

and equilibrium shape of NBT-BT grains [150]. In this temperature range, fast densification of 

whole volume was observed as indicated in the temperature dependence of the density plots. In 

SEM micrographs of specimen heated for 2h at 1175
o
C, the complete change in morphology and 

development of cubical grains could be noticed. The HR-TEM image (Fig. 4.19 (a)) of specimen 

heated at 1175
o
C for 2h presents well defined grain boundary separating two different phases. 

The presence of liquid phase in STEM-HAADF image indicates the liquid phase sintering. The 

liquid phase formation was facilitated by Na and Bi mass transport. The hexagonal growth steps 

preferably confined on corners of pseudo cubical grains suggest <111> growth direction, which 

in turn leads to formation of 3D structure of grain with larger (100) plane. The assumed 

equilibrium shape of grains indicate that the surface energy along <100> direction is lower than 

that of <111> direction for NBT-BT grain. 

4.2.3.2.6 Electrical properties: 

After poling, specimens processed at 1175
o
C, 1200

o
C and 1225

o
C for 20h were found to 

exhibit longitudinal piezoelectric constant (d33) of ~ 153, 216 and 180 pC/N respectively. The 

larger piezoelectric constant for specimen processed at higher temperature can be attributed to 

ease in domain wall motion in larger grains [151]. However, the decrease in d33 value for the 
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specimen processed at 1225
o
C for 20h can be attributed to the defects formed due to loss of 

volatile elements and changes in stoichiometry which results in drop of relative density (~95%).  

 

Figure 4.23 (a) Temperature dependence of dielectric constant and loss tangent at various 

frequencies for poled specimen (1175
o
C, 20h), (b) Current density (j) versus electric field plot 

for poled and unpoled specimen (1175
o
C, 20h) in forward and reverse bias, PE-hysteresis for the 

same specimen recorded at (c) RT and (d) 125
o
C.  

The temperature dependence of relative permittivity ε(T) and loss tangent factor tanδ (T) at 

various frequencies for poled specimen (1175
o
C (20h)) is shown in Figure 4.23 (a). The 

appearance of two broad peaks in ε(T) plots, one frequency dependent peak at lower temperature 

~104
o
C (more pronounced in tanδ(T) plots) and another at higher temperature ~ 275

o
C, can be 
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noticed. The peak at lower temperature corresponds to depoling temperature (Td) which 

represents ferroelectric to antiferroelectric phase transition[27] while broad maximum (Tm) in 

high temperature regime corresponds to antiferroelectric to paraelectric phase transition. This 

broad peak observed at ~275
o
C indicates diffuse phase transition (DPT) characteristic of relaxors 

[16]. The relaxor behavior is commonly attributed to the absence of macroscopic phase 

(symmetry) change at the transition. However, there is symmetry breaking at nano scale leading 

to the formation of polar nano regions (PNRs), that exists well beyond the peak in ε(T) plots 

perturbing electrical response[152]. These PNRs have also been considered by various 

researchers as embryos of the ferroelectric phase and believed to be essential for relaxors[153]. 

Besides these PNRs, localized distribution of Ba2Ti9O20 and Na0.5Bi4.5TiO3 (HR-TEM analysis in 

previous section) also contributes to the diffuse phase transition (DPT).  

Figure 4.23 (b) shows the current density (j) vs. electric field (E) measurements in 

forward and reverse bias with delay time of 10 ms on poled and unpoled specimen at room 

temperature. In case of piezoelectrics, the total current density is the sum of leakage current 

density (jL) and displacement current density (jD)[154]: 

dt

dP
jjjj LDL 

         (4.9) 

where p is the polarization of the sample and t is the time. The sign of jD differs for increasing 

and decreasing fields. A maximum due to switching of domains was observed for forward and 

reverse bias. The peak height under forward bias was found to be lower than that in reverse bias 

for unpoled specimen, however the plots were symmetric under reverse and forward bias for 

poled specimen. In case of unpoled specimen during the forward bias, application of electric 

field aligns randomly oriented domains resulting in poling of specimen. Thus, under reverse bias 
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higher peak current asymmetricity is obtained. It can be further noticed that electric field up to 

~80 kV/cm could be applied on this specimen without any electrical breakdown, which shows 

high breakdown strength. P-E hysteresis loops were measured at 10 Hz for specimen processed 

at 1175
o
C for 20h. A well saturated P-E loop with coercive field (2Ec) = 54 kV/cm and 2Pr = 70 

µC/cm
2
 was observed as shown in Figure 4.23(c).  P-E loop measurements performed at 125

o
C 

(above depoling temperature Td) with 10 Hz were found to exhibit pinched loop behavior as 

shown in Figure 4.23(d). This kind of behavior has been attributed to anti-ferroelectric nature in 

these materials, however the mechanism of their origin is not well understood.  

4.2.4. Chapter summary: 

Synthesis of Na2Ti6O13 template whiskers was performed by molten salt synthesis 

method and it’s structure was characterized using TEM. The template whiskers were aligned in 

base powder matrix of NBT-BT using tape casting and subjected to various sintering 

temperatures. The sintering process occurred in three stages: transformation of monoclinic 

whiskers to perovskite phase through topochemical reaction (<800
o
C),  localized sintering which 

was confined on now polycrystalline single whisker (800-1050
o
C), and liquid phase sintering 

resulting in densification and grain growth over the whole volume (>1050
o
C). The concentric 

hexagonal growth patterns were preferably confined on the corners of cubical grains indicating 

<111> growth direction. The specimens processed at 1175
o
C, 1200

o
C and 1225

o
C for 20h were 

found to exhibit longitudinal piezoelectric constant (d33) ~ 153, 216 and 180 pC/N, respectively.  
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Chapter-5 

5.1 Nanostructured lead–free ferroelectric Na0.5Bi0.5TiO3-BaTiO3 whiskers: 

synthesis mechanism and structure
 [d]

 

Nanostructured lead-free ferroelectric Na0.5Bi0.5TiO3-BaTiO3 (NBT-BT) whiskers with 

high aspect ratio were synthesized topochemically using Na2Ti6O13 (NTO) as a host structure for 

the first time. High energy x-ray diffraction coupled with atomic pair distribution function (PDF) 

and Raman scattering analyses were used to confirm the average structure of lead-free NBT-BT 

whiskers as rhombohedral, i.e. a ferroelectricity enabling type. The HRTEM analysis revealed 

local monoclinic-type structural distortions indicating a modulated structure at the nanoscale in 

the MPB composition of lead-free NBT-BT whiskers. The structural rearrangement during the 

synthesis of lead-free NBT-BT whiskers was found to occur via translation of edge shared 

octahedra of NTO into a corner sharing coordination. The high temperature morphological 

changes depicting disintegration of isolated whiskers into individual grains due to higher grain 

boundary energy have been found to occur in a close analogy with Rayleigh-type instability. 

5.1.1 Background 

Ferroelectric perovskite oxides in the form of single crystals, polycrystalline ceramics, 

and thin or thick films constitute an important class of materials widely used in capacitors, 

electro-mechanical systems, ferroelectric memories, etc. [155]. Moreover, in recent years owing 

to the shrinking size of electrical and electromechanical components, fabrication and 

characterization of micro and nano-sized perovskite oxides have attracted much attention[156-

                                                           
[d]

Maurya et al., Dalton Trans., 41 (2012), 5643. Copyright 2012, Reproduced by permission of The Royal Society 

of Chemistry.   

http://pubs.rsc.org/en/content/articlelanding/2012/DT/c2dt00045h
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161]. Ferroelectric nanostructures with high aspect ratio are highly desired but their synthesis is 

extremely challenging since at reduced dimensions most perovskites adopt a structure with cubic 

symmetry resulting in a highly isotropic shape during high temperature processing. There have 

been several approaches to obtain nano-structured materials with anisotropic shape such as 

template-directed method [162], vapor phase synthesis [163], vapor-liquid-solid (VLS) 

growth,[164] solution –liquid-solid (SLS) technique,[165] solvothermal synthesis,[166] solution 

phase growth based on capping reagents,[167] self-assembly,[168] and lithography[169]. These 

techniques require multiple processing steps and controlled environment limiting their large 

scale application. Therefore, a new powder processing based technique capable of providing 

ferroelectric perovskite structures of high aspect ratio morphology is highly desired.  

Furthermore, current generations of ferroelectric devices and resonators are fabricated 

mainly using lead-based ferroelectric compositions. However, there is growing environmental 

concern in the use of lead which has prompted research in finding alternative lead-free 

compositions. The present chapter addresses both these issues and demonstrates molten salt 

synthesis of lead-free NBT-BT ferroelectric whiskers through a topochemical transformation 

using NTO as a host structure. This technique is highly cost-effective and can provide large 

quantities of lead-free NBT-BT whiskers with controlled morphology at relatively low synthesis 

temperature [170,171]. The topochemical reaction involves introduction of guest species (ions) 

into a host structure resulting in a product with different structure but morphology similar to that 

of guest structure. In prior work, this method has been successfully used for synthesis of shape 

anisotropic ABO3 type perovskite using Aurivillius type PbBi4Ti4O15 and Bi4Ti3O12 oxides as 

host structure[172,173]. 
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Na0.5Bi0.5TiO3 is a well-known lead-free ferroelectric material. A Solid solution of 

(Na0.5B0.5TiO3)(1-x)-(BaTiO3)x (NBT-BT) exhibits a MPB for x =0.05-0.08 providing enhanced 

piezoelectric properties[24]. As reported in chapter-4, the composition near MPB of 

(Na0.5B0.5TiO3)(1-x)-(BaTiO3)x was optimized [174], and x = 0.07 was selected for synthesis of 

NBT-BT whiskers (hereafter in this chapter whiskers having composition (Na0.5B0.5TiO3)(1-x)-

(BaTiO3)x with x=0.07, will be denoted as NBT-BT. In MPB region both tetragonal and 

rhombohedral phases co-exists as the space group symmetry of these two ferroelectric phases is 

not connected by direct group theoretical correlation [175]. The piezoelectric/ferroelectric 

materials at MPB are characterized by enhanced piezoelectric response. The enhancement in 

piezoelectric properties at MPB has been attributed to increased spontaneous polarization and 

near degeneracy of the tetragonal and rhombohedral states which facilitates domain orientation 

under applied electric field [176]. 

The structural and morphological characterizations of NBT-BT whiskers were performed 

using high-energy XRD and SEM to elucidate the phase, grain size and grain boundary 

morphology. Furthermore, HRTEM analysis was used to understand the change in the local 

microstructure and the mechanism of the topochemical transformation to lead-free NBT-BT 

whiskers. The high temperature behavior and morphological changes of these lead-free NBT-BT 

whiskers were investigated to elucidate the role of surface energy. 

5.1.2 Experimental 

NTO whiskers were synthesized by molten salt synthesis method [177]. Molten salt 

synthesis method is suitable for realizing crystallites of complex oxides with shape anisotropy at 

low temperatures and with smaller reaction time due to enhanced diffusion of reactants in molten 
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salts. In this method starting materials are mixed together with a suitable salt (NaCl in present 

case) and heated at temperature higher than the melting point of salt. After completion of 

reaction, the product is washed several times with hot deionized water to remove salt. In this 

case, stoichiometric amounts of Na2CO3 and TiO2 (Rutile) powders were ball-milled for 24h in 

polyethylene bottle with Yttria-stabilized ZrO2 balls as milling media and high purity ethanol as 

solvent. The resulting slurry was dried in an oven at 80
o
C for 6h. This dried mixture was mixed 

with NaCl followed by ball milling for 24h to achieve homogeneous mixing. After drying, the 

homogenous mixture was crystallized at 1100
o
C for 2h in a covered platinum crucible with 

heating and cooling rate of 5
o
C/min. The resulting product was 6-7 times with hot deionized 

water to achieve NTO whiskers without trace of salt. Various combinations of oxide to salt ratio 

(1:1, 1:2 and 1:3) were investigated, however 1:2 ratio was found to provide high aspect ratio of 

the host NTO whiskers. The concentration of the host matrix powder and whiskers for the MPB 

composition of lead–free (Na0.5B0.5TiO3)(1-x)–(BaTiO3)x with x=0.07 (denoted as NBT-BT) was 

calculated using the chemical reaction equation (3.1). Stoichiometric amount of oxide powders 

were mixed in 1:2 weight ratios with salt and stirred for 6h at RT in ethanol for proper mixing. 

This mixture was dried in an oven for 24h followed by heating (heating rate 5
o
C/min) in a 

covered platinum crucible at 200
o
C, 500

o
C, 600

o
C, 700

o
C, 800

o
C and 900

o
C for 2h followed by 

cooling (cooling rate 5
o
C/min) to room temperature (RT). All the high temperature experiments 

were done in an electric muffle furnace. The resulting whiskers were washed with deionized 

water several times and dried at 80
o
C for 24h in an oven. XRD experiments (Cu Kα radiation) 

were conducted on these whiskers to confirm the formation of perovskite phase at RT using a 

powder X-ray diffractometer at operating voltage of 45 kV and current of 40 mA. The 

morphological investigations were performed using a scanning electron microscope at 5 kV 
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accelerating voltage. In order to record the SEM image, NBT-BT whiskers were dispersed on a 

platinized silicon substrate followed by conductive gold palladium coating. HRTEM analysis 

was performed using a transmission electron microscope. For TEM analysis the whiskers were 

mixed with G2- epoxy (Gatan Inc.) and then filled in brass tubes of 3 mm in diameter. The tubes 

were then sliced to thin sections that were mechanically polished. Finally, dimple grinding 

followed by Ar ion milling was performed to obtain TEM transparent foils.  

Table-5.1: List of the amount of various chemicals used to synthesize the NBT-BT whiskers 

Na2Ti6O13  

(g) 

Bi2O3 

(g) 

Na2CO3 

(g) 

TiO2 

(g) 

BaCO3 

(g) 

Total weight 

(g) 

NaCl  

(g) 

 

12.5869 

 

16.2504 

 

1.2321 

 

0.8390 

 

2.0722 

 

32.9805 

 

65.9609 

 

Room temperature micro Raman studies were conducted in the backscattering geometry 

using a Raman spectrometer instrument utilizing laser radiation of 514.5 nm from a coherent 

Argon source. The green laser light was focused in ~2m-diameter by using a Raman 

microprobe with a 50X objective. A charge-coupled device (CCD) system collected and 

processed the scattered light. The integration time of the spectrum and the slit width and laser 

beam power were adjusted in order to achieve a high signal to noise ratio. The typical spectral 

resolution for the Raman system with an 1800 grooves/mm grating and 1-in CCD was less than 1 

cm
-1

. The system was calibrated with Si spectra at room temperature before and after recording 

the sample spectra. Raman spectra of all the samples were taken at different geometrical 

positions; the results presented here were same throughout the matrix.  
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5.1.3 Results and discussion 

5.1.3.1 High energy XRD and atomic pair distribution function (PDF) analysis: 

Figure 5.1 shows the powder diffraction patterns of pure NTO matrix and products of 

chemical reaction (see equation (4.1)) carried out at different temperatures (
o
C). The data was 

taken with Ag Kα radiation (λ=0.56 Å) up to Bragg angles 2θ of 120 deg., i.e. to wave 

vectors              of approximately 20 Å
 -1
. Only the range of XRD data up to 2θ = 80 

deg. is shown here for the sake of clarity. The XRD patterns for pure NTO and NBT-BT 

obtained at 800 
o
C show sharp Bragg peaks indicating good crystallinity. The Bragg peaks in the 

XRD patterns of the reaction products (e.g. sample treated at 200 
o
C) are very broad indicating 

low degree of crystallinity. This data was then reduced to atomic pair distribution functions 

(PDF)s shown in Figure 5.2. According to recent studies, high-energy XRD and atomic PDFs 

analyses are very suitable for studying materials structured at the nanoscale[178]. The 

experimental PDFs peak at real space distances where well defined atomic coordination spheres 

exist in the material under study and so can be easily used to test and refine structural models. 

Figure-5.2 depicts the atomic pair distribution functions G(r) (solid line in black) extracted from 

the full 2θ range of the XRD patterns shown in Fig. 5.1. The pair distribution functions (PDFs) 

for pure NTO and NBT-BT (800 
o
C) show series of well-defined peaks to high interatomic 

distances reflecting the presence of a sequence of well-defined coordination spheres in these 

crystalline materials. These PDFs of the starting and ending products of the reaction are very 

well approximated with structure models (dotted line in red) featuring the monoclinic (S.G. 

C2/m) and rhomobhedral (S.G. R3c) structures of crystalline Na2Ti6O13 (NTO) [118] and 

Na0.5Bi0.5TiO3 (NBT) [120], respectively. The PDFs of the samples treated at 200 
o
C show only 

few peaks at relatively low  
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Figure 5.1- Powder x-ray diffraction patterns of pure NTO matrix and products of its reaction 

(see eq. 4.1). Experiment was conducted at different temperatures (
o
C) in the increasing order to 

understand the transformation sequence. Note the XRD patterns of pure NTO and NBTO 

obtained at 800 
o
C show sharp Bragg peaks indicating good crystallinity. The Bragg peaks in the 

XRD patterns of the reaction products (e.g. sample treated at 200 and 500 
o
C) are very broad 

indicating a low degree of crystallinity.    
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Figure 5.2- Atomic pair distribution functions G(r) (full line in black) extracted from the full 2θ 

range of the XRD patterns shown in Fig. 5.1.  The PDFs for the starting NTO and resulting 

NBTO are very well approximated with structure models (broken line in red) featuring the 

monoclinic (S.G. C2/m) and rhomobhedral (S.G. R3c) structures of crystalline Na2Ti6O13 (NTO) 

and Na0.5Bi0.5TiO3 (NBTO), respectively.  
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interatomic distances reflecting a poor crystalline state. Crystallinity improves with reaction 

temperature as manifested by the increased sharpness of the peaks in the PDFs of the samples 

treated at temperature higher than 200 
o
C. Figure-5.3(a)-(b) represents the schematic of 

fragments from the structures of NTO and NBT-BT, respectively. TiO6 octahedra are in blue, 

Na/Bi/Ba atoms in yellow. Several interatomic distances between connected TiO6 octahedra are 

marked with arrows. The low-r part of the experimental atomic PDFs of Fig. 5.2 is depicted in 

Figure-5.4. Arrows mark several distances between atoms sitting on the vertices of corner 

sharing TiO6 units (see Fig. 5.3) that exist in NTO and persist in the products of its reaction (see 

eq. 4.1) until a perovskite structure NBT-BT is formed. The result indicates the existence of a 

topochemical relationship between NTO and lead-free NBT-BT. These kind of layered titanates 

have been found to be suitable precursors of framework perovskites in other studies as well 

[179].  

 

Figure-5.3 The schematic of fragments from the structures of NTO (left) and NBTO (right). 

TiO6 octahedra are in blue, Na/Bi atoms in yellow. Several interatomic distances between 

connected TiO6 octahedra are marked with arrows.  
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Figure-5.4 Low-r part of the experimental atomic PDFs of Fig. 5.2. Arrows mark several 

distances between atoms sitting on the vertices of corner sharing Ti-O6 units (see Fig. 5.3) that 

exist in NTO and persist in the products of its reaction (see equation (4.1)) until a perovskite 

NBTO is formed.  
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Figure 5.5(a) shows XRD patterns of the Na2Ti6O13 (NTO) whiskers taken with Cu Kα 

radiation allowing better resolution in reciprocal space. The data confirms that these whiskers are 

crystallized in monoclinic phase [118]. Figure 5.5(b) and (c) show the Cu Kα XRD patterns of 

NBT-BT whiskers synthesized topochemically at 800
 
and 900

o
C revealing the formation of a 

perovskite phase for these whiskers. However, small impurity peak marked with ‘*’ in the XRD-

pattern of the sample synthesized at 800
o
C suggests more than 95% transformation occurs at this 

temperature. The magnified view of {111}C and {200}C Bragg peaks for the sample processed at 

900
o
C is shown in the inset of Figure 5.5(c). The subscript c stands for cubic crystal system. A 

small shoulder appearing in the {111}C and {200}C peaks indicates that the composition is near 

the MPB. In order to determine the structure type of the whiskers processed at 900
o
C, higher 

energy XRD patterns were recorded again using AgKα radiation [Fig. 5.5(d)]. This data was then 

reduced to an atomic PDF shown in Fig. 5.5(e). The experimental PDF for the whiskers [see Fig. 

5.5(e)] shows well defined peaks to high real space distances. The PDF peaks decay to zero at 

distances of about 10-15 nm which may be considered to be the length of structural coherence, 

also known as crystallite domain size, in this material. These XRD/PDF results indicate that the 

larger grains observed in these whiskers by SEM (discussed later in this manuscript) are made of 

relatively small size crystallites. Furthermore, the data in Fig. 5.5(f) shows that the PDF can be 

well fitted with a model based on the rhombohedral structure of NBT perovskite [120] 

confirming that the whiskers are a single phase ferroelectric material. 
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Figure-5.5 Cu Kα x-ray diffraction data at RT for (a) NTO powder whiskers with monoclinic 

symmetry, (b) NBT-BT processed at 800 
o
C indexed with reference to cubic phase, (c) NBT-BT 

processed at 900 
o
C with inset depicting a magnified view of the {111}c and {200}c reflections, 

where c stands for cubic phase. The high energy x-ray diffraction data of NBT-BT/900 
o
C (d) 

and the respective atomic PDF (e). The low-r part of the experimental PDF data is shown in Fig. 

5.5f (open circles). The data can be fitted very well with a structure model (line in red) based on 

the rhombohedral (S.G R3c) structure of NBT perovskite. 
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5.1.3.2 Raman spectroscopy: 

Figure-5.6 shows Raman spectra of NTO matrix and of specimens after reaction at 

different temperatures (in deg. Celsius). The Raman spectra of pure NTO and sample processed 

at 200
o
C are similar indicating no change in the structure of NTO. The peaks observed in Raman 

spectra of NTO in the present study are similar to those reported earlier [180]. The Raman 

spectra of NTO depict modes at 276 and 334 cm
-1

 due to vibration of Na-O-Ti [181]. The Raman 

modes in the region of 600 – 700 cm
-1

 have been attributed to the Ti-O-Ti stretch in edge shared 

octahedra. However, the mode observed at 743 cm
-1

 is the characteristic of corner sharing 

octahedra in NTO [182]. The mode at 872 cm
-1

 was attributed to short Ti-O bonds in the 

distorted TiO6 octahedra of NTO [183]. Furthermore in the specimen processed at 500
o
C and 

higher temperatures, Bi and Ba start diffusing inside the system in the presence of molten salt.  

This can be seen in terms of new bands that appeared at 55 cm
-1

 and the peak around 91 cm
-1

 

(observed in NTO) becomes asymmetric indicating appearance of a shoulder. Another small 

peak appeared as shoulder in the main peak observed at 137 cm
-1

. At 600
o
C, the increase in the 

intensity of band observed at 55 cm
-1

 was noticed and, the peaks at about 91 cm
-1

 and 137 cm
-1

 

give rise to doublet, which could be attributed to increased inharmonicity of vibration and 

change in the local symmetry due to the substitution of heavier Bi on Na site. The decrease in the 

intensity of various peaks below 200 cm
-1

 could be result of the substitution of Bi and Ba on the 

Na-site. However, the effect of substitution of Ba would be smaller due to its smaller 

concentration. A mode at 276 cm
-1

 becomes broad and diffuse indicating appearance of two more 

peaks for samples processed at 600
o
C, which appears to be perturbation in Na-O-Ti vibrations 

due to the Na-site substitution. A noticeable change occurs in the intensity of the Raman peak at 

525 cm
-1

 which increases with the reaction temperature. The bands in the range of 400 – 600cm
-1
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are attributed to the bending motion of TiO6 octahedra [184]. Therefore, the increase in the 

intensity of the peak at about 525 cm
-1

 with the reaction temperature could be attributed to the 

enhanced TiO6 bending motion in the process of the transformation from TiO6 octahedra edge 

sharing to corner (vertex) sharing. Moreover with increase in the reaction temperature, the 

gradual decrease in the intensity of modes appearing within 657 – 680 cm
-1

 regime could be 

interpreted as loss of the edge sharing coordination that is prevailing in NTO type system (see 

Fig. 5.3a). The decrease in the intensity of the mode observed at 748 cm
-1

 is likely due to Ti-O-

Ti corner sharing coordination; it shows subtle changes with increase in the reaction temperature. 

However, this band appears to be still present, but buried under a broader band observed in the 

regime of 700-850 cm
-1

 in the Raman spectra observed for the 700, 800 and 900
o
C treated 

samples. The persistence of modes observed in the higher wavenumber regime 700 -850 cm
-

1
(that are attributed to corner-shared TiO6 octahedra), also suggests a topo-chemical type 

conversion in line with the results of high-energy XRD and PDF analysis. The poorly resolved 

Raman spectra of the specimens processed at 700
o
C resembles a density of states spectrum 

because the disorder due to the random distribution of Na, Bi and Ba ions breaks k=0 selection 

rule and permits phonons from the entire Brillouin zone to become Raman active.  The Raman 

spectra of the specimen processed at 800 and 900
o
C are similar to those previously reported for 

NBT based system (space group R3c     
 ) with broad modes due to local disorder in the 

structure[185]. This confirms the successful transformation of NTO made of mostly edge sharing 

octahedra to lead-free NBT-BT system made of corner sharing octahedra (see Fig. 5.3(a) and 

5.3(b), respectively).  
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5.1.3.3 SEM and HRTEM analysis: 

Figure 5.7(a) shows the morphology of Na2Ti6O13 whiskers prepared using the molten 

salt synthesis method at 1100
o
C. Figures 5.7(b), (c) and (d) show the micrographs of the 

ferroelectric 

 

Figure-5.6 (a) Raman spectra of pure NTO matrix and products of its reaction (see eq. 3.1). 

Synthesis experiments were conducted in the temperature range of 200 – 700 
o
C. The Raman 

spectra of NTO and the specimen processed at 200 
o
C is similar. Note the systematic changes in 

the intensity of various peaks in spectra of specimens reacted at and above 500
o
C. (b) Raman 

spectra of samples reacted at 700, 800 and 900 
o
C. The spectra of the specimen reacted at 800 

o
C 

and 900 
o
C are similar to typical Raman scattering behavior observed for NBT based systems. 
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NBT-BT whiskers synthesized at 700, 800 and 900
o
C, respectively. It can be clearly seen from 

these micrographs that despite the structural transformation, the overall morphology of the 

whiskers is maintained up to 900
o
C.  For the sake of clarity, the magnified view of the surface 

morphologies of whiskers treated at various temperatures is presented in Figure 5.8(a)-(f). As 

can be seen in this figure, the lead-free NBT-BT whiskers processed at 900
o
C (Fig. 5.8(f)) are 

composed of densely packed grains revealing their polycrystalline nature. However, this kind of 

grain growth in the sample processed at relatively lower temperatures (<900
o
C) is not very 

obvious. Still the surface is clearly showing the change in morphology (Fig. 5.8) due to diffusion 

of Ba
2+

 and Bi
3+

 during the reaction. The NTO with tunnel structures (see Fig. 5.3 (a)) have 

excellent ion exchange property due to which the Na
+
 atom can be easily replaced by Ba

2+
 and 

Bi
3+

. The presence of these ions with higher positive charge further facilitates the structural 

transformation from NTO to lead-free NBT-BT.  The estimated grain size on the NBT-BT 

whiskers after reaction at 900
o
C was found to be in the range of 100-500 nm (Fig. 5.8(f)). In 

order to analyze the local microstructure and identify the phase content at the various stage of 

thermal processing, HR-TEM was performed. 

Figure 5.9(a) shows the lattice fringes of Na2Ti6O13 whiskers viewed along the [010]M 

zone axis, where the subscript M stands for monoclinic system. The {001}M planes parallel to 

the length of the whiskers were found to run along the growth direction. Figure 5.9(b) - (d) 

shows the HRTEM image of the sample processed at 800
o
C. The EDS analysis conducted on the 

edge marked as A and towards the core marked as B in Fig. 5.9(b) shows atomic %  ratio of 

Na/Ti =13.3 and 1.50, respectively. This indicates that during the topochemical reaction, Na ions 

diffused outward. At the same time, Ba and Bi ions diffused inside the whiskers due to 
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Figure-5.7 SEM micrographs of (a) NTO whisker matrix. Whiskers after reaction at (b) 700
o
C, 

(c) 800
o
C and (d) 900

o
C. The length of whiskers varies from 7.0-20 μm and the width varies 

from 0.30 – 1.0 μm. The overall shape of the whiskers was maintained even after reaction at 

different temperatures despite of noticeable change in surface morphology. 

 

difference in the chemical potential [186]. This results in rearrangement of the octahedra 

building blocks as explained in forthcoming paragraph. A lattice image showing atomic planes 

with an interplanar spacing ~0.80 nm from the vicinity of the region marked with B on Fig. 

5.9(b) is shown in Fig. 5.9(c). The interplanar spacing is smaller than d001 ~ 0.903 nm of the host 

Na2Ti6O13 matrix. This change of the interplanar spacing is expected due to the outward 

diffusion of Na atoms from the core of the sample and the concomitant inward diffusion of Bi/Ba 

atoms due to difference in the chemical potential. This state can be related to a transient 

intermediate phase. Since this ion exchange is carried out in a molten salt and is of a 

topochemical type, it can produce a metastable intermediate state which is otherwise inaccessible 



 
 

97 
 

by high temperature reactions[187]. Moreover, molten salt (NaCl) provides strong oxidizing 

atmosphere which helps in stabilizing a higher oxidation state of Ti
4+

 in the system. The area 

towards the edge marked as “A” in Fig. 5.9(b) is enlarged in Fig. 5.9(d). The lattice fringes with 

planes of various orientations can be observed showing a polycrystalline transient state and 

nucleation sites. The planes are marked with arrows and the area near the arrow head is 

magnified in the figures next to Fig. 5.9(d). The edge type dislocation marked in the magnified 

figure of “region 3” acts as a potential site for nucleation and growth of grains [188]. Thus, only 

partial transformation occurs at 800
o
C and further thermal treatment is required to obtain a 

homogeneous phase. Figure 5.9(e) shows the microstructure of the NBT-BT whiskers processed 

at 900
o
C for 2h. The inset in the lower corner of the figure shows the fast fourier transform 

(FFT) of the image in Fig. 5.9(e). The spots in the FFT can be indexed in a monoclinic-type 

structure [Joint Committee on Powder Diffraction Standards (JCPDS) #460001]. The 

zone    ̅    was obtained by indexing this FFT. Interestingly, the average NBT-BT structure 

obtained by high energy XRD and PDF analysis was found to be of a rhombohedral type. The 

results indicate the presence of a difference between the local and average lead-free NBT-BT 

structure implying an incommensurate-type modulated structure at the nano-scale. Furthermore, 

the intermediate phases with monoclinic distortions are considered to be responsible for 

enhanced piezoelectric response in MPB compositions of lead-based oxide solid solutions 

including Pb(Zr1-xTix)O3(PZT), PZN-PT, and PMN-PT[10,189-191]. Various studies employing 

high energy probing techniques have shown that local symmetry of the MPB compositions can 

be different from the average bulk symmetry. In perovskite ferroelectric materials these local 

distortions are generally found to be of a monoclinic type [192]. Therefore, the observed local 
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monoclinic distortion in NBT-BT appears to be main cause of the enhanced ferroelectric/ 

piezoelectric response at MPB in this system. 

 

Figure-5.8 Magnified SEM micrographs depicting morphological changes of the whiskers 

reacted at (a) 200
o
C, (b) 500

o
C, (c) 600

o
C, (d) 700

o
C and (e) 800

o
C and (f) 900

o
C.  Note the 

effect of reaction temperatures on the surface morphology leading to development of nano size 

grains at 900
o
C. 
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Figure-5.9 Lattice fringe of (a) Na2Ti6O13 matrix whiskers synthesized at 1100 
o
C, (b) HRTEM 

image of NBT-BT whisker processed at 800
o
C, (c) Lattice fringes corresponding to region 

marked as ‘B’ in Fig. 5.9(b) depicting core of the whiskers with larger interplanar spacing than 

that of NBT based systems. (d) Lattice fringes corresponding to the region ‘A’ (marked in Fig. 

5.9(b)) near the edge of NBT-BT whisker processed at 800 
o
C and the regions marked with 1, 2 

and 3 depicting planes with various orientation on the same whisker and symbol (├) depicts edge 

type dislocation in Fig. 5.9(d) are magnified next to Fig. 5.9(d), (e) lattice images of NBT-BT 

whiskers processed at 900
o
C. 

 

3.1.3.4 Model of structural transformation: 

The detailed mechanism of the microstructural change and transformation of NTO host 

into the ABO3 –type NBT-BT structure can be summarized as follows. When a stoichiometric 

amount of the starting materials mixed with NaCl is heated at 800 and 900
o
C the salt melts, and 

the decomposing BaCO3 and Bi2O3 provide Ba
2+

 ions and Bi
3+

 ions. These ions react with the 
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host NTO matrix due to difference in the chemical potential resulting in the formation of ABO3 

type perovskite structure. NTO belongs to the family of M2TinO2n+1 compounds, where n = 6 or 3 

and M = Na or K. It has a base centered monoclinic structure with lattice parameters, a = 

1.51310 nm, b= 0.37450 nm, c = 0.91590 nm and β = 99.3
o
C of space group C2/m [118].  NTO 

structure is a 3-D network of TiO6 octahedra joined by corners and edges resulting in a zig-zag 

structure (see Fig. 5.3(a)) with rectangular tunnels along the y-axis of the monoclinic lattice, 

where sodium ions are located.
 
On the other hand, the ABO3 perovskite structure features a 

simple cubic lattice in which the octahedra shares only corners and the B cation is at the origin of 

the Bravais cell[193]. In the present case the A-site is shared by Na
+
/Ba

2+
/Bi

3+
 ions and the B–

site is occupied by Ti
4+

. The process of NTO to NBT-BT transformation can be rationalized as 

follows:  

(i) During synthesis, Ba
2+

/Bi
3+

 diffuse in the host lattice of Na2Ti6O13 through ion exchange 

mechanism with Na
+
  resulting in a rearrangement of the octahedra sharing scheme to minimize  

the energy for obtaining a thermodynamically stable configuration. The schematic of NTO to 

NBT-BT transformation (ABO3 type perovskite) is shown in Figure 5.10(a) and the coordination 

of the octahedra in the perovskite structure is presented in Figure 5.10(b). The geometrical 

connection of the octahedra plays an important role in this transformation. The perovskite 

structure is composed of corner (vertex) sharing octahedra[116] at 180
o
 and any deviation from 

this angle decreases the distance between Ti-Ti atoms (Fig. 5.10(b)) resulting in increased 

repulsion potential experienced by the Ti atom and the screening effect from the negative charge 

of oxygen atoms would be smaller. As a result the free energy of this structural configuration 

increases and the structure becomes unstable. The equation describing the distance between two 

Ti-Ti (Fig. 5.10b)) atoms can be given as:  
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))]cos1(2[(  ad
       (5.1) 

where θ is the angle between the Ti-O-Ti in the corner sharing octahedra and “a” is the Ti-O 

bond length in the Ti-O-Ti bonding bridge between octahedra sharing two vertices. The order 

parameter η = 180-θ with two limiting values of 180
o
 and 0

o
 where θ is the deviation of the bond 

angle from 180
o
 in the Ti-O-Ti bonding bridge i.e. in the geometrical connection of vertex 

sharing octahedra. Therefore, the system will be most stable for η =0
o
 i.e. θ =180

o
.  Figure 

5.10(c) plots the Eq. (5.1) with θ ranging from 0 to 180
o
. However, in reality the inclination 

angle can vary from 131.8
o
 to 180

o 
[116]. The bond length ‘a’ of Ti-O was taken to be 2.009 Å 

from the archetype perovskite BaTiO3 with a cubic phase [194] as the reaction occurred at high 

temperature where most of the ABO3 type perovskite have cubic structure. This plot (see Fig. 

5.10c) shows the change in perpendicular distance between two Ti atoms with the angle between 

the vertex sharing octahedra. It can be noticed here that this distance is optimal for θ =180
o
.  The 

mechanism of rearrangement of Na2Ti6O13 into the ABO3 type NBT-BT structure can be further 

comprehended as follows. The energy of edge shared octahedra configuration is higher than that 

of corner sharing configuration, and consequently the edge sharing octahedra are driven into a 

more energetically favorable coupling scheme during the reaction. According to the model 

proposed in this research, during the reaction, octahedra with shared edges in Na2Ti6O13 move in 

{100} direction to achieve the corner sharing connection of the ABO3 type structure. This 

rearrangement is shown schematically in step 2 of Fig. 5.10(a) and is supported by the findings 

of the atomic PDFs analysis that indicates the existence of a relationship between the NTO and 

NBTO (see Figs. 5.3 and 5.4) structures. The arrows marked in step 2 indicate the direction of 

the translational motion of the octahedra.  
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 (ii) The perovskite structure is isotropic and, therefore, after the topochemical conversion, the 

sample at higher temperature exhibits well-defined grain morphology, which could be 

understood by assuming Rayleigh type instability [177] as observed in Fig. 5.7(d) and 5.8(f). 

 

Figure -5.10: (a) Schematic of the transformation of Na2Ti6O13 structure into ABO3 type 

perovskite structure of NBTO through rearrangement of the octahedral connectivity type, (b) 

Schematic representation of the perovskite structure (ABO3) (c) The change in the distance 

between two Ti-Ti atoms with the tilt angle of corner sharing octahedra depicting optimum 

distance between two Ti-Ti atom at 180
o
 as in ABO3 type perovskite 

 

The schematic representation of the ABO3 type structure depicted in Fig. 5.9 (b) shows 

the presence of O
2-

 -T
4+

 -O
2-

 triples parallel to the x, y and z axes. In the ABO3 type perovskite 

with no center of symmetry, under the application of electric field along z axis, the O
2-

 -T
4+

 -O
2- 
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chains parallel to the z-axis get polarized without a significant effect on the chains parallel to 

other two axes. The whisker polarized in the direction of z-axis imparts ferroelectricity to the 

system. Moreover, when configuration of A-site cation suffers a distortion (i.e. A-site atom 

displaces from its average position) during the displacement of oxygen ions in above process, the 

shape of unit cell would change resulting in a piezoelectric effect [116]. However in NBT-BT, 

the distortion would be different for A-site occupied with different atoms (Bi
3+

, Ba
2+

 and Na
+
) 

that have different charges and ionic radii resulting in disorder in the lattice as also indicated by 

the broad Raman modes.  

3.1.3.5 High temperature morphological changes: 

Furthermore, NBT-BT whiskers were dispersed on an alumina plate and subjected to heat 

treatment in air at various temperatures for 2h in order to investigate the high temperature 

morphological transformation and the role of the surface and grain boundary energy (Figure-

4.11). On heat treatment at 1000
o
C, coalescence occurred among the grains of the whiskers as 

small grains (Fig. 5.8(e-f)) observed at RT are not visible due to high dihedral angles. Further 

increase in temperature leads to the appearance of relatively larger grains within the whiskers 

forming a bamboo type structure at 1100
o
C and 1175

o
C (Fig. 5.11(b) and (c)). At 1175

o
C, the 

whisker starts to get thinner in the vicinity of the grain boundaries showing grain boundary 

grooving
 

as a result of the surface/grain boundary diffusion and local evaporation- 

condensation[195] [Fig. 5.11(c)]. According to the Mullins model [196]: γb = 2γs sinθ, where, γb 

and γs is grain boundary and surface energy, respectively and θ is surface inclination at the root 

of groove (Fig. 5.11(c)). In the present case θ is measured from the SEM micrograph (Fig. 

5.11(c)) and comes out to be 41
o
 and therefore γb/ γs equals to 1.31. Thus, the system has 

unusually higher grain boundary energy as compared to the surface energy. As a result, on  
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Figure-5.11 Change in the morphology of isolated whiskers heated on alumina plate in air at 

various temperatures (a) 1000
o
C, (b) 1100

o
C, (c) 1175

o
C and (d) 1200

o
C. The higher grain 

boundary energy leads to disintegration of whiskers to achieve equilibrium cubical shape. 

 

further heating at 1200
o
C, the whiskers eventually disintegrate into individual grains, in close 

analogy with the Rayleigh-type instability[177,197,198], so that the grain boundary energy is 

minimized by thermal grooving i.e. grain boundary grooving (Fig. 5.11(d)) to achieve an 

equilibrium cubical shape of the grain. Originally developed to explain breaking of liquid jet into 

small droplets, Rayleigh type instability has been used to explain phenomena like disintegration 

of nanowires into small beads [199] and fission of charged finite systems such as atomic nuclei 

or liquid droplets[200]. The grain boundary grooving and Rayleigh type instability both could 

lead to disintegration of polycrystalline whisker with bamboo type structure as both these 

mechanisms are driven by surface energy[201]. However in present case, grain boundary 
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grooving is considered to be dominant mechanism. Figure 5.12 depicts the schematic 

representation of disintegration of lead-free NBT-BT whiskers into isolated cubical grains.  

 

Figure 5.12 Schematic representation of change in morphology during disintegration of NBT-

BT whisker  with increase in tempretaure. The polycrystalline whisker disintegrates into isolated 

cubic grains via grain boundary grooving in analogy with Rayleigh type instability. 

 

5.1.4 Chapter summary 

The reaction route adopted in this research allows a topochemical conversion and 

structural rearrangement via translation of edge shared octahedra of the starting NTO material 

leading to the formation of nanostructured NBT-BT ferroelectric whiskers. These whiskers have 

a rhombohedral type average structure of the perovskite phase indicating their ferroelectric 
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nature as confirmed by high energy x-ray diffraction coupled with PDF analysis and Raman 

scattering. The HRTEM analysis reveals a local monoclinic structural distortion of NBT-BT 

whiskers suggesting a presence of modulated structure at the nanoscale. Upon high temperature 

treatment morphological changes take place resulting in breaking of the whiskers into individual 

grains as a consequence of a thermal grooving effect driven by minimization of the higher grain 

boundary energy. The lead free NBT-BT ferroelectric whiskers have potential applications in 

environmentally benign devices in microelectronic. 
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5.2 Origin of high piezoelectric response in A-site disordered morphotropic 

phase boundary systems 

Perovskite piezoelectric compositions near the MPB are known to exhibit high 

piezoelectric response. In lead-based ABO3 compounds, with B-site disorder, the origin of this 

enhancement has been associated with the presence of an intermediate monoclinic/orthorhombic 

state that bridges the adjacent ferroelectric rhombohedral and tetragonal phases. However, the 

origin of high piezoelectric response in lead-free ABO3 compounds with A-site disorder has not 

been conclusively established. Moreover, a microscopic model derived from comparative 

analyses of HR-TEM and neutron diffraction that explains the origin of high piezoelectric 

response in lead – free MPB compositions of NBT-BT. Direct observation of nano-twins with 

monoclinic symmetry confirmed the presence of an intermediate bridging phase that facilitates a 

pathway for polarization reorientation. Monoclinic distortions of an average rhombohedral phase 

are attributed to localized displacements of atoms along the non-polar directions. 

5.2.1 Background 

Environmental restrictions in many parts of the world are demanding the elimination of 

lead from all consumer electronics. This has prompted global investigations on finding lead – 

free piezoelectric compositions with high electromechanical coupling. In the past decade, 

enhanced piezoelectric properties have been discovered in (Na0.5Bi0.5)TiO3 – (K0.5Bi0.5)TiO3 

(NBT-KBT) and (Na0.5Bi0.5)TiO3 – BaTiO3 (NBT-x%BT) compositions close to their 

morphotrophic phase boundary (MPB) [Figure-1.5]. Particularly, Na0.5Bi0.5TiO3 (NBT) with R3c 

symmetry has emerged as a rhombohedral substitute for the lead–based counterpart similar to 

that of PbZrO3 in Pb(Zr,Ti)O3 [9,202]. However, some recent studies have indicated that the 
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NBT the end member in NBT-BT phase diagram instead exhibits a monoclinic Cc symmetry 

[203,204]. The solid solution (1-x)Na0.5Bi0.5TiO3 – xBaTiO3 (NBT-BT) exhibits MPB for x = 

0.05-0.07. The magnitude of electromechanical coefficients measured at MPB for NBT-BT are 

d33 =125 pC/N, d31 = 40 pC/N, k31 =0.19, and 
   

 

  
⁄ = 733[24]. However, the origin of 

piezoelectric property enhancement in lead-free ABO3 compounds with A-site compositional 

disorder is unclear.  

Earlier theoretical and diffraction studies on lead-based solid solutions established the 

relation between the presence of an intermediate phase with monoclinic/orthorhombic symmetry 

near the MPB and enhancement in piezoelectric properties. The intermediate phase bridges the 

end-members of a phase diagram with tetragonal and rhombohedral symmetries. Fu and 

Cohen[205] proposed that for a monoclinic symmetry, the polarization can easily adjust along 

the applied electric field providing strong coupling between degrees of freedom for polarization 

and crystallographic strain that leads to high piezoelectric response. Subsequent X-ray diffraction 

studies confirmed the importance of a monoclinic phase during polarization rotation [206]. For 

example, when electric field is applied along the pseudocubic [001] direction of rhombohedral 

PZN-PT with polarization vector along pseudocubic [111], the zero field rhombohedral state  

irreversibly changes first to an monoclinic MC phase and then to an orthorhombic phase with 

am=cm[Ref. 207].This intermediate monoclinic phase facilitates continuous rotation of the 

polarization vector between the T <001> and R <111> directions resulting in enhanced 

electromechanical response under external stimuli. Traditionally, at MPB, rhombohedral and 

tetragonal phases are assumed to coexist as the space group symmetries of these two ferroelectric 

phases are not connected by any direct group theory correlation [208,209]. The co-existence of 
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different ferroelectric phases at the MPB was attributed to the enhanced piezoelectric response in 

these compositions. Additionally, such type of two-phase coexistence has been considered to 

give rise to residual strains at the hetrophase boundaries, which could lead to lowering of 

symmetry at smaller length scales.  

Unlike lead-based ferroelectrics that have varying occupancies on the B-site of an ABO3 

compound, NBT-based piezoelectrics exhibit disorder on the A-site. Different site-specific 

disorders can lead to lowering of crystal symmetry in ABO3 compounds at nano-scales. For 

example, in well-known Pb(Zr,Ti)O3 with B-site disorder, a monoclinic phase was evident from 

synchrotron X-ray diffraction under applied electric field. Establishment of a long-range 

monoclinic order in Pb(Zr,Ti)O3 could be explained as a condensation of local displacements of 

Pb ions along non polar directions in the tetragonal phase[210]. In ABO3 perovskite type 

systems, the A-site cation has stronger interaction with oxygen anions and hence a change in the 

A-site cation can strongly perturb the crystal symmetry. The different interionic interactions can 

be understood by considering the differences in the local environment of A and B cations in the 

ideal perovskite structure. In case of Pb(Zr,Ti)O3, for A-site cations, the oxygen nearest neighbor 

shell has 12-fold symmetry. This symmetry is however broken for the B-cation next nearest 

neighbor shell. Zr is a larger ion than Ti, and thereby purely repulsive interaction between Pb and 

B cation (Zr
4+

/Ti
4+

) has been considered to be stronger for Pb-Zr than Pb-Ti [211]. On the other 

hand, all B-cation distribution do not display a strong dependence on the local structure and are 

aligned closely with the Pb ion distributions [211]. Grinberg et al. [211] considered Pb 

distortions, produced by a hierarchy of interactions, as determining factor for the average 

structure of the material. The effect of disorder on the different sites in the perovskite structure is 

schematically illustrated in Figure 5.13. 
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Figure 5.13(a) shows the schematic of long range ordering due to cooperative 

displacement of Ti in archetype piezoelectric BaTiO3. The displacement of B-site cation is 

shown by arrow. However when B-site is substituted by Zr
4+

 and Ti
4+

, the local displacement of 

Pb
2+

 is substantially perturbed by the presence of the neighboring ions. The Pb
2+

 tend to go away 

from Zr
4+

 and close to the Ti
4+

. However, on average Pb
2+

 distortions were found to be in [001]c 

direction[211] leading to long range monoclinic phase in Pb(Zr,Ti)O3 at MPB.  The schematic 

representations of ionic displacements in Pb(Zr,Ti)O3 [211] are depicted in Figure 5.13(b). The 

perforated circles and small arrows are showing the tendency of Pb
2+

 displacements and Ti/Zr 

displacements in polar direction, respectively.  

The situation in NBT-BT is more complex because the A-site is occupied by three types 

of atoms (Bi
3+

, Ba
2+

 and Na
+
) with different chemistry like charge, ionic radius and 

electronegativity etc, as illustrated in Figure 5.13(c). The B-site Ti
4+

 would have stronger 

repulsive interaction if surrounded predominantly by the Bi
3+

. This interaction would vary 

significantly depending on the type of neighboring ions Ba
2+

 or Na
+
. As discussed above, the A-

site cation has stronger interaction with oxygen anions and hence a change in the A-site cation 

can strongly perturb the crystal symmetry. These local structural distortions could reduce local 

symmetry. For NBT-BT systems of MPB compositions, local-scale monoclinic symmetry from 

an overall rhombohedral symmetry has been proposed from diffused anelastic and dielectric 

spectra, NMR spectra and diffuse X-ray patterns[212,213]. However, no direct microstructural 

evidence for such localized distortions has been reported. Therefore, it is still debatable whether 

the perceived significance of local monoclinic distortions, as observed in lead-based 

piezoelectrics, could be extended as a general principle to other systems as well. Here, the direct 

evidence from high-resolution TEM and neutron diffraction measurements was provided for 
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localized monoclinic distortion of an overall rhombohedral symmetry in NBT-BT in form of 

nanoscale twins. The importance of the nano-twins towards enhanced piezoelectric properties is 

discussed.  

 

Figure-5.13 (a) Long range polar lattice distortions in BaTiO3, (b) polar lattice distortions in 

Pb(ZrTi)O3, (c) polar lattice distortions in Na0.5Bi0.5TiO3-BaTiO3. The dotted circles marked 

represent possible distortion direction of A-site atoms depending on the neighboring atoms.  

An understanding of the crystallographic distortions near the MPB also could help to 

clarify the phase transition behaviors that have been reported for NBT-BT. During cooling from 

high temperature, NBT undergoes a sequence of phase transitions from a high temperature cubic 

(C) phase to ferroelastic tetragonal (T) phase at 540°C, and a diffuse phase transition (DPT) from 

ferroelastic tetragonal (T) to rhombohedral (R) phase between 200°C
 
 and 320°C

 
[19]. Different 

variants of phase diagrams for NBT-BT have been proposed that consists of ferroelectric 

rhombohedral and tetragonal phases as end components, and an antiferroelectric or ferrielectric 

orthorhombic component as an intermediate phase[206,214-217]. Coexistence of rhombohedral 

and tetragonal phases has been observed over a broad range of temperatures and E-fields while 

the orthorhombic phase was proposed to exhibit antiferroelectric-like (AFE) characteristics 

[23,218]. Recent studies on the orthorhombic phase describe it as a relaxor phase with polar 

nanoregions [219,220]. The high piezoelectric response and E-field induced strain in NBT based 
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systems has been attributed to structural phase transitions under the application of an E-field 

[221]. However in a previous study, it has been demonstrated that E-field induced structural 

phase transition is not prerequisite for achieving high piezoelectric constant in NBT-BT [222]. 

Intriguingly, textured and randomly-oriented polycrystalline ceramics of the same composition 

of NBT-BT were found to exhibit drastically different phase transition behaviors under electric 

field which were tentatively associated with variance in coherence lengths of polar nanoregions 

and internal stresses induced by domain switching.  

Based on these earlier results, it could be said that the role of nanoregions in the NBT-

based system is quite special as compared to lead-based relaxors. For example, in case of PZN-

0.1PT, the off centering of Pb cations containing a lone pair of electrons play an important role 

in the origin of polar nano regions and have been found to favor the polar displacement of 

corresponding nearest B-site cations[223]. During the application of E-field, the correlated 

displacement of Pb ions could be considered to result in long range polar phase with lower 

symmetry. However as discussed earlier, the case is very different in NBT-BT system with the 

A-site being shared by Bi, Na and Ba. The nature of local polar distortions created by Bi on the 

A-site containing a lone pair of electron would be different than that of due to Na and Ba without 

lone pair of electrons in terms of cation off centering and octahedral tilting disorder. Therefore in 

NBT-BT, the local distortions due to the substitution on A-site are more complex than that of B-

site substituted lead-based relaxors and would behave differently under external stimuli. These 

short range local structural distortions can further couple with elastic degrees of freedom 

resulting hierarchical domain structures from mesoscopic lamellar domains to polar nano 

regions[224,225]. Moreover, NBT-BT exhibits a high temperature unique ferroelastic phase 

transition followed by low temperature ferroelectric phase transition as discussed earlier. The 
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ferroelastic domain variants created during the high temperature ferroelastic phase transitions 

sustains up to room temperature and coexists with the nano sized ferroelectric domains[226]. The 

nano sized ferroelectric domains were found to be geometrically and elastically restricted within 

micro-sized ferroelastic domains [226]. Therefore, the percolation behavior of these polar nano 

regions under the influence of E-field in piezoelectric A-site disordered NBT-BT system can be 

influenced by the presence of ferroelastic domains. However, this kind of transition has not been 

reported in B-site disordered lead-based relaxor like PZT. Also, the percolation behavior of polar 

nano regions vary significantly with the different systems, as PZN-0.8PT was not found to show 

significant change in PNRs under applied E-field[227]. The percolation behavior and coupling 

between local polar distortions with the nonlinear elastic lattice [228] could play an important 

role in NBT based systems exhibiting interesting functional response and structural phase 

transition behavior.  

In this chapter, structural investigations on high purity single crystals and polycrystalline 

samples were carried out. In order to account for the different types of perturbation of domain 

morphology expected in polycrystalline samples, a special type of samples was studied. For 

polycrystalline samples, whisker morphology was developed to clearly delineate the contribution 

from the crystallography. Most of the piezoelectric materials used in polycrystalline form consist 

of a large number of randomly oriented grains each with multiple domains of varying 

orientations as allowed by crystallographic symmetry[229]. The domain switching in one grain is 

constrained by differently oriented neighboring grains. Moreover, neighboring grains can also 

induce lateral stress on each other during the paralectric to ferroelectric (PE-FE) phase transition 

[230]. Therefore, the perturbation of domain behavior due to interaction with the differently 

oriented neighboring grains is a highly correlated collective process that is complicated to 
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quantify [229]. In order to overcome this problem, NBT-BT whiskers were synthesized with a 

diameter of ~2-3 grains (grain size ranging 300-500 nm) as shown in the inset of Fig. 5.16. With 

this morphology, the influence on the domain system in a given grain from the domains in 

neighboring grain will be negligible.  

5.2.2 Experimental 

Single crystals were grown using the molten flux method [231]. In order to grow single 

crystals of 0.93(Na0.5Bi0.5)TiO3 – 0.07BaTiO3 (after this point NBT-BT will be referred to this 

MPB composition in this chapter),  pre-calcined (800- 900°C, 2h) powder was mixed with 

30wt% Bi2O3 and 10wt% Na2CO3 and heated in sealed Pt crucible at 1300°C for 6h before 

slowly cooling down to RT (room temperature). The synthesis of NTO whiskers was performed 

by using the molten salt synthesis method as reported earlier. These NTO whiskers were used to 

synthesize NBT-BT whiskers of the same composition as explained in chapter 5.1.  The 

composition of both types of specimens (single crystals and whiskers) was confirmed by energy 

dispersive spectroscopy. The XRD experiments were conducted on these NBT-BT whiskers 

(thickness ~           and length ~         ) to confirm the formation of perovskite 

phase at RT. These whiskers were pressed in to pellet and sintered at 1200
o
C for 2h. The 

electromechanical coupling constants for various variants of NBT-BT like single crystals, 

whisker based polycrystalline ceramics and traditionally processed NBT-BT ceramics are listed 

in Table-5.2.  The specimen processed using NBT-BT whiskers shows higher piezoelectric 

response than traditionally processed variant. For morphological investigations, Zeiss LEO 1550 

scanning electron microscope was used. The high-resolution neutron powder diffraction patterns 

of the NBT-BT whiskers were collected at the VULCAN diffractometer of the Spallation 

Neutron Source (SNS), Oak Ridge National Laboratory [232]. The sample was loaded into a 
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cylindrical vanadium can and the diffraction patterns were collected with an incident neutron 

beam in the time-of-flight mode. Rietveld refinement on the diffraction pattern was performed 

using the GSAS software package [233]. 

Table 5.2- List of the piezoelectric properties for various variants of lead-free piezoelectric 

NBT-0.07BT 

Sample d33 (pC/N) k31 (%) 

NBT-0.07BT (single crystal) 300±5 40±2 

NBT-0.07BT (whisker-based) 205±5 28±2 

NBT-0.07BT(Conventional sintering) 160±5 18±2 

 

5.2.3 Results and discussion 

5.2.3.1 TEM domain structure analysis 

The twin microstructure in the single crystals and whiskers of NBT-BT was first 

investigated. During transition from a higher symmetry phase to a lower symmetry phase, twin 

boundaries play an important role as twin boundaries are considered to be localized pseudo 

symmetries relating one twin domain to another by a lost symmetry operation. The twin domains 

are formed due to the loss of point group symmetry and the interaction between twin boundaries 

(walls) can give rise to a multitude of domain patterns creating difference between the local 

atomic structure of twin (domain) boundary and bulk[234]. The arrangement of domain patterns 

in this case are called hierarchical because it can be decomposed into simpler patterns until the 

most elementary unit ‘twin wall’ or ‘domain wall’, is found [234].   
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The multitude of domain structures of NBT-BT single crystal is depicted in the bright field TEM 

images of Figure-5.14(a)-(d) and Figure 5.15. The ferroelastic lamellar domains having width ~ 

100-200 nm with planar {100}C domain walls can be observed in Figure 5.14(a). The magnified 

view of these lamellar domains is depicted in Fig. 5.14(b). A HR-TEM image of lattice fringes 

across domains and fast fourier transform (FFT) patterns of two regions in the image are 

presented in Figure 5.16(b). The FFT and nano probe electron diffraction patterns (Fig. 5.16 (d)) 

recorded on the two sides of different contrast regions of these domains were found to be similar 

indicating no significant structural changes across them. The bigger lamellar domains with 

domain wall planar on (100)C and (010)C intersect at angle ~90
o
 with plane of intersection 

{ ̅10}C giving rise to a herringbone-type domain structure as observed in modulated 

systems[235] (marked with the rectangle in Fig. 5.14(c)). The magnified image of these domains 

indicates that the thicker lamellar domains are composed of smaller domains (fig. 5.14(d)). The 

lamellar domain consists of two domains with a common domain wall attracting each other and 

this force of attraction decreases rapidly with the increase in the distance between the two 

domain walls [236] resulting in fine substructure ranging from submicron to nano scale in 

dimension that is represented as hierarchical structure of ferroelastic domains. Similar 

hierarchical domain structures were reported for ferroelastic lead phosphate [237].  Another 

region of interest showing domain structure is depicted in Figure 5.15, which shows polydomain 

plates with domain boundaries on different planes. In this image along with the larger 

sizedomains with thickness ~ 100-200 nm having domain walls planar on {100}c, another set of 

domain variants with smaller size domains (~50 nm)  and boundaries planar on    ̅    were also 

observed. The thickness of polydomain plate   having domains thickness d is marked in Fig. 

5.15, which is ~400 nm. Hierarchical patterns with lamellar domains are formed depending on 
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Figure-5.14 High purity single crystal studies. (a) TEM image of thin domains with domain 

walls planar on (100), the magnified view of these domains is depicted in Fig. 5.14(b). (c) The 

herringbone type domains structure composed of thin domains with domain walls planar on 

(100) and (010) and intersecting on (110) plane. The magnified view of these domains is 

depicted in Fig. 5.14(d). (e) SAED with large probe size, (f) electron diffraction with nano beam. 

The arrows marked in (e) and (f) indicates superlattice reflections. It was noticed that the       

     =1 and the angle between these vectors was ~ 90
o
, however the SAED with nano beams 

shows deviation in the ratio and the angles indicating lowering of symmetry.  

the interaction between domains and the energy of the domain walls. According to Khachaturyan 

et al [238] the typical domain size in ferroelastic materials is related to the thickness of the poly 

domain plate   and domain wall energy density   : 

     √
  

   
         (5.2) 

where   is a dimensionless constant,   is the shear modulus, and    is the twinning strain. This 

theory was extended to piezoelectric materials to explain miniaturized domain state and adaptive 
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phase in MPB compositions [239] and the thickness d of ferroelectric domains in a polydomain 

plate of thickness ‘ ’ was found proportional to √    . On decreasing the domain wall energy, 

the wall thickness would decrease [238]. Furthermore, Theissmann et al.[240] investigated 

change in domain structure across MPB of PZT. They reported miniaturized domain in MPB 

composition of PZT with polydomain plate (microdomain) having thickness   ~ 250 nm 

containing nano-sized domains [240]. These nanodomains were found to respond to E-field 

instead of microdomains.   

 

Figure-5.15 Bright field TEM image of various domain variants of NBT-BT single crystals 

viewed from [001]c zone axis. 
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Figure 5.16 (a) TEM bright field image of the magnified view of edges of domains in NBT-BT single 

crystal, (b) HR-TEM image corresponding to rectangular region marked in (a), the FFTs in the inset 

depicts the FFT corresponding to respective regions indicating no sufficient deviation in atomic planes 

between two variants . (c) and (d) depicts the nano-beam diffraction between two variants. 

The crystallographic details for the nanodomains are next elucidated from the electron 

diffraction patterns. Figure-5.14(e) shows a SAED pattern from the NBT-BT single crystal with 

[001]C zone axis with electron beam probe size ~ 400 nm. The ½ {ooe}C (e stands for even 

Miller indices and o for odd Miller indices) super-lattice reflections are marked with arrow in 
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Fig. 5.14(e). In this case the ratio of the magnitude of    vectors (            =1) was found to 

be unity with 90
o
 phase difference between them. Interestingly, from the diffraction patterns 

recorded using nano beam (~ 5 nm) probe (Fig. 5.14(f)), deviations from the unity ratio of   

vectors were observed, as well as the angle between the   vectors was found to deviate from 90
o
. 

These changes suggest a lowering of symmetry locally [            =0.98 and angle between 

them deviates by 0.75-1.0
 o

 (Please note these deviations are much clearer when observed over 

several diffraction spots)]. The implications of this local deviation in crystal symmetry will be 

more apparent in later discussions. Also, the splitting in the higher order diffraction spots reveals 

the presence of twins with small shear displacement ~ 0.03 calculated from the splitting of higher 

order diffraction spot in Fig. 5.14(f). Similar magnitude of splitting in electron diffraction pattern 

was observed for PZT [241]. Such small shear displacements could be the result of only partial 

relaxation of stress in NBT-BT single crystals as there are various crystallographically allowed 

domain variants with collective interactions among them. It is therefore important to use NBT 

whiskers with diameter of only few grains so that interactions due to surrounding domain 

variants are reduced.  

Next, HR-TEM analysis was performed on NBT-BT whiskers (inset of figure -5.17). HR-

TEM analysis was repeated across several different samples and sample area to confirm the 

results. Figure 5.17 shows the HR-TEM image of lattice fringes exhibiting the presence of 

nanotwins. Yellow lines are drawn along several lattice planes as a visual guide to highlight the 

presence of a twin boundary. For comparison, FFT patterns were calculated from a twin free 

region (region-1) and the twinned region (region-2). These FFT patterns could not be indexed 

using a rhombohedral symmetry as has been suggested in earlier works [24,202]. Interestingly, 

both the FFT patterns can be indexed using a monoclinic symmetry (JCPDS #460001). The 
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lattice parameters of this monoclinic cell is: a = 0.5553(2), b = 0.6675 (3), c = 0.5520(1) nm, β = 

120.54(2)°. The monoclinic crystal structure within the nanotwins is significant since monoclinic 

lattice can have more degrees of freedom to adapt local stress field in ceramics [241].  

The zone axis [  ̅ ]M (M stands for monoclinic phase) was obtained from the indexed 

FFT pattern in Figure 5.17. The FFT pattern of twinned region clearly depicts an additional 

diffraction spot near ( ̅  )M and the inter-planer angle was measured to be 11°. The twinning 

plane (or “mirror plane”) was parallel to the zone axis and is the boundary between two twinned 

domains. Next, the twin plane/ twin boundary was calculated, which was found to be   ̅ ̅  M. 

The continuity of lattice planes across the boundary indicates that the twins were coherent. The 

arrow marked with N in the FFT pattern of region 2 points towards the shapes of twin spots. Two 

spots very close to each other suggest the presence of nanotwins with very small twinning shear 

of ~0.06. These nanotwins were present within boundaries of bigger nanotwin shown by yellow 

lines. Similar nanotwin structure with thickness about one atomic layer was observed in 

nanocrystalline copper [242]. The smaller size of nanotwins has been found to be associated with 

very small twin boundary energy [238] as discussed earlier According to Khachaturyan et al. 

[238] the lower surface energy and large strain energy leads to smaller size nano twins. However 

at certain smaller size (comparable to atomic scale size), the finite interaction among the twin 

walls constrain further miniaturization of twin domains. Randall et al. [243] calculated the 

surface energy (σ) of {100}R and {110}R twins in rhombohedral system following the work of 

Zirnov[244] and suggested that           . Therefore, the formation {110} twins is more 

energetically favorable than that of {100} twins.  

The schematic representation of twinning is depicted in Figure 5.18(a). In present case, 

twinning gives rise to plane with same interplanar spacing but slightly deviated (11
o
) from the 
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parent plane. The magnitude of shear can be given by tanθ = tan (11
o
) = 0.19, which is much 

higher than that of twinning shear (0.06) of nanotwins having thickness of atomic layer as 

discussed above. The magnitude of shear observed in this case was comparable to martensitic 

materials [245]. The orientation of habit plane with respect to the parent lattice plane at a given 

point can be estimated geometrically [246] as: 

      
    

√       
                     (5.3) 

 

Figure 5.17 A HR-TEM image showing the presence of a nanometer twinned region in NBT-BT 

whiskers. The two patterns on the right labeled 1 and 2 are Fast Fourier Transform (FFT) 

patterns from the corresponding regions of the HR-TEM image marked 1 and 2; the split spots in 

the yellow circles of the FFT of region 2 indicates twinning of the atomic planes. The inset on 

the HR-TEM image is an SEM micrograph of NBT-BT whisker. 
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5.2.3.2 High resolution neutron diffraction analysis 

Furthermore, the crystallographic symmetry of NBT-BT whiskers at larger length scales 

was characterized from neutron diffraction. The high resolution neutron diffraction pattern was 

fitted separately for two possible space groups - R3c and Cc. The rhombohedral space group 

R3c, with antiphase oxygen octahedral tilts, has been reported previously for NBT-BT solid 

solutions [18,216]. The space group Cc is a monoclinic subgroup of the R3c which also allows 

tilting of  

 

Figure 5.18 (a) A schematic representation of the twin arrangement observed in fig.-5.17, (b) 

Schematic plot of bent lattice planes indicating the various energy contributions (After Salje 

[237). The lattice on either end of the plot is distorted due to PE-FE phase transition. The 

spontaneous strain is symbolized by the double arrows. The relevant energy is Landau potential. 

When the planes are bent additional gradient energy occurs as described by the Ginzburg energy. 

The single arrow represents bending of the planes 

the oxygen octahedral, and has been mentioned in a previous report [247]. The Rietveld 

refinement for space group R3c yielded the following lattice parameters: aH = 0.54999 (2) nm, cH 

= 1.35583 (9) nm, V = 0.35519 (2) nm
3
, with Rp = 0.057, wRp = 0.0738 and reduced χ

2
 = 3.415; 

the starting variables for the fitting were taken from Jones et al. (Figure 5.19(a)) [18]. In 

comparison, Rietveld refinement for space group Cc yielded the following lattice parameters: aM 
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= 0.95368 (11), bM = 0.54921 (7), cM = 0.55154 (7), β = 124.956 (8), with Rp = 0.072, wRp = 

0.097 and reduced χ
2
 = 5.909 (Figure 5.19(b)); the initial setting for this refinement was taken 

from Cc structure of PZT [248]. The R3c space group yielded better fit to the diffraction pattern 

which is evident from a 20% improvement in the value of Rp for the R3c phase. Furthermore, 

examination of the high intensity (111) peak (see insets) clearly reveals the better fit for the R3c 

model. A mixture of tetragonal and rhombohedral phases was also tested; however it did not 

provide a stable fit.  

Neutron diffraction of NBT-BT whiskers indicates an average rhombohedral structure 

with R3c space group in contrast to monoclinic symmetry observed in HR-TEM analysis. 

Therefore, although the material has a monoclinic symmetry at a local scale, it retains an average 

rhombohedral structure, as revealed by bulk powder neutron diffraction. It was observed that 

even though the R3c model provides a good fit to the neutron diffraction profile in terms of 

overall statistics, slight broadening of the measured Bragg peaks with respect to the calculated 

pattern was observed (for example see peaks 111 and 3/2 1/2 1/2 in Figure 5.19). Such 

broadening could arise from local monoclinic distortions of the crystal in the matrix. This is 

consistent with previous report in which polar nano regions of ~20 nm were estimated from 

diffuse X-ray scattering, although the average structure retained R3c symmetry[249]. It was 

suggested from the diffused X-ray scattering measurements that the displacements of Bi
3+

, Ba
2+

 

and Na
+
 away from [111]R (R stands for rhombohedral phase) direction towards [100]T (T stands 

for tetragonal phase), can give rise to local monoclinic symmetry.  

A lowering of the crystal symmetry within the twin domains at the nanoscale suggests 

that they are formed due to the loss of point group symmetry during the phase transition from the 

high temperature paraelastic cubic phase to an intermediate ferroelastic tetragonal phase in NBT  
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Figure 5.19 High resolution neutron diffraction patterns fitted with space group (a) R3c (b) Cc. 

Insets are showing {111} reflection was fitted well R3c space group.  
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based systems. Thus, recently observed structural phase transition in NBT based materials [250] 

under the application of electric field could be expected to be facilitated by the presence of nano 

twins. Next, SAED from different zone axis were recorded to investigate the nature of 

superlattice reflections in NBT-BT whiskers.  Figure 5.20 depicts the SAED patterns taken along 

various zone axes on NBT-BT whiskers. The SAED patterns with zone axes [001]C and [112]C 

depicts superlattice reflections ½ {ooe}C and ½ {ooo}C (e stands for even miller indices and o 

for odd miller indices) as marked in Fig. 5.20 (a) and 5.20 (b), respectively. The observance of ½ 

{ooe}C and ½ {ooo}C superlattice reflections are consistent with the average rhombohedral phase 

with the R3c space group[251,252]. However, the origin of super lattice reflections can be 

attributed to disorder in octahedral tilting and cation-ordering [253], both of which could lead to 

local departure from the average rhombohedral symmetry [254] resulting in the formation of a 

localized monoclinic phase (Schematic showing cation displacement and antiphase octahedra 

tilting is depicted in Fig.5.21) with lower symmetry as observed in HR-TEM analysis.  However, 

these local distortions with various tilting disorder and ionic displacements are compensated over 

longer length scales resulting in an average anti-phase tilting of octahedra in the rhombohedral 

structure [252,255]. The local displacements of the A-site cations along [100]T are also 

compensated over larger length scales giving rise to an average rhombohedral symmetry. This is 

illustrated through a simple model showing representation of [001]C projection of the perovskite 

structure is provided in Figure-5.22(a). The octahedra tilting are not shown in the schematic 

model. The unit cell is marked by the square with broken lines. The simulated SAED patterns 

based on rhombohedral phase with the R3c space group equivalent to [001]C  zone axis is 

presented in Fig. 5.22(b). It can be noticed that the displacement of A-site cations along [100]C 

would lead to distortion in the lattice consequently affecting the diffraction pattern leading to  
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Figure 5.20: SAED patterns for NBT-BT whiskers taken along (a) [001]C and (b) [112]C. The super 

lattice reflections ½ {ooe}C  and  ½ {ooo}C  are marked  with arrows in Fig. (a) and (b) respectively. (c) 

and (d) depicts the SAED taken with [013]C and [111]C zone axes, respectively. The superlattice 

reflection marked with arrows in (d), however the intensity is very small.  

lowering of symmetry locally. However as discussed above, these distortions averaged over 

larger length scales lead to higher average symmetry as observed in high resolution neutron 

diffraction. Moreover, the small size of nanotwins gives rise to high density of twin boundaries, 

which makes material more deformable as twin boundaries can accommodate the macroscopic 

strain, induced by external electric field or applied stress[256]. The rearrangement of nanotwins 

with symmetry lower than the macroscopic symmetry results in giant strain and enhanced 

piezoelectric response under applied fields[257]. Furthermore, the higher mobility of these nano  
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Figure 5.21 A schematic of the projection of [001] depicting cation displacement and antiphase 

octahedra tilting 

 

Figure 5.22: (a) A simple model showing [001]pc projection of ABO3 type structure.  The unit 

cell is marked as square 1 with broken lines. The displacement of A-site (indicated by solid 

circle with light blue color) cation depicted by the dotted circle in the unit cell 2, which could 

lead to lower local symmetry of the system. (b) The simulated SADP using R3c unit cell with 

[001]pc zone axis.  
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twins is expected to be responsible for giving rise to high strain energy density in MPB 

composition of NBT-BT [258,259]. Recently, in-situ TEM experiments under electrical biasing 

has also shown that in PZN, polarization reversal can occur by reorientation of nanoscale non-

180 domain walls between monoclinic nanotwins[260]. 

5.2.3.3 Phenomenology and phase transitions 

The local crystallographic distortions in the MPB composition of NBT-BT can be 

justified from thermodynamic considerations as explained below. NBT-BT is a ferroelastic-

ferroelectric material, therefore thermodynamic description of NBT-BT requires at least two 

order parameters; polarization P1 and strain P2. The different symmetry for high temperature 

ferroelastic (tetragonal) and low temperature ferroelectric (rhombohedral) phase requires 

biquadratic coupling between the order parameters as reported by Salje [237]. The variation of 

the order parameters P(r) in space requires that the Ginzburg energy     term should be added to 

Landau potentials (FL) and the Landau-Ginzburg potential for NBT-BT could be written as: 

           

where,    
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Fo is the energy in unconstrained paraelectric state. If the sign of coupling parameter (   is 

negative, the two order parameters strengthen each other and lower the Gibbs free energy as 

reported by Salje[237]. In this case, the temperature is considered to be control parameter. 

However, positive coupling parameter depicts competition between two order parameters and 

increases free energy [237]. The nature of coupling between these order parameters could 

modulate the order of the phase transition resulting in the relaxor-type diffused phase transitions 
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in NBT-BT systems. Figure 5.18(b) represents a schematic depicting lattice distortion. As shown 

in Fig. 5.18(b), the Landau potential causes the atoms to be displaced in the low-symmetry phase 

and Ginzburg energy leads to spatial variation of solitary waves [237]. In case of negative 

Ginzburg energy, the total Gibbs free energy is reduced by each twin boundary and the system 

tends to nucleate more twin boundaries to increase thermodynamic stability. However, the 

density of twin boundaries is controlled by the repulsion potential experienced by them resulting 

in incommensurately modulated phase at nano scale in terms of local monoclinic distortions 

observed in NBT-BT. Therefore, the Landau and Ginzburg energy appears to compete with each 

other resulting in lowering of energy via formation of twin boundaries. 

5.2.4 Chapter summary 

The local structural distortions coupled with elastic degrees of freedom results in 

hierarchical domain structure in MPB composition of NBT-BT. The local polar distortions with 

lower symmetry in A-site disordered NBT-BT systems are different than that of lead based B-

site disordered relaxors and so as their percolation under external stimuli. The dynamics of 

ferroelectric nano domains could also be considerably constrained by ferroelastic domains in 

NBT-BT with unique high temperature ferroelastic phase transition. The nano beam electron 

diffraction revealed higher deviation in g vectors suggesting lower local symmetry, which were 

however found to be compensated over larger length scales. To delineate the contribution from 

interdomain interactions and surrounding numerous grains, polycrystalline NBT-BT whiskers 

with same compositions were investigated. The HR-TEM analysis revealed presence of a local 

monoclinic symmetry as monoclinic lattice with higher degree of freedom can easily adopt local 

stress. However, the neutron diffraction analysis suggested an average rhombohedral phase. 

Interestingly, monoclinic nanotwins (nanodomains) in NBT-BT whisker specimen were directly 
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observed. The presence of monoclinic domains in rhombohedral domains can easily transform to 

tetragonal acting as bridging phase responsible for high piezoelectric response in MBP based 

systems. Moreover, small size of nanotwins could make material more deformable due to easy 

accommodation of the macroscopic strain induced by external stimuli. The nanotwins with 

higher mobility could result high strain density and electromechanical response in MPB 

compositions of NBT-BT. These results emphasize the generic role of nanotwins with reduced 

symmetry towards enhanced piezoelectric properties of MPB compositions. The short range 

crystallographic distortions in NBT-BT can explain different phase transitions that have been 

reported for this material around the MPB. 
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Chapter-6 

6.1 Giant piezoelectric response in grain-oriented lead-free piezoelectric Na0.5Bi0.5TiO3-

BaTiO3 ceramics 

 

Lead – free piezoelectrics are being demanded globally to meet the emergent need of 

greener and safer materials solutions. Finding lead-free piezoelectric materials for actuators has 

been fundamentally challenging and known lead-free compositions are known to display 

significantly inferior electromechanical response as compared to lead-based perovskites. 

Microstructure and domain structure play dominant role towards controlling the magnitude of 

piezoelectric coefficient and hysteretic losses in perovskites. Brick-wall like microstructure with 

large grain size and small domain size can provide significant enhancement in the magnitude of 

piezoelectric coefficient. A synthesis technique for lead-free piezoelectric system that can 

provide [001]pc/[012]Rh grain oriented ceramics with large grain size and an electrical poling 

technique that results in smaller domain size will have significant impact on the 

electromechanical response. This chapter provides the details on such an synthesis technique and 

elaborate upon the processing variables that play deterministic role in achieving the large grain 

brick-wall like microstructure. Interfaces in the microstructure were found to be coherent at the 

atomic scale facilitating the domain wall motion with applied electric field. The piezoelectric 

response was found to increase monotonously with the incease in the degree of texturing and 

optimized microstructure was found to provide 200% enhancement in the magnitude of 

piezoelectric coefficient as compared to its random form (thus the term  giant )  
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6.1.1 Background 

Piezoelectric materials find applications in multitude of devices such as sensors, actuators 

and energy harvesters. However, most of these piezoelectric materials utilize lead-based systems 

which are becoming serious problem owing to the restrictions imposed by regulatory agencies 

across the globe
 
[202]. In the functional ceramics community, currently there is no problem more 

important than to find a replacement for lead-based piezoelectrics used for actuators. The 

electromechanical properties required for actuators (high piezoelectric constant, high coupling 

factor, low loss, and high transition temperatures) for known lead-free compositions are, 

however,  far inferior to those of lead-based systems[261]. There are three lines of research for 

addressing this fundamental problem – (i) search for new systems through a combination of 

theory-based prediction followed by experimental effort (doping, solid solutions having a 

morphotropic (M) or polymorphic (P) phase boundary (PB), (iii) stabilization of metastable 

phases or finding the high temperature triclinic systems as reported by Ren et al.[262]), and (iii) 

improving the properties of known compositions through microstructure optimization, domain 

engineering and multilayering. All these approaches are challenging and require innovation to 

make a significant impact on the current state-of-the-art. In near future, the later line of research 

is expected to be more promising as it builds upon the known material systems with high 

depoling temperatures that have demonstrated the potential to be practical. In this scenario, what 

is required is a processing technique that can reproduce the ideal texture and microstructure for a 

wide range of compositions across the phase boundary. 

In case of known lead-free compositions, (1-x)(Na0.5Bi0.5TiO3)-xBaTiO3; x=0.05-0.07 

with morphotropic phase boundary (MPB) has emerged as a potential candidate 

[24,174,177,263]. The MPB in this system from present experiments was found to exist at 
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0.93N0.5Bi0.5TiO3-0.07BaTiO3 (NBT-BT) which is similar to that reported in literature
 
[174]. 

Thus, this composition was used for synthesizing textured or grain-oriented specimen (synthesis 

details are provided in supplementary file). It is worthwhile to mention that the MPB 

composition is the most difficult choice for texturing but if the processing technique is able to 

handle this specific composition then it can be easily used for other compositions in the single 

phase region. Variety of other ways for improving the piezoelectric response of NBT-BT have 

been pursued, however, most of these prior efforts have shown limited success [264-270] 

(Figure-6.1(b)). Driving the material through electric-field induced phase transformation in 

certain compositions of NBT-BT that exhibit structural instabilities can provide large strain but 

this is challenging for practical applications due to the intrinsic non-linear behavior and high 

amplitude of the electric drive. It is known
 
[271,272] that the piezoelectric properties of 

perovskites can be drastically enhanced by enforcing strong crystallographic texture.  

Saito et al.[271] have reported the synthesis of textured modified K0.5Na0.5NbO3 based 

ceramics using NaNbO3 seeds and have demonstrated improved piezoelectric response in this 

system. This modified composition is quite complex, consists of expensive “Nb” element and is 

sensitive to sintering conditions in narrow range of temperature. However, their work clearly 

demonstrated that texturing process can provide significant jump in the electromechanical 

response. Texturing enables the polycrystalline ceramics to resemble their single crystal 

counterparts so that favorable domain engineered states can be obtained for composition close to 

MPB. Texturing of lead-free MPB compositions is an extremely challenging problem due to 

several fundamental constraints – volatility of the alkali elements, chemical reactivity with seed 

templates, poor sinterability of the base compositions, and cubical equilibrium grain shape. 

These problems were solved to achieve more than 90% grain oriented ceramics, which, lead to 
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200% improvement in the piezoelectric properties as compared to the random ceramics of same 

composition. This is significant advancement in the field of lead-free piezoelectrics opening the 

pathway for actuation applications. 

6.1.2 Experimental 

6.1.2.1 Synthesis of ceramics powder and slurry 

In order to select the suitable composition for texturing, first the composition of 

morphotropic phase boundary (MPB) was determined using present processing technique and 

raw materials.  For this, various compositions of (1-x)Na0.5Bi0.5TiO3-xBaTiO3; x = 0.05, 0.06, 

0.07, 0.08, 0.09 using solid state reaction method were synthesized [174]. The stoichiometric 

amount of chemicals were mixed through ball milling with Yttria stabilized ZrO2 (YSZ) balls 

under ethanol in polyethylene bottle. The resulting product was dried and sieved. Next, this 

NBT-BT powder was mixed with the binder system and ball milled for 24h to obtain 

homogenous slurry.   

 

6.1.2.2 Synthesis of seed templates  

Bi4Ti3O12 (BIT) single crystal platelets were synthesized using molten salt synthesis 

method. For this, stoichiometric amounts of high purity precursors (Bi2O3 and TiO2) were added 

with the equal weight of high purity salt mixture (56wt% KCl and 44wt% NaCl) and heated at 

1100 
o
C and 1150 

o
C for 2h. The resulting product was washed several times with hot deionized 

water to remove trace of salts. NBT platelets were synthesized using topochemical microcrystal 

conversion
 
[273] method.  For this, stoichiometric amount of starting chemicals Na2CO3, BaTiO3 

and BIT templates (synthesized at 1150
o
C) were mixed together. This mixture was added to 

NaCl salt in 1:1 weight ratio and heated for 2h at 1000
o
C followed by washing with deionized 
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water to obtain Na0.5Bi4.5Ti4O15 platelets. The Na0.5Bi4.5Ti4O15 seed platelets were mixed with 

stoichiometric amounts of Na2CO3 and TiO2 along with NaCl salt in 1:1 ratio. This mixture was 

heated at 950
o
C for 2h to achieve Na0.5Bi0.5TiO3 (NBT) platelets and then washed with the 

deionized water to remove salt.  

6.1.2.3 Aligning seed template in powder matrix using tape casting and heat treatment to get 

textured ceramics 

Next, the 0.93N0.5Bi0.5TiO3-0.07BaTiO3 (NBT-BT) powder synthesized above was mixed 

with the binder system to make slurry and ball-milled for 24h. Resulting slurry was taken out in a 

beaker and 10 vol% of NBT platelets were added to the slurry followed by stirring for 6h using 

magnetic stirrer for proper mixing of seed platelets. This slurry was subjected to tape casting 

with the doctor blade height of 250 μm to align the NBT platelets in the powder matrix. These 

tapes were diced and stacked together to get desired thickness and size followed by binder 

burnout process at 400
o
C (4h) with heating rate of 0.3

o
C. After binder burnout process, the 

samples were found to assume smaller green density. To increase the green density, the samples 

after binder burnout process were subjected to the cold isostatic press (CIP). In order to promote 

texturing, the specimens were heated at 1175
o
C for 5 -50h with heating and cooling rate of 10 

o
C/min. Furthermore, during high temperature processing, all the specimens were muffled with 

the powder of same composition in order to maintain the chemical composition. The EDS 

elemental analysis was performed on all the specimens at various spots to confirm the final 

composition.  

6.1.2.4 Morphological and electrical measurements: 

The surface morphology of the sintered samples was observed using a scanning electron 

microscope. The degree of orientation was determined from the XRD pattern in the range of 2θ = 
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20 – 60
o
 by Lotgering method. The EBSD orientation mapping was performed using FEI Helios 

600 Nanolab equipped with Hikari camera for EBSD. ME laminate composite was fabricated in 

the form of trilayer structure corresponding to Metglas/NBT-BT/Metglas. Both textured and 

random samples with dimensions of 470.3mm
3
 were poled at 3kV/cm. After aging for 24h, 

0.15-mm-thick Metglas sheet (4 layers, 2605sA1, Metglas Inc., USA) with same dimension were 

laminated on both side of the NBT-BT plate by using epoxy resin (West System, USA) to form 

the trilayer laminates. The ME effect was measured in L-T mode (longitudinally magnetized and 

transversely poled) configuration with sample located in the center of the Helmholtz coil 

(Hac=1Oe at 1 kHz) which itself was located in the center of large electromagnet (Hdc). The 

induced voltage was monitored using a lock-in amplifier. At 1 kHz, a ME coefficient of 222 

mV.cm
-1

.Oe
-1

 was obtained.  

 

6.1.3 Results and discussion 

6.1.3.1 Piezoelectric and magnetoelectric properties:  

For electrical measurement, silver electrode was applied on the flat faces of the 

rectangular specimen and then fired at 650
o
C for 30 minutes. Samples were poled at 5 kV/mm 

at 60
o
C in the silicon oil bath. The longitudinal piezoelectric constant (d33) was measured by 

Berlincourt method. Figure 6.1 (a) and (b) clearly reveal the advantage of texturing over 

dopant engineering in achieving high piezoelectric response in lead-free NBT-BT system 

(with 7% BT) near MPB composition. Randomly oriented ceramics were found to possess d33 

of 160 pC/N which increased to ~322 pC/N for 92 % textured specimens. The value of d33 for 

textured specimens was found to be almost comparable to that of the single crystal value of 

NBT-based systems
 
[274,275] of similar composition and hard PZT (Ferroperm) ceramics  
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Figure-6.1: (a) d33 versus Lotgering factor. (b) d33 versus various dopants. (c) ME voltage 

coefficients for trilayer laminates of Metglas/NBT-BT/Metglas for randomly oriented (R) and 

textured NBT-BT (T) systems. 

 

(Table 6.1). As an application, the textured specimen was found to exhibit 300% improvement 

in magnetoelectric response (Figure-6.1(c)) that is vital for sensors. It is worthwhile to 
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mention that the synthesis of textured NBT based systems has been attempted before but had 

very limited success [272,276]. Most of these prior reports attempted to synthesize the 

textured NBT based ceramics using Bi4Ti3O12 (having very small piezoelectric response) and 

SrTiO3 (having no piezoelectric response) seeds
 

[40]. The crystal structure and lattice 

parameters of these seeds are very different from that of NBT. Thus, these heterogeneous 

seeds alter the composition and reduce the functional response despite higher degree of 

texture. The novelty of present texturing method lies in utilizing NBT seeds as a template. The 

NBT seeds were successfully synthesized, which were found to meet the requirements of 

shape, dimension, and interface stability. The template seed crystals should have a high aspect 

ratio and smaller lattice mismatch as shown in Fig. 6.2(a) and (b) [38].  

 

6.1.3.2 Growth mechanism of grain oriented ceramics: 

In the texturing processes, the epitaxial growth occurs on the template seeds which are 

aligned in the casting direction in the matrix powder. The best suitable template for texturing 

NBT based ceramics would be NBT seeds themselves; however, macroscopic cubic symmetry 

at high temperature leads to a highly symmetrical shape of the NBT based crystallites. These 

uniformly shaped crystallites cannot be aligned using a tape casting method. Therefore, NBT 

templates with strong shape anisotropy were synthesized through topochemical conversion 

from Bi4Ti3O13 (BIT) platelets using a molten salt synthesis method. For this, the BIT platelets 

with high aspect ratio were synthesized using the process depicted in Figure-6.2(a). The 

formation of single phase BIT platelets was confirmed by indexing XRD pattern as shown in 

the inset of Figure 6.2(a). Next, the NBT platelet seed crystals (Figure 6.2(b)) were 

synthesized from these BIT platelets using topochemical conversion method. The XRD-
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spectra recorded on NBT seeds confirmed the formation of ABO3-type perovskite phase as 

shown in the inset of Figure 6.2(b).   

Table-6.1 Piezoelectric and ferroelectric properties of PZ27 (PZT based polycrystalline ceramic, 

Ferroperm) ceramics and NBT-BT single crystal, Mn: NBT-BT (Pt) [single crystal Grown using 

Pt seed], and textured NBT-BT ceramics. 

Sample d33 

(pC/N) 

kt (%) k31 (%) Pr 

(μC/cm
2
) 

Ec 

(kV/mm) 

PZ27 ceramics (Ferroperm) 425 47 33      ---- ----- 

NBT-BT single crystal[274] 280 56 ----- 16.44 2.67 

Mn: NBT-BT single 

crystal(Pt)[275] 

287 55.6 39.7 35 2.91 

Textured NBT-BT ceramics 322     57.3     ---- 35 1.8 

 

These NBT templates were aligned in the base matrix by applying shear stress through 

tape casting. The schematic of tape casting process is shown in Figure-6.3. The ceramic tapes 

consisting of embedded seeds were diced into desired size and stacked to achieve required 

thickness followed by heat treatment for binder burnout. During binder burnout process, if the 

proper green body density is not achieved then there is possibility of NBT single crystal 

platelets becoming polycrystalline (Figure-6.2(c)) in close analogy with Rayleigh-type 

instability [277]. These polycrystalline templates will result in poor texturing.  Form the 

microstructure shown in Figure-6.2(c), the vacuum/empty space between the NBT seeds and 

the polycrystalline matrix due to the lower density of the specimen could be observed. 
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Figure-6.2 (a) Micrographs of Bi4Ti3O12 platelets synthesized at 1150
o
C(30 min), the left and 

right side inset show Bi4Ti3O12 platelets with smaller size synthesized at 1100
o
C (30

 
min) and the 

corresponding XRD spectra recorded at room temperature respectively. (b) NBT templates 

synthesized using topochemical conversion from BIT, inset shows XRD spectra recorded after 

conversion of BIT to NBT demonstrating perovskite structure.  (c) Micrograph of the specimen 

without CIP heated at 800
o
C (2h) after embedding seed inside. Note the polycrystalline nature of 

seed after processing at this temperature due to low density. (d) Low magnification cross-section 

image of the specimen with embedded seed heated at 800
o
C (2h), inset depicts the magnified 

view of aligned NBT seed buried in NBT-BT powder inside ceramic tapes laminated to get 

desired thickness of final specimen. Micrographs of the cross-section of the specimen depicting  

various stages of textured grain growth on NBT seed during high temperature processing (e) 

1000
o
C (2h), (f) 1100

o
C (2h), (g) 1175

o
C (25h). Please note that at lower temperature (~800

o
C), 

there is hardly any growth on the seed (inset of Figure 6.2(d)). But at elevated temperatures 

(≥1000
o
C), nucleation and growth of epitaxial NBT-BT layer starts. Inset of 2(g) shows low 

magnification image of textured grains in the speciment heated at 1175 
o
C (10h). (h) TEM image 

of triple junction showing presence of liquid phase in textured specimen, (i) EBSD orientation 

map of (100)pc textured NBT-BT, right and left insets show EBSD mapping of randomly 

oriented NBT-BT ceramics and inverse pole figure showing color scheme.  

 

Figure-6.3: Schematic of tape casting process for synthesizing grain oriented ceramics. 

 

In order to avoid this problem, all the specimens were subjected to cold isostatic pressing (CIP) 

after binder burnout process. After CIP, samples were subjected to high temperature heat 

treatment that resulted in epitaxial growth at the [001]pc / [012]Rh oriented surface of the seed 

template as shown in Fig.6.2 (f) – (h). 
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To understand the mechanism of microstructure transformation, SEM images of the 

cross-section of the specimen subjected to various processing temperatures are shown in 

Figures 6.2(d) - (g). Figure-6.2(d) shows the low magnification image of the ceramic 

processed at 800 
o
C for 2h revealing the layers of ceramics tapes with well-aligned NBT seeds 

in the NBT-BT powder. The approximate thickness of one layer was ~50-60 μm. The 

magnified view of the NBT seed and powder interface is depicted in the inset of Figure 6.2(d). 

The inset of Figure 6.2(d) shows that seeds are still single crystalline contrary to 

polycrystalline nature observed in the specimen processed at high temperature without CIP 

(Figure-6.2(c)). The close proximity of seed and powder could be observed in the inset which 

is crucial for achieving grain orientation. On further increasing the temperature (≥ 1000
o
C), 

nucleation at the matrix/seed interface can be observed as marked in Figure 6.2(e) and (f). 

According to previous study
 
[177], contribution of liquid phase to sintering starts around this 

temperature. The liquid phase facilitates the nucleation and growth of epitaxial NBT-BT layer 

leading to grain-oriented ceramic body at 1175
o
C during prolonged exposure (up to 50h) to 

heat-treatment (Figure 6.2(e) – (g)). The growth direction of textured grain on NBT seed are 

marked with arrows in Figure-6.2(g). The inset of Figure-6.2(g) shows the cross-sectional 

micrograph of the specimen processed at 1175 
o
C for 10h illustrating the formation of various 

textured grains. In textured specimen, the growth of NBT-BT epilayer of thickness 4 -5 μm on 

NBT seed could be noticed. Figure 6.2(h) shows the bright field TEM image of triple junction 

showing the presence of liquid phase. Similar results about the presence of liquid phase in 

NBT based systems has been reported earlier
 
[177]. In order to provide a spread of grain 

orientations, EBSD maps of the top surface of textured and randomly oriented NBT-BT 

specimen are shown in Figure 6.2(i). It can be seen that [001]pc/[012]Rh textured grain 
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dominate the microstructure. The color scheme is based on the inverse pole figure shown in 

the inset of Figure 6.2(i).  

The schematic describing the mechanism of growth of textured grain on NBT seed is 

shown in Figure 6.4(a) – (c). As explained above, liquid phase sintering plays an important 

role in densification of grain-oriented NBT-BT piezoelectric ceramics by facilitating mass 

transport during growth process. In NBT-BT, the liquid phase (Figure-6.2(h)) is 

predominantly facilitated by the low melting point elements like Na and Bi. [177]. The growth 

of textured grain is similar to the Ostwald ripening-like process where larger grains grow at 

the expense of smaller ones because of difference in surface energy [38]. In order words, the 

boundary of seed crystal (or the crystallization interface) migrates through the polycrystalline 

matrix and the kinetics of this process is increased by the presence of liquid phase
 
[38]. The 

growth occurs by dissolution of the polycrystalline matrix grain and deposition/precipitation 

on the lowest surface energy template. In case of NBT-BT, the {001}pc has low surface energy 

and therefore has potential for the growth to occur resulting in the formation of the textured 

grain. The process of dissolution and precipitation in presence of liquid phase can be 

interpreted in terms of epitaxial growth process. 

The additional driving force for the growth is provided by the chemical potential 

difference between the stable NBT seeds and the metastable liquid phase. Because, NBT seeds 

have similar lattice parameter as that of matrix, the epitaxial growth occurs with minimal 

stress at the interface and the crystallization process is not expected to introduce significant 

misfit strain at the interface. Assuming a simple exchange process in which the atoms of the 

metastable liquid phase A and atoms of the solid crystalline phase B (NBT seeds or epilayer) 

pass from one phase to other, the difference in the chemical potentials of phase A and phase B  
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Figure-6.4 Schematic representation of the growth of textured NBT-BT grain on NBT template. 

(a) NBT seed surrounded by NBT-BT powder at intial stage. (b) Formation of the liquid phase in 

the vicinity of NBT seed and nucleation of new phase during sintering process. (c) Growth of 

[001]pc textured grain via epitaxial growth on NBT template on prolonged sintering process at 

~1175
o
C, (d) Schematics of potential barrier of NBT seed platelets and metastable liquid phase 

in polycrystalline matrix. The difference in the potential barrier indicates the activation energy 

for diffusion. 

in addition to difference in surface energy would drive the epitaxial growth as:    

     
  

   

    
  , where    

  is the activity of phase A at the equilibrium [278]. Generally, the 

practical growth rate is considerably slower than that theoretically predicted and, therefore, it 

is difficult to establish equilibrium throughout the system. Thus, to achieve higher degree of 

texturing a prolonged heat treatment of more than 50h was needed. The growth rate was 
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limited by the mass transport occurring as a combination of convection, diffusion and surface 

reaction processes. The growth process of textured grains occurs through incorporation of 

atoms from the liquid phase into the template seed crystal by overcoming an energy barrier    

(Figure 6.4(d)). The crystallization rate per unit time at temperature T could be represented 

by       
  

   
 , where   is the frequency of vibration of atoms around their average position 

and    is the Boltzman constant. Since, the texturing process takes place at higher temperature 

~1175
o
C, the formation of liquid phase from the NBT seed cannot be ruled out. However, the 

Gibbs free energy in liquid state is higher than that of solid state NBT seed by a factor 

of  
  

   
 . This would lead to a higher crystallization rate and so the growth rate can be given 

as:[278]           
  

   
         

  

   
  , where    is the thickness of the monatomic 

layer by which the crystallization interface/boundary of seed crystal moves.  

 

6.1.3.3 TEM analysis of interface and microstructure: 

Next, the mechanism of epitaxial growth of textured grains was described. The 

magnified view of the interface is shown in Figure 6.5(a). A close inspection of the interface 

indicates the presence of a coherent interface between the seed and textured grain. A coherent 

interface without defects can be attributed to the small lattice mismatch between the NBT 

template and the textured NBT-BT grain, which is an important factor towards obtaining 

superior functionality. This result further highlights the advantage of processing technique 

used in this chapter. If the lattice parameter of seed crystal and the matrix are not closely 

matched, defects will be created to accommodate the extra elastic energy. The simulated 

interfacial region of a cubic NBT seed and epitaxially grown textured NBT regions with 
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tetragonal symmetry is shown in the inset of Figure-6.5(e). The simulation was performed 

using CrystalKit software. Due to  

 
 

Figure-6.5 (a) Bright field image depicting magnified view of the interface, inset is showing low 

magnification TEM image of NBT seed and grown textured grain. (b) Lattice fringes near the 

interface of the seed and textured grain. (c) Nano domain in the textured grain near interface 

region. (d) FFT pattern corresponding to nano domain regions in (c) showing splitting of spot in 

the inset. (e) Nano domain running across the interace without deviation, the inset of (e) shows 

simulated interface between cubic NBT seed and grown tetragonal NBT region viewed down 

from [001] zone axis, blue circles represent Na and Bi atoms, green circles represent Ti atoms, 

cyan circles represent oxygen atoms. (f) Dark field images depicting the contrast change due to 

polar nano regions. 

slight mismatch in the crystal structure, one can observe the displacement of lattice planes 

leading to incoherent interface (inset of Figure 6.5(e)). In this example, the defects act as 

pinning sites of the ferroelectric domain walls leading to reduced functional response. Figure 

6.4(b) shows the lattice fringes across the coherent interface of the NBT seed and the textured 

grain. The FFT patterns obtained from the textured grain show its (001)pc/[012]Rh orientation. 
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Figures 6.5(c) shows the presence of nanodomains in the textured grains, however, on 

defocusing it can be observed that these domains actually run across the coherent interface 

(Figure 6.5(e)). The FFT pattern obtained from the area related to the domain structure in 

Figure 6.5(c) shows signatures of splitting of the spots due to the presence of nano-sized twins 

(Figure 6.5(d)). A dark field image corresponding to the same region reveals the presence of 

polar nano regions (PNRs) in Fig. 6.5(f). The contrast change is related to the PNRs 

distributed in the matrix. The presence of a range of such PNRs modulates the Curie point 

resulting in a diffuse-type phase transition. The high piezoelectric response and low coercive 

field in textured NBT-BT could be thus attributed to the domain engineered state and the nano 

domains with higher mobility.  

 

6.1.3.3 X-ray diffraction analysis: 

Figure 6.6(a) shows the XRD patterns recorded at room temperature for NBT-BT 

specimens with different degree of texturing. The relative increase in the intensity of {100}pc 

Bragg reflections clearly indicates increase in the strength of texture which was quantified 

using Lotgering factor[117]
 
(f100).  The temperature and time of processing to further achieve 

high degree of texturing was optimized. The longitudinal piezoelectric constant d33 was found 

to increase with the increase in the degree of texturing in [001]pc orientation. In order to 

confirm the phase and structural differences, synchrotron diffraction patterns were recorded on 

textured and randomly oriented counterparts of NBT-BT in transmission geometry. Figure 

6.6(b) shows the 1-D diffraction patterns for textured and randomly oriented specimens and 

the corresponding 2-D images are shown in Figures 6.6(c) and (d). The diffraction results 

confirmed that both the systems were crystallized in similar phase which can be described in 
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terms of rhombohedral symmetry. The difference in the intensity of Bragg peaks in the 1-D 

synchrotron data and Debye-Scherrer rings in 2-D data reflects the presence of strong [001] 

(pseudo cubic)/[012] (rhombohedral) texture enforced by present synthesis technique. Figure 6 

(e) and f show the Rietveld fits to the synchrotron diffraction patterns. The refined 

rhombohedral lattice parameters were 5.5017 Ǻ and α=60.28 for the randomly oriented 

specimens vs. 5.4909 and α=60.99 for the textured specimen. The data shows that strong 

texturing results in extra structural distortions manifested by a decreasing lattice parameter and 

increasing rhombohedral angle (α). The enhanced structural distortion revealed by synchrotron 

diffraction supports the higher piezoelectric response observed in textured specimen. 

 

6.1.3.4 Electrical properties and domain structure analysis 

Figure 6.7(a) shows the temperature dependence of the relative permittivity and loss 

tangent for the poled textured specimen.  The depoling temperature (Td) and temperature of 

maximum relative permittivity (Tm) were found to be ~90-100
o
C and ~300

o
C, respectively. On 

the other hand, Td and Tm were found to be 125
 o

C and 350 
o
C for the randomly oriented 

specimen. It should be noted here that Td increases on either side of MPB and thus by moving 

into rhombohedral or tetragonal regime once can improve the operating regime. From the 

processing point of view, these single phase compositions are much simpler to synthesize. The 

textured and randomly oriented specimens were found to exhibit characteristic diffuse nature 

of the phase transition. Figure 6.7(b) shows the P-E hysteresis loops at 1 kHz for NBT-BT 

ceramics with different crystallographic texture. The randomly oriented specimen exhibited a 

square loop with high coercive field while textured specimens were found to exhibit pinched 

hysteresis loop. The specimen with 92% texturing was found to show 2Pr ~65 pC/N.   
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Figure-6.6 (a) XRD data taken at room temperature for various specimens of NBT-BT. Note 

increasing relative intensity of (001)PC Bragg reflections (equivalent to (012) reflection in 

rhomohedral symmetery setting) for textured specimens. (b) Synchrtoron diffraction (~115 keV, 

wavelength = 0.10798 Å) patterns of T-NBT-BT and R-NBT-BT showing strong texture along 

the {012}h reflection of the underlying rhombohedral structure (c) and (d) 2-D diffraction images 

corresponding to the synchrotron data in (b) for T-NBT-BT and R-NBT-BT; (e and f) Rietveld 

fits to the synchrotron diffraction patterns of R-NBT-BT and T-NBT-BT, respectively. 
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Figure-6.7 (a) Temperature dependence of relative permittivity and loss tangent of poled 

textured NBT-BT specimen, (b) P-E hysteresis of various NBT-BT textured ceramics with 

different degree of orientation, (c) remanent polarization (2 Pr) versus E-field for textured and 

randomly oriented specimen, (d) coercive field (2Ec) versus E-field field for textured and 

randomly oriented specimen, (e) piezoresponse force microscopic (PFM) image of domains in 

randomly oriented NBT-BT, inset is close-up view, (f) PFM phase image depicting domains in 

textured NBT-BT. 
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Figure 6.7(c) and (d) show the remnant polarization and coercive fields as a function of the E-

field respectively. The randomly oriented specimen shows an almost monotonous increase in 

the remnant polarization with increasing E-field.  However, in the case of the textured 

specimen, the remnant polarization was found to increase sharply after a certain field and then 

saturate to a constant value. To understand ferroelectric behavior and domain structure of 

textured and randomly oriented specimen, piezoresponse force microscopy (PFM) was 

employed. Figure 6.7(e) and (f) shows the PFM image (corresponding height and amplitude 

images are provided in supplementary data) of ferroelectric domains for randomly oriented 

and textured specimen. These results clearly reveal the domain structure difference in 

randomly oriented and textured samples of NBT-BT. The textured specimen exhibits smaller 

size domains as compared to its randomly oriented counterpart. Also, the domains in textured 

specimen are more ordered and homogeneous. The low coercivity and sudden increase in the 

remnant polarization in the textured specimen indicates a coherent nature of domain switching 

due to smaller size distribution and higher mobility. However, the randomly oriented NBT-BT 

specimen was found to show wide distribution of domain sizes as observed in Figure 6.7(e). 

Recent in-situ neutron diffraction study has revealed that the pseudo-cubic nature of the bulk 

lattice was maintained in the textured specimen subsequent to the application of E-field
 
[222]. 

In contrast, significant distortions in diffraction peak profiles were observed in the randomly 

oriented specimen, indicating coexistence of phases with rhombohedral and tetragonal 

symmetries. The absence of E-field induced structural phase transformation in the textured 

NBT-BT was attributed to the smaller coherence length scales of PNRs and/or an inhibition 

due to internal stress generated by domain switching which precedes the structural 
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transformation. These results clearly demonstrate that the textured ceramic provides higher 

electromechanical response by facilitating domain switching at smaller applied fields. 

 

6.1.4 Chapter summary  

The synthesis [001]pc/[012]Rh textured lead-free piezoelectric 0.93(Na0.5Bi0.5TiO3)-

0.07BaTiO3 (NBT-BT) using a novel processing technique that employs NBT seeds has been 

performed sucessfully. The 92% textured NBT-BT specimen exhibits 200% improvement in the 

longitudinal piezoelectric constant (d33). The piezoelectric response increases monotonously with 

the incease in the degree of texturing. The experimental evidence and theoretical estimates 

explaining the mechanism of textured grain growth on the NBT seeds has been provided. The 

interface of the NBT seeds and the textured grain was found to be coherent and defect free 

facilitating the domain wall motion. Also, the textured specimens exhibited a lower coercive 

field and coherent nature of domain switching. The present chapter demonstartes the importance 

of texturing in lead-free piezoelectric materials for achieving a high piezoelectric response 

comparable to their single crystal counterparts. The experimental information provides all the 

details required to synthesize textured ceramics. 
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6.2 Enhanced piezoelectricity and nature of electric-field induced structural 

phase transformation in textured lead-free piezoelectric Na0.5Bi0.5TiO3-BaTiO3 

ceramics
 [e]

 

This chapter provides a comparative description of the properties of textured and 

randomly oriented poly- crystalline lead-free piezoelectric 0.93(Na0.5Bi0.5TiO3)-0.07BaTiO3 

(NBT-BT) ceramics. A high longitudinal piezoelectric constant of (d33) ~ 322 pC/N was obtained 

in (001)PC textured NBT-7BT ceramics, which is almost ~2x times the d33 coefficient reported 

for randomly oriented ceramics of the same composition. In situ neutron diffraction experiments 

revealed that characteristically different structural responses are induced in textured and 

randomly-oriented NBT-BT ceramics upon application of electric fields (E), which are likely 

related to the varying coherence lengths of polar nano regions and internal stresses induced by 

domain switching. 

6.2.1 Background: 

Structural transformations in functional materials under external stimuli are known to 

impart exotic responses and play an important role towards controlling material properties [279]. 

Such behaviors find applications in many devices such as sensors and actuators [1]. Relaxor-

based piezoelectric single crystals have been widely investigated with regard to electric (E)-field-

induced phase transitions that result in large strains [280]. To exemplify, synchrotron x-ray 

diffraction studies by Noheda et al. [206] and neutron diffraction studies of Ohwada et al. [281] 

on 92% Pb(Zn1/3Nb2/3)O3 – 8% PbTiO3 (PZN-8%PT) show that under the application of electric 

(E) fields, the crystal goes through an irreversible rhombohedral-to-monoclinic A-type-to-

                                                           
[e]

 Reprinted with permission from [222]. Copyright 2012, American Institute of Physics. 



 
 

155 
 

monoclinic C-type (R-MA-MC) transformation sequence. In this case, it was proposed that the 

ferroelectric polarization initially moves on the R-T (tetragonal) path but then changes 

irreversibly to the (orthorhombic) O-T path, finally settling on a ground state with MC symmetry. 

Furthermore, it was proposed from optical measurements that in the MC state the polarization 

vector rotates within the ac plane under the application of an electric field [282].  It was 

hypothesized that the rotation of the polarization vector causes a large coupling between the 

polarization and electric field, thereby resulting in a giant piezoresponse [282].
 

Recently, due to environmental concerns, lead-free piezoelectric materials have gained 

tremendous importance [202]. However, the properties of lead-free piezoelectric materials are far 

inferior to those of lead-based systems [283]. Out of the various possibilities, lead-free 

(Na0.5Bi0.5TiO3)-BaTiO3 (NBT-BT) system has emerged as a potential candidate to replace lead-

based piezoelectric systems [174,177,284]. The phase transformation behavior of NBT and its 

solid solutions with BT as a function of E-field has been investigated recently in many studies. 

Different variants of phase diagrams for NBT-BT have been proposed that consists of 

ferroelectric rhombohedral and tetragonal phases as end components, and an antiferroelectric or 

ferrielectric orthorhombic component as an intermediate phase[216,217,285,286]. Coexistence of 

rhombohedral and tetragonal phases has been observed over a broad range of temperatures and 

E-fields. While the orthorhombic phase is proposed to have an antiferroelectric (AFE) 

characteristic [23,217]
,
 recent studies instead describe it as a relaxor phase with polar 

nanoregions[287,288]. The high piezoelectric response and E-field induced strain in NBT based 

systems has been attributed to structural phase transitions under the application of E-field [289-

291]. Similar to NBT-BT systems, NBT-KBT [292] and NBT-BT-KNN [Ref. 217] systems were 

also found to show structural phase transformations under E-field. Recently, the time dependent 
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nature of these types of structural phase transitions under external E-field has also been reported 

[292].  

Building upon these prior studies, the E-field induced structural changes in randomly 

oriented and (001)PC textured polycrystalline ceramic specimens of NBT-7BT are presented. It 

should be noted here that very few researchers [40] have been successful in growing the (001) 

textured NBT-BT ceramics. The randomly oriented and textured specimens of the same 

composition were found to show drastically different piezoelectric responses, as well as different 

polarization-electric field (P-E) hysteresis and phase transformation behaviors under applied E-

fields. Specifically, the textured specimens show pinched P-E hysteresis loop at room 

temperature in contrast to normal ferroelectric P-E loops observed for randomly oriented 

specimens. In the past, the origin of pinched loop has been associated with various factors 

including the presence of AFE phase, acceptor doping, aging effect, internal-bias and presence of 

polar nano-regions. In this study, examination of in-situ bulk neutron diffraction patterns 

revealed that the pseudo-cubic nature of the bulk lattice was maintained in the textured specimen 

subsequent to the application of E-field. In contrast, significant distortions in diffraction peak 

profiles were observed in the randomly oriented specimen, indicating coexistence of phases with 

rhombohedral and tetragonal symmetries. Although the (001)PC textured specimen exhibits no 

electric-field-induced phase transformation, it shows a much higher d33 (~ 320 pC/N) than that of 

the randomly oriented specimen (~160 pC/N). Based on these observations, it could be asserted 

that the structural instability, at least on a bulk scale, is not a necessary prerequisite to obtain 

large piezoelectric properties in NBT-BT ceramics. The enhanced piezoelectric behavior of the 

(001)PC textured specimen[38] could be partially attributed to it’s domain engineered state, as 

well as preservation of the “relaxor” nature due to the existing polar nanoregion. 
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6.2.2 Experimental 

Synthesis of randomly oriented polycrystalline ceramics of NBT-BT was performed 

using conventional solid state reaction method. For texturing, NBT–platelets were aligned in the 

powder matrix of NBT-BT using the tape casting technique followed by lamination and binder 

burnout. All the specimens were sintered in air at 1150-1200 
o
C. The degree of (001)PC texture, 

as calculated by the Lotgering factor method[117], was found to be ~92%. Both textured and 

randomly oriented specimens were found to have a similar composition within 1.0 at%, as 

confirmed by elemental analysis using EDS. For electrical measurements, silver electrodes were 

fired on the flat faces of the specimens. The specimens were poled along the thickness and the 

macroscopic piezoelectric properties were measured using the Berlincourt method along the 

same direction (which was the (001)PC oriented direction of the textured NBT-BT specimen). 

The P-E hysteresis measurements were performed using a Precision II ferroelectric testing 

system. Incremental electric fields were applied to the randomly oriented and (001)PC textured 

samples in steps of 0.5 kV/mm to a maximum of 1.5 kV/mm. The randomly oriented 

polycrystalline sample was 5 mm  5mm  2.4 mm in dimensions and the electric field was 

applied across the 2.4 mm thickness. The textured sample was 5 mm  5mm  2.3 mm in 

dimensions and the electric field was applied across the 2.3 mm thickness. Neutron diffraction 

patterns, parallel and perpendicular to the direction of the applied electric field, were collected 

in-situ at the VULCAN beamline of the Spallation Neutron Source at the Oak Ridge National 

Laboratory [293]. The experimental setup is schematically illustrated in Figure 6.8. The incident 

neutron beam was 3.0 mm in width for both the samples.  
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Figure 6.8: Schematic of in situ neutron diffraction experiment at VULCAN. Detector 1 

measures diffracted neutrons with momentum transfer along   
⃗⃗⃗⃗ , parallel to the direction of 

applied electric field  ⃗ . Detector 2 measures diffracted neutrons with momentum transfer 

along   
⃗⃗⃗⃗ , transverse to the direction of applied electric field  ⃗ .  

 

6.2.3 Results and discussion: 

6.2.3.1 Electrical measurements: 

Figures 6.9 (a) and (b) depict the P-E hysteresis loops under cyclic electric fields for the 

randomly oriented and the (001)PC textured polycrystalline specimens. The remnant and 

maximum polarizations attained by the application of external field was found to be similar in 

both the cases. The coercive field (EC) of the randomly oriented specimen was higher than that of 

the textured specimen (Fig.6.10). The textured specimen was also found to exhibit a pinched 

hysteresis loop at RT. The remnant polarization (2Pr) and its first derivative as a function of 

applied electric field are depicted in Fig. 6.9(c) and (d) for the randomly oriented and textured  
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Figure-6.9: PE hysteresis loops at 1 kHz for NBT-BT polycrystalline ceramics (a) randomly 

oriented (b) textured. The field dependence of 2Pr and its derivative with respect to applied 

electric field for (c) randomly oriented (d) textured. The sharp peak in the dPr/dE plots of 

textured specimen indicates coherent switching of the specimen. Temperature dependence of 

relative permittivity for (e) randomly oriented, (f) textured polycrystalline NBT-BT ceramics  

 

specimens, respectively. It can be seen from these plots that the rate of increase in Pr with respect 

to increase in applied electric field amplitude is small in the case of the randomly oriented 

specimen. However in the case of the textured specimen, there is a clear jump in the value of Pr 
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above the coercive field regime followed by a plateau. This sudden increase in remnant 

polarization and a sharp peak in the dP/dE vs. E plot for the textured specimen depict a coherent 

nature of the domain switching in this sample.  

Figures 6.9 (e) and (f) depict the temperature dependence of relative permittivity at 

various frequencies for the randomly oriented and the textured polycrystalline ceramics in their 

unpoled states. The small anomaly observed at low temperatures is related to the depoling 

temperature (Td) in NBT-BT. The value of Td was found to be ~ 90 and ~ 130 
o
C for the textured 

specimen and the randomly oriented ceramics, respectively. At higher temperatures, a broad 

peak depicting the diffused nature of phase transition (DPT) could be observed for both the 

specimens. The shifting of Tm (temperature corresponding to the maximum relative permittivity) 

with a change in the frequency of applied electric field depicts the relaxor nature of this material 

and can be attributed to the presence of polar nano-regions (PNRs).  

 

Figure 6.10: Comparative plots of coercive fields (Ec) versus applied electric field (E) for 

textured and randomly oriented polycrystalline NBT-BT ceramics. 
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6.2.3.2 In-situ neutron diffraction measurements: 

Figure 6.11 (a) shows the changes in the (200)PC diffraction peak profile of the randomly 

oriented polycrystalline specimen as a function of applied electric field amplitude. Results are 

shown only for fields of 1 kV/mm and higher to clarify the differences in the diffraction profiles. 

A distortion of the (200)PC peak parallel to the direction of the applied electric field was 

observed for a field amplitude of 1.5 kV/mm. A similar distortion of the (200)PC diffraction peak 

profile was also observed along the direction transverse to the direction of the applied E-field, as 

shown in Fig. 6.11(b). The (111)PC diffraction peak shows gradual appearance of a shoulder with 

increasing amplitude of applied E-field, for directions both parallel and transverse to the E-field, 

as shown in Figs. 6.11(c) and 6.11(d) respectively. The in-situ bulk diffraction patterns reveal the 

development of structural distortions within the pseudocubic phase of the randomly oriented 

specimen upon application of an E-field. Subsequent distortions in both (200)PC and (111)PC 

diffraction peaks with increasing E-fields could be attributed to further changes in the volume 

fractions of coexisting phases with tetragonal and rhombohedral symmetries, as well as changes 

in the volume fractions of non-180 ferroelectric domains of the two coexisting phases. This 

result is consistent with previous reports on bulk diffraction measurements showing E-field-

induced phase transformations in NBT-BT ceramics near the MPB [Ref.217].  

In contrast to the behavior observed for the randomly oriented specimen, no evidence of 

E-field-induced phase transformation was evident in the (001)PC textured specimen from the in-

situ neutron diffraction patterns collected at different electric field amplitudes, as shown in Fig. 

6. Remarkably, the (200)PC peak profile shows no significant distortion for field amplitudes up to 

1.5 kV/mm, as shown in Figs. 6.12(a) and (b). The (111)PC peak profile for the textured sample  
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Figure 6.11: Changes in the (200)PC diffraction peak profile for the randomly oriented 

polycrystalline specimen, (a) parallel, and (b) transverse, to the direction of the applied electric 

field.  Figures (c) and (d) show changes in the (111)PC diffraction peak profile for the same 

specimen, parallel, and transverse to the applied electric field direction, respectively 

measured along the direction of the applied electric field also shows no structural distortions. In 

the transverse direction, the intensity of (111)PC peak was much lower to draw any significant 

conclusion, and therefore is not shown here. These results reveal that phase instability under the 

application of electric fields do not play a significant role towards enhanced piezoelectric 

properties of the (001)PC textured NBT-BT ceramics. It is pointed out here that creation of phase 

instabilities is often considered as a guiding principle for the enhancement of dielectric and 

piezoelectric properties of ferroelectric materials [294,295]. It is therefore interesting that the 
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randomly-oriented NBT-BT ceramics (that exhibit electric-field-induced phase transformation) 

have a lower d33 coefficient as compared to the (001)PC textured ceramics of the same 

composition which exhibit no such phase transition. Next, the possible causes for a difference in 

the E-field induced phase transformation behavior of the randomly oriented and the (001)PC 

textured NBT-7BT ceramics were explored. 

.  

Figure 6.12: Changes in the (200)PC diffraction peak profile for the 100 textured specimen, (a) 

parallel, and (b) transverse, to the direction of the applied electric field.  Fig. (c) show changes in 

the (111)PC diffraction peak profile for the same specimen, parallel to the direction of applied 

electric field. 

 Recently, it has been demonstrated that although Rietveld refinement of bulk neutron 

diffraction pattern of NBT-7BT indicates a rhombohedral R3c symmetry, the structure is 
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monoclinic at a local scale [Chapter 5.2]. The local symmetry of the PNRs can arise from 

localized displacements of Bi
3+

, Ba
2+

 and Na
+
 away from the [111]R (R stands for rhombohedral 

phase) direction towards [100]T (T stands for tetragonal phase). Since the coherence length of 

such displacements is of the order of several nanometers, the local displacements towards [100]T 

are compensated over larger length scales, and the bulk structure appears almost pseudo-cubic 

with slight rhombohedral distortion. It was proposed earlier that the observed electric field 

induced phase transformation behavior in NBT-BT is a consequence of relaxor-to-ferroelectric 

transformation brought about by changes in the coherence length of the PNRs [Ref.222]. The 

difference in the observed phase transformation behaviors of the randomly oriented and the 

textured specimens can be proposed as a consequence of the evolution of coherence length of the 

PNRs within these two specimens, as explained below. While the (001)PC textured specimen 

essentially retains a relaxor character with shorter coherence length even after the application of 

electric fields, such is not the case for the randomly oriented specimen. This hypothesis is 

consistent with the observed pinched P-E loops and a smaller Ec for the (001)PC textured 

specimens, both of which are characteristic of a relaxor-like behavior. On the contrary, the 

randomly oriented specimen shows normal ferroelectric P-E loops and therefore does not exhibit 

a predominant relaxor behavior. 

Another possible explanation for the difference in E-field induced phase transformation 

behavior could be due to internal stresses generated during domain switching. In NBT–KBT 

based system, a faster rate of applied electric field rate was found to induce structural 

transformations [292]. The absence of a structural transformation under slower field rate was 

attributed to internal stresses caused by domain switching during poling (which occurs at the 

coercive field), because poling before structural transformation increases the required field for 
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phase transformation to a large extent. Internal stresses can be generated during the poling 

process due to differences in non-180 domain switching behavior of adjacent grains with 

different orientations [296]. Therefore, it is proposed that the lower coercive field observed in the 

textured NBT-BT (Fig. 6.10) specimen facilitates poling, and the resultant internal stresses 

inhibit further structural transformation. Due to the pseudocubic nature of the diffraction peaks 

of the textured specimen, non-180 domain switching cannot be clearly identified from structural 

measurements during the application of electric fields. Nevertheless, large strain associated with 

non-180
o
 domain switching has been found to play a vital role in the overall structural behavior 

of various other ferroelectric systems [297-300]. Further examination of the physical origins for 

such different behaviors of both the types of specimens is currently underway from TEM 

investigations and detailed Rietveld refinements of neutron diffraction data.  

6.2.4 Chapter summary: 

In summary, the lead-free piezoelectric (Na0.5Bi0.5TiO3)-BaTiO3 (NBT-BT) textured in 

(001)PC orientation was found to depict a high longitudinal piezoelectric constant of 322 pC/N 

contrary to ~160 pC/N observed in randomly oriented NBT-BT ceramics. In-situ neutron 

scattering experiments revealed electric field induced structural phase transformation in the 

randomly oriented NBT-7BT ceramic, which was however absent in the textured ceramic of the 

same composition. The absence of E-field induced structural phase transformation in the textured 

NBT-7BT is tentatively attributed to smaller coherence length scales of PNRs and/or inhibition 

due to internal stress generated by domain switching which precedes a structural transformation. 

Furthermore, it could be concluded that the phase instability is not a necessary condition to 

achieve enhanced piezoelectric response in NBT-BT.  

 



 
 

166 
 

Chapter-7 

Mechanism of enhanced piezoelectric instability in (1-x) BaTiO3 – x 

A(Cu1/3Nb2/3)O3 (A = Sr, Ca, Ba) solid solutions  

 

This chapter provides fundamental understanding of the enhanced piezoelectric 

instability in piezoelectric (1-x) BaTiO3-xA(Cu1/3Nb2/3)O3 (A: Sr, Ba and Ca and x = 0.0-0.03) 

solid solutions. These compositions were found to exhibit large d33 ~330 pC/N and kp ~ 46% at 

room temperature. The piezoelectric instability in these compositions was found to increase with 

x despite monotonous decrease in the long range polar ordering. High energy X-ray diffraction 

coupled with atomic PDFs indicated increase in local polarization. Raman scattering analysis 

revealed that substitutions on A and B-site both substantially perturbed the local octahedral 

dynamics and resulted in localized nano polar regions with lower symmetry. These localized 

polar distortions were found to persist much above the Curie temperature (Tc). Polarization – 

electric field (P-E) hysteresis loop analysis indicated presence of the internal bias that was found 

to be correlated with the formation of polar defects. This defect structure was found to modulate 

the domain structure resulting in nano domains and broad domain walls with higher mobility as 

revealed through analysis from HR-TEM and PFM. The presence of nano domains and local 

structural distortions smears the Curie peak resulting in diffuse order-disorder type phase 

transitions. The EPR investigations revealed that substitution of Cu
2+

 takes place on octahedral 

sites that are distorted due to Jahn-Teller effect. The A-sites were distorted by substitution of Sr 

and Ca on Ba-site possessing different ionic radii and electronegativity. The effect of these 

distortions on the variations in physical property was modeled and analyzed within the context of 

nanodomains and phase transitions.  



 
 

167 
 

7.1. Background 

Piezoelectric materials with broad range of functional properties are utilized in numerous 

applications such as high voltage sources, sensors, actuators, energy harvesters and nonvolatile 

memory elements. Compositional modification of piezoelectric materials is a principal technique 

used for tuning the magnitude of the electromechanical response. These compositional 

modifications perturb the atomic-scale structure and global microstructure, modulate the phase 

transition behavior and influence the evolution of the domain structure. Relaxor-based 

piezoelectrics are known to exhibit diffuse phase transition (DPT) behavior owing to the existence 

of polar nano domains. These materials are often characterized by high piezoelectric and dielectric 

responses [152,153]. However, comprehensive studies accounting for compositional effect on local 

dynamics/distortion and further on the domain structure and microstructure and their correlation 

with functional response are limited for lead – free relaxor piezoelectrics. Table 7.1 summarizes 

the important findings from the literature. In this study, novel lead-free piezoelectric (1-x) BaTiO3 

– x A(Cu1/3Nb2/3)O3 (A: Ba, Sr and Ca) compositions were synthesized. Subsequently, the local 

structural distortions, phase transition behavior, microstructure, domain structure and associated 

changes in functional response of the system were investigated to provide fundamental 

understanding of A-site instability on piezoelectricity. 

The perovskite type Ba(Cu1/3Nb2/3)O3 (BCN) material possesses tetragonal unit cell with 

lattice parameters a = 4.0464 Å and c = 4.1807 Å (c/a = 1.033) suggesting the presence of long-

range ferroelectric ordering [301]. The B-site of this system is occupied by Cu and Nb atoms in the 

ratio of 1:2. This material was found to exhibit  high Curie temperature (Tc)~ 793
 
K as confirmed 

by XRD-analysis and temperature dependence of the relative permittivity plots [302]. However, 

ferroelectric and piezoelectric properties were difficult to be measured due to low electrical 
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resistivity. Interestingly, blending of these materials (higher conductivity) with BaTiO3 

(semiconducting) resulted in materials with high resistivity and high piezoelectric response 

(d33~330 pC/N and kp~46%). Furthermore, it was observed that with subtle change in composition, 

the Curie temperature can be modulated and the phase transition becomes diffuse due to the 

presence of localized regions with polar structural distortions.  

In randomly oriented polycrystalline ceramics, the domain size has been found to be 

dependent on the grain size [303], consequently affecting piezoelectric response of the 

corresponding system (Table I) [304-307]. The systems with smaller domain size due to high 

domain density exhibits enhanced piezoelectric response [308]. These systems also exhibit 

substantial concomitant change in ferroelectric phase transition behavior, which could be noticed 

in terms of variations in critical exponent (n) (Table 7.1). However below critical grain size, the 

motion of domain boundaries is confined by geometrical restrictions [303,304]. Thus, the 

functional properties of piezoelectric materials are a complex function of grain size, tetragonality, 

Curie temperature, domain structure and local structural distortions. However, studies describing 

the perturbation in local structural distortions and dynamics on macroscopic functional response 

are scarce especially for lead-free piezoelectric systems. The atomic PDF and Raman spectroscopy 

are the powerful tools for the study of local structure in crystalline, quasicrystalline and non-

crystalline materials, yielding crucial information about atomic and nano-scale structures of 

materials. 
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Table-7.1:  List of various lead-free relaxor-type piezoelectric ceramics and their properties with critical 

exponent (n) obtained by modified Curie-Weiss law [1].  

 

This study provides fundamental understanding about the origin of enhanced piezoelectric 

instability and its correlation with the average and local structural changes. The microstructure – 

domain structure – defect chemistry – physical property relationships in complex lead – free 

perovskite solid solutions given by the formulation (1-x)BaTiO3-xA(Cu1/3Nb2/3)O3 (BT-xACN, x = 

0.0-0.03, A=Ba, Sr, Ca) were explained. The average and local structural changes were 

investigated by high-energy X-ray diffraction coupled with PDFs analysis, Raman spectroscopy 

Materials Composition Grain 

size 

( μm) 

d33 

(pC/N

) 

Pr 

(μC/cm
2
) 

n Domain state Tm 

(
o
C) 

BTO[309] 

NKNS-LT-xBT[310] 

 

 

(1-x)NKN-xCT[311] 

 

 

 

0.8BT-(0.2-x)BS-xPT[312] 

 

 

 

 

 

(0.95-x)BT-xCT-0.05ST[313] 

BaZrxTi1-xO3, MgO 5wt%[314] 

(Ba0.65Sr0.35)(Zr0.35Ti0.65)O3[315] 

(1-x)KNLNS-xBT[316] 

0.94NBT-0.06BT[317] 

Bi0.5(Na0.68K0.22Li0.1)TiO3[318] 

KNTN-Lax[319] 

Ba(Ti0.9Zr0.1V0.02)O3[320] 

(K0.5Na0.5)1−3xLaxNbO3[
321

] 

(KNN-xBZT + 1 mol% MnO2 

(1-x)KNN-xBS[322] 

 

 

 

(1-x)NBT-xBKT[323] 

(1-x)KNN-xNBT[324] 

(1-x)KNN-xAgSbO3+0.75 mol% 

MnO2 

Hf ( 9 mol%) 

X=0.01 

X=0.025 

X=0.050 

X=0.0 

X=0.03 

X=0.05 

X=0.07 

X=0 

X=0.05 

X=0.10 

X=0.015 

X=0.017 

X=0.20 

X=0.5 

X=0.2 

---- 

X=0.005 

Nd2O3 (0.4 wt%) 

La2O3 (0.1 wt%) 

X=0.015 

V 

La 

X=0.06 

X=0.01 

X=0.02 

X=0.03 

X=0.04 

X=0.18 

X=0.06 

X=0.08 

9   

---- 

---- 

---- 

0.2  

0.2  

1 .0 

< 1.0 

--- 

--- 

--- 

---- 

--- 

--- 

5.00 

--- 

--- 

2.0 

--- 

2.0 

2.0 

53 

1-2 

2 

10-20 

1-3 

1-3 

1 

-- 

1  

-- 

-- 

--- 

---- 

---- 

125 

137 

237 

80 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

269 

175 

192 

98 

---- 

135 

234 

---- 

--- 

--- 

--- 

144 

--- 

190 

5 

16 

13 

5 

--- 

---- 

--- 

--- 

--- 

1.17 

3.13 

8.56 

5.16 

--- 

--- 

--- 

0.5  

--- 

39  

29.1 

9.5 

9.0  

15 

--- 

40 

28 

22 

12 

--- 

6.0 

--- 

1.17 

1.51 

1.69 

1.92 

1.2 

1.31 

1.40 

1.54 

1.58 

1.52 

1.44 

1.40 

1.22 

1.00 

1.74 

2.00 

2.00 

1.88 

1.66 

1.70 

1.59 

1.7 

1.52 

1.26 

1.42 

1.44 

1.58 

2.0 

1.9 

1.96 

1.88 

 

Macro domain 

Tweed-like domains 

Nano domains 

---- 

---- 

Increased mobility 

---- 

--- 

---- 

---- 

MPB region 

---- 

---- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

95 

247 

178 

111 

413 

345 

306 

265 

85 

65 

60 

60 

105 

155 

108 

-81 

-115 

349 

300 

345 

269 

97 

400 

318 

379 

340 

315 

275 

330 

325 

240 
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and EPR spectroscopy.  The temperature dependence of the relative permittivity was used to 

investigate the modulation in ferroelectric phase transition behavior due to substitutions on A-site 

and B-site. Microstructural and morphological investigations were performed using scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). Domain structure was 

investigated using HR-TEM and PFM. The chapter is expected to provide a new understanding of 

lead–free piezoelectric materials that would be helpful in designing better compositions. 

7.2 Experimental 

  (1-x)BaTiO3-xSr(Cu1/3Nb2/3)O3 (x=, 0.0, 0.01, 0.015, 0.02, 0.025, 0.03 and 0.035; termed 

as BT, BT-0.01SCN, BT-0.015SCN, BT-0.020SCN, BT-0.025SCN, BT-0.030SCN, BT-

0.035SCN) ceramics were synthesized using conventional solid state reaction method [325]. 

Stoichiometric amounts of TiO2 (Alfa aesar, 99.0%), CuO (Alfa aesar, 99.0%), BaCO3 (Alfa 

aesar,99.0%), Nb2O3 (Alfa aesar, 99.0%) and SrCO3 (Alfa aesar, 99.0%) were used as starting 

reagents. In order to synthesize (1-x) BaTiO3-xCa(Cu1/3Nb2/3)O3 (x=0.01, 0.015, 0.02, 0.025, 

0.03; termed as BT-0.01CCN, BT-0.015CCN, BT-0.020CCN, BT-0.025CCN, BT-0.030CCN) 

and (1-x)BaTiO3-xBa(Cu1/3Nb2/3)O3 (x=0.01, 0.015, 0.02, 0.025, 0.035; named as BT-0.01BCN, 

BT-0.015BCN, BT-0.020BCN, BT-0.025BCN, BT-0.030BCN, BT-0.035BCN ), additional salts 

corresponding to CaCO3 (Alfa aesar, 99.0%) and BaCO3 (Alfa aesar, 99.0%) were added.   

Traditional XRD patterns were recorded to confirm the phase evolution in all samples 

using PANalytical X’Pert Pro powder X-ray diffractometer with CuKα radiation (λ =1.5418 Å). 

The scans were conducted in the range of 20 - 60
o
 (2θ) operating at 45 kV and current of 40 mA. 

For grain size measurements, SEM images were collected using LEO (Zeiss) 1550 microscope 

operating at accelerating voltage of 5 kV. For electrical measurements, silver electrodes were 
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applied on flat faces of sintered pellets. Computer controlled HP 4192A impedance analyzer 

coupled with high temperature oven was used to measure the dielectric response as a function of 

temperature at various frequencies with oscillation level of 500 mV. The ceramic disks were 

poled under DC electric field of 3-4 kV/mm in silicone oil bath for 1 hr at RT. The d33 values 

were measured using Berlincourt d33-meter (APC International) and values of kp were measured 

by resonance anti-resonance method using HP 4194A impedance analyzer. Room temperature 

micro Raman studies were conducted in the backscattering geometry using a Jobin-Yvon T6400 

Triplemate instrument utilizing laser radiation of 514.5 nm from a coherent Innova 99 Argon 

source. The green laser light was focused in ~2 m-diameter by using a Raman microprobe with 

a 50X objective. A charge-coupled device (CCD) system collected and processed the scattered 

light. The integration time of the spectrum and the slit width and laser beam power were adjusted 

in order to achieve a high signal to noise ratio. The typical spectral resolution for the Raman 

system with an 1800 grooves/mm grating and 1-in CCD was less than 1 cm
-1

. The instrument 

was calibrated with Si spectra before and after recording the spectra of the actual samples. 

Raman spectra of all the samples were taken at different geometrical positions; the results 

presented here were same throughout the matrix. Conventional TEM images were recorded using 

Philips 420 transmission electron microscope and HR-TEM imaging was performed using FEI 

Titan 80-300 transmission electron microscope. For this purpose, the electron transparent foils 

were prepared by standard polishing technique, i.e. mechanical grinding, dimpling and Ar ion 

beam milling. Electron paramagnetic resonance (EPR) spectra (X-band) were recorded using a 

Bruker D200 ER spectrometer, equipped with a TE102 cavity at room temperature (~21
o
C).  
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7.3. Results and discussion 

7.3.1 Piezoelectric and dielectric response 

The electromechanical response as a function of composition for all the series of samples 

is shown in Figure-7.1(a), (c) and (e). The magnitude of d33 and kp increases with x going 

through a maximum. The maximum d33 (330 – 333 pC/N) was found to occur at x =0.025 for 

BT-xBCN and x= 0.015 for BT-xSCN. In the case of BT-xCCN, the maximum d33 ~ 260 pC/N 

was found to occur at x =0.020. These values are comparable to that of hard PZT indicating their 

potential for industrial applications. The variation of kp with composition was similar to that of 

d33. The highest values of kp ~43% and ~46% were measured in x=0.025 for BT-xBCN and x 

=0.015 for BT-xSCN respectively. However, the BT-xCCN series was found to exhibit a 

relatively smaller value of kp~ 35%. The high magnitude of the piezoelectric responses was 

found to correspond well with the lower values of the loss tangent factor (see Figure 7.1(b), (d) 

and (f)) in poled specimens for all series. The relative permittivity (ε33) of poled specimens 

measured at 1 kHz was found to increase monotonously with the increase in the value of x for all 

compositions.  The maximum value of d33 and kp was observed at x =0.015 for BT-SCN and at x 

=0.025 for BT-xBCN (for the case of BT-xCCN compositions the value of maximum d33 was 

~270 pC/N for x=0.02). Next, the high energy x-ray diffraction coupled with atomic PDFs, 

Raman scattering and EPR analysis were performed to understand the mechanism of the 

enhanced piezoelectric instability at the optimum compositions and its correlation with the 

average and local structural changes. 
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Figure-7.1: Compositional dependence of d33 and kp for (a) (1-x)BaTiO3-xA(Cu1/3Nb2/3)O3 with 

A-site ion as (a)Ba, (c)Sr and (e)Ca.  Compositional dependence of ε33 and tanδ plots for (1-

x)BaTiO3-xA(Cu1/3Nb2/3)O3 with A-site ion as(b) Ba, (d) Sr and (f)Ca 

 

7.3.2 X-ray diffraction and atomic pair distribution function analyses 

The structural stability of ABO3 type perovskite can be estimated using a tolerance factor, 

          √        , where    ,   ,    are the effective ionic radii of O, A, and B 

ions[326]. Classical ferroelectrics like BaTiO3 (tetragonal) possess t  > 1 (1.06) and are referred 

as B-site driven systems because the smaller size B-site cations possess large space to displace. 



 
 

174 
 

Other similar perovskite like SrTiO3 and CaTiO3 possess tolerance factor of ~1.00 and 0.98, 

respectively. Both SrTiO3 and CaTiO3 are incipient ferroelectrics and so do not exhibit polar 

ordering in normal conditions [327,328]. Generally, materials with lower tolerance factor exhibit 

lower macroscopic symmetry as a result of the octahedra tilting and ionic displacement due to 

the smaller ionic radii of A-site species[329,330]. The polar form of pure BaTiO3 possesses a 

tetragonal structure with space group P4mm and atomic positions: Ba at (000); Ti at (1/2, 1/2, z), 

O1 at (1/2, 1/2, z); and O2 at (1/2, 0, z) [331]. In the present research, BaTiO3 is blended with 

diluted concentrations of Ba(Cu1/3Nb2/3)O3(BCN), Sr(Cu1/3Nb2/3)O3(SCN), and Ca(Cu1/3Nb2/3)O3 

(CCN). The substitution of Sr
2+

 and Ca
2+

 is expected to occur on Ba
2+

-site, however the 

substitution of Cu
2+

 and Nb
5+

 is expected to occur on Ti
4+

-site. The variation in the tolerance 

factor (t) with the compositional changes is presented in Figure 7.2. An increased level of 

blending of these complex perovskites leads to systematic decrease in the tolerance factor. 

However, the rate of decrease in the tolerance factor is higher in the case of substitution of SCN 

and CCN due to the smaller ionic radius of Sr
2+

 and Ca
2+

 on the Ba
2+

 -site. The substitution of 

Sr
2+

 and Ca
2+

 with smaller ionic radii on the Ba-site is expected to reduce the unit cell volume 

and so decrease the freedom of B-site cation movement eventually leading to reduction of the 

off-center displacement and the overall long range ordering. The level of distortion from the 

ideal perovskite structure has been considered as a major factor in imparting ferroelectricity to 

that system [332]. However, in present case, the decrease in the tolerance factor is very small 

with the lowest value of 1.057 which is close to 1.0615 of pure BaTiO3. In such cases it is not 

expected to observe substantial rotational distortion of octahedra [333], even though very 

intriguing enhancement in the piezoelectric instability in some of specimens studied here was 

observed.  
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Figure-7.2 Tolerance factor (t) as a function of compositions of different series showing a higher 

rate of decrease for the compounds having an isovalent substitution on A-sites and aliovalent 

substitution on B-sites. 

Figure-7.3(a), (c) and (e) show the traditional XRD-patterns recorded at RT for various 

compositions of BT-xBCN, BT-xSCN and BT-xCCN, respectively. This data clearly 

demonstrates that all the compositions crystallize in pure perovskite phase. The splitting of (200) 

Bragg reflections suggested tetragonal macroscopic symmetry indicative of the presence of long 

range ferroelectric ordering. The magnified view of the variation in (002) and (200) Bragg peaks  
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Figure 7.3 XRD-spectra recorded at RT for BT-xACN with A-site ion as (a) Ba (b) Sr (c) Ca, 

variation in {200} Bragg reflections with A-site ion as: (d) Ba, (e) Sr, (f) Ca  
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Figure-7.4 Tetragonality and grain size as a function of composition in BT-xACN with A: (a) Ba 

(b) Sr and (c) Ca 
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with the change in compositions for all three series of samples is shown in Figure 7.3(b), (d) and 

(f). As can be seen here that with increase in the value of x, the (002) Bragg peak shifts to higher 

values of 2θ and the (200) Bragg peak shifts towards the lower values of 2θ indicating increase 

in the value of the lattice parameter ‘a’ and decrease in the value of the lattice parameter ‘c’. 

This suggests a monotonous decrease in the long range ferroelectric ordering in the 

corresponding systems. The d-spacing of (200) and (002) peaks was used to calculate 

tetragonality (c/a) of the specimens. Figure 7.4(a), (b) and (c) show the variation of tetragonality 

(c/a) and grain size for all modified BaTiO3 compositions. The grain size for pure BaTiO3 was 

measured to be 28 μm (tetragonality (c/a) = 1.0104) which further increases up to 90 and 80 μm 

for x=0.01 in BT-xBCN and BT-xSCN. The large grain size of Sr-doped BaTiO3 is comparable 

to the values reported earlier [334]. Also, the small concentration of Nb and Cu substitution 

gives rise to large grain sizes [335,336]. On further increasing the values of x, the grain size 

decreases monotonously, which can be attributed to the increased concentration of Nb
5+

 and Cu
2+ 

[Ref. 337]. The average grain size for BT-xCCN compounds was found to be smaller than that of 

the compositions of the other two series. The detailed discussion about the effect of 

microstructure on functional response is presented in forthcoming section. Next, high energy x-

ray diffraction analysis coupled with atomic PDFs analysis was performed on selected specimens 

to understand the local structure.  

Figure-7.5(a) shows high energy powder x-ray diffraction patterns recorded at RT using Ag-

Kα (λ =0.559A) radiation for pure BaTiO3 and some selected specimens from the three series of 

compositions. This data was further reduced to atomic PDFs shown in Fig. 7.5(b).  Recently 

high-energy XRD and atomic PDFs analysis have gained tremendous importance to the 
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understanding of the local structure of various functional materials and its correlation with their 

functional properties [178]. The PDF is defined as [178]:                  , where       

and    are the local and average atomic number densities, respectively, and r is the radial 

distance.  The value of atomic PDFs comes from the fact that they consider all components of the 

diffraction, including sharp Bragg peaks and diffuse scattering, and so are sensitive both to the 

average and atomic-scale structure. Also, atomic PDFs do not imply any periodicity so that 

materials of any degree of structural coherence are possible to be studied on the same footing. 

The experimental PDFs peak at real space distances, where well defined atomic pairs exist and 

can be easily used to test and refine structural models. Figure 7.5(b) shows the atomic pair 

distribution functions G(r) (solid line in black) extracted from the 2θ range of the XRD patterns 

presented in Fig. 7.5(a). The PDF for pure BaTiO3 and its derivatives shows a series of well-

defined peaks to high interatomic distances reflecting the presence of a sequence of well-defined 

coordination spheres in these crystalline materials. These PDF for pure BaTiO3 was matched 

very well with a structure model featuring a tetragonal perovskite structure (line in red) with 

space group P4mm. The high-r part of the experimental PDFs of Fig. 7.5(b) is depicted in Figure 

7.6. Due to the cooperative off-centering of Ti atoms in the tetragonal/polar phase the intensity 

distribution of several peaks in the atomic PDFs (red line) is different from that in the PDF (blue 

line) for the cubic/non-polar phase. For example in the cubic phase the PDF doublet at 26 Å has 

its low-r component stronger in intensity than the higher-r component. Again in the cubic phase, 

the PDF doublet at 28 Å has its low-r component stronger in intensity when compared to the 

higher-r one. The situation is very different with the polar/tetragonal phase. Here the PDF 

doublet at 26 Å has two components of equal intensity, and the intensity distribution in the PDF 

doublet at 28 Å is reverse when compared to the case of the non-polar phase. These observations  
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Figure-7.5 (a) Experimental XRD patterns taken with Ag Ka ( λ=0.559 A) radiation. Note XRD 

data quality is optimized for atomic PDFs analysis, (b) experimental atomic PDFs. The PDF for 

BaTiO3 (BTO) is very well reproduced by a model (line in red) based on a tetragonal 

(polar/ferroelectric) structure. 

are summarized using blue descending arrows for the case of a non-polar/cubic phase and red 

ascending arrows for the case of a polar/tetragonal phase and used here to differentiate between 

them. Note a similar analysis based on PDF data for BaTiO3 has been reported by Petkov et 

al.[338].The PDF peaks at 25.7 and 26.25 Å for the polar structures have similar intensity while 

those in the PDF of the non-polar structure go like high-low (follow the blue arrows). Moreover, 

the PDF peaks at 28.25 Å and 28.5 Å for the polar structure go like low-high intensity (follow 

the arrows in red) while those in the PDF for non-polar go like high-low. From this PDF data it 

can be seen that the polar distortions survive and even become somewhat stronger with increase 

composition in BT-xBCN, survive in SCN_15 (BT-0.015SCN) but not in SCN_30 (BT-
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0.030SCN), and do not survive in CCN_15 (BT-0.015CCN) but reemerge in CCN_30 (BT-

0.030CCN). Thus at lower concentrations of Cu
2+

 and Nb
5+

, the substitution of Sr
2+

 on Ba
2+

-site  

 

Figure-7.6 Higher-r part of the experimental atomic PDFs (symbols). Model PDFs for tetragonal 

(line in red) and cubic (line in blue) structures of BTO are shown as well. Note the different 

behavior of particular PDF peaks in the case of polar (tetragonal) and non-polar (cubic) 

structures. The PDF peaks at 25.7 Å and 26.25 Å for the polar structure have similar intensity 

(follow the red arrow) while those in the PDF of the non-polar structure go like high-low (follow 

the blue arrow).  

maintains increased polar character of the specimen (SCN_15). However, the substitution of 

Ca
2+

 having smaller ionic radii reduces the polar nature of the corresponding specimen (i.e. 

CCN_15) due to the constrained off-centering of B-site cations. On the other hand for the 
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specimens (i.e. CCN_30) with higher concentration of Cu and Nb, the substitution of Ca on Ba-

site maintains the polar character. This is in line with the pronounced hyperfine splitting 

observed in higher magnetic field regime of EPR spectrum of heavily Ca substituted specimen 

CCN_30. Furthermore, the 4d transition ions (Nb
5+

) are more covalently bound to oxygen than 

3d transition ions resulting in a strong off-centered axially perturbed octahedral crystal field[339] 

influencing local phonon dynamics as explained in Raman scattering results.  The increased 

polar nature explains the enhanced piezoelectric instability in BT-xBCN and BT-xSCN 

compositions. At a certain small grain size, domain motion is confined by geometrical 

restrictions and the system subsequently loses piezoelectric response. The same phenomena is 

anticipated to occur in BT-xCCN where despite high local polar character revealed by the 

experimental PDF data, a decrease in the piezoelectric response is observed for x=0.03 

composition. To understand further the perturbation of the localized dynamics, polar distortions 

and their correlation with the piezoelectric instability, Raman spectroscopy was employed. 

7.3.3 Raman spectroscopic analysis  

Raman spectroscopy is a versatile technique for detection of subtle structural distortions 

in perovskites and an excellent probe for the local structure due to its shorter characterization 

length. At RT tetragonal BaTiO3 has C4v symmetry, which allows 3(A1+E)+1(B1+E) Raman 

active optical modes and 1(A1+E) acoustic modes. There is further splitting in A1 and E modes to 

transverse optic (TO) and longitudinal optic (LO) modes due to long range electrostatic force 

associated with lattice iconicity. In tetragonal BaTiO3 phase Raman active modes are: 

3A1(TO)+3A1(LO)+3E(TO)+3E(LO)+1E(LO+TO)+1B1. Further optical modes can be seen in 

the Raman spectra due to dielectric anisotropy.   
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Figure 7.7(a)-(c) shows Raman spectra for various compositions of BT-xACN (Ba, Sr 

and Ca). The Raman spectra of pure BaTiO3 (x = 0) depicts an over-damped transverse mode 

E1(TO) as observed by continuous increase in the scattered intensity below 150 cm
-1

.  The A1 

(TO1), A1(TO2), A1(TO3) and A1( LO3) modes were observed at ~ 170, 272, 517 and 720 cm
-1

, 

respectively. The interference of the sharp A1(TO1) mode at 170 cm
-1

 with the broad A1(TO2) 

mode at 272 cm
-1

 results in an anti-resonance effect in terms of a dip at ~181 cm
-1

. The E(TO2) 

mode was observed at 305 cm
-1

.  In solid solution of BT-xACN, Sr
2+

 and Ca
2+

 easily occupy A-

site (Ba
2+

-site) whereas B-site (Ti
4+

 (0.605Å)) octahedra becomes more complex with the 

substitution of Cu
2+

 and Nb
5+

 which in turn gives splitting in the phonon modes between 700-800 

cm
-1

. Interestingly, a mode with very small intensity appears in the high frequency regime ~ 840 

cm
-1

 for the A-site substituted specimens (BT-xSCN and BT-xCCN).  The modes at 170, 305 

and 720 cm
-1

 are signature of the tetragonality of the specimens. It can be seen that with the 

increase in x values, these modes subside. This change is consistent with the decrease in the 

tetragonality as observed in the XRD spectra which was accompanied with a reduction in the 

grain size for heavily doped compositions and shifting of Tc towards RT. Furthermore, the 

confinement of phonons in materials with distorted octahedra and small grains leads to a 

breakdown of the long range order, allowing phonons not belonging to the center of the Brillouin 

zone ( k~0) to become active leading to broadening of the Raman modes[340,341].
 
The lower 

frequency Raman mode was found to soften with the increase in compositions ‘x’ (Fig. 7.8). The 

rate softening of the mode was higher for the specimen with Ba and Sr on A-site for lower 

concentrations. However, the substitution of Ca on Ba-site reduces the rate of softening of this 

mode with compositional change, which could be attributed to increased covalent nature of Ca-O 

bonds. 
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Figure-7.7 Raman spectra recorded at RT for various compositions of (a) BT-xBCN, (b) BT-

xSCN, (c) BT-xCCN. High frequency Raman modes at RT for (d) BT-xBCN, (e) BT-xSCN and 

(f) BT-xCCN. 

An ideal (primitive Pm-3m) cubic ABO3 perovskite structure does not permit any Raman 

active mode in its first-order vibrational spectra; since each ion is at an inversion center and all 

long-wavelength vibrational modes are of odd parity. However many complex perovskites like 

PFN exhibit first-order Raman spectra over a wide temperature range [342].  Higher mode varies 

in complex perosvkite compounds as a function of the perovskite unit cell and the changes in the 

ionic radii. So, these high frequency modes have been found to be sensitive towards the change  
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Figure-7.8: Variation in peak position of low frequency Raman mode with the change in 

compositions.  

in the local crystal symmetry related  to the presence of polar nano regions[343]. Although 

neither A, B, nor B ions move in this A1g vibration, the mode still reflects subtle changes in the 

perovskite structure. Only the oxygen ions move, but their spacing and bonding and, hence, 

frequencies change with the size of the other ions involved. The low Raman band 720 cm
-1

 

corresponds to Ti-O stretching whereas the 792 cm
-1

 band represents Nb-O stretching[344]. In 

such system the vibration associated with two band modes do not couple due to their different 

chemical origin.  The appearance of a mode at 792 cm
-1

 was considered as local counterpart of 

the A1(LO3) mode appearing at 720 cm
-1

 in pure BT and is  related to the internal deformation of 

the BO6 octahedra due to the different cation substitutions on B site. The difference in the ionic 

radii of Cu
2+

 (0.73 A) and Nb
5+

 (0.64A) substituted on Ti
4+

 (0.605A) site would give rise to 
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elastic dipole like distortion in the surrounding region. Moreover, a small mode observed at high 

frequency 840 cm
-1

 (marked with arrow) could be attributed to local modes of distorted 

octahedra due to substitution of Sr and Ca on the A-sites, because this mode was found to be 

absent in BT-xBCN. The appearance of new modes in the Raman spectra of modified BT has 

been interpreted as a presence of localized region with lower symmetry[345], which sometimes 

is referred as polar nano regions giving rise to a diffuse nature of the phase transitions in the 

relative permittivity versus temperature plots.  

To further analyze the splitting of the high frequency modes in various compositions, 

their magnified view is shown in Figure -7.7 (d), (e) and (f) for BT-xBCN, BT-xSCN and BT-

xCCN, respectively. It can be seen that the mode due to TiO6 octahedra is sharp in the case of 

BT-xBCN and is rather diffuse in the case of substitution of Sr
2+

 and Ca
2+

 on Ba
2+ 

-site 

suggesting increased damping due to enhanced phonon anharmonicity. Moreover, the ratio of the 

intensities of modes corresponding to TiO6 octahedra and NbO6 octahedra decrease with the 

substitution of Sr
2+

 and Ca
2+

 on the Ba-site. It is very interesting to observe how the substitution 

on A-sites perturbs the local surrounding of the B-sites. These kinds of local distortions due to 

substitution on the Ba-sites make the atoms surrounding these sites to coherently shift away from 

the octahedra centers resulting in nucleation of small polar clusters or regions[346]. The 

ferroelectric active Nb
5+

 ions are more involved in this process leading to a significant distortion 

of the B-site cation shell of Ba
2+

, Sr
2+

 and Ca
2+

 ions when surrounded predominantly by Nb
5+ 

[346]. This is reflected in the appearance of new high frequency Raman modes. The PDF 

analysis also revealed enhanced polar distortions with the increase in the B-site substitution, 

which was further modulated by substitution of Ca and Sr.  
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As discussed in PDF analysis, the B-site substitution by Nb
5+

 ions is more covalently 

bound to oxygen than Ti
4+

 ions and Cu
2+

 ions resulting in a strong off-centered axially perturbed 

octahedral crystal field, this perturbation can also be seen in A1g modes of Raman spectra of all 

the investigated systems. This can be rationalized by considering that atomic positional disorder 

in general; and of niobium and copper in particular at the lower concentration of Cu
2+

 and Nb
5+

; 

increases as the population of polar to non-polar phase evolves. The perturbation of nano-polar 

regions is higher with increased concentration of B-site transition metal ions. The asymmetry in 

the intensities of different A1g modes, change in the spacing and bonding among the B-site ions 

with oxygen ions, change in Raman modes positions with the size substituting ions are equally 

supported by the observation of non-polar high-low intensity and polar low-high intensity PDF 

analysis qualitatively. Raman analysis also indicates an increase in the spatial range to which 

local tetragonal distortions can propagate coherently with increase in B-site substitutions which 

in turns increases the mean free path of the phonons associated with those distortions observed in 

PDF analysis. It is interesting to note that such a small compositional changes substantially 

modulate the local dynamics and distortions favoring a piezoelectric instability.   

To understand the nature of the phonon instabilities with the change in temperature, 

Raman spectra for pure BaTiO3 (BT) and BT-0.03BCN, BT-0.03SCN and BT-0.03CCN are 

shown in Figure-7.9 (a)-(d) in the temperature range of 81 – 573K with 20 K interval. The low 

frequency mode observed at 305 cm
-1

 and high frequency mode at 720 cm
-1

 vanishes above the 

Curie temperature in pure BaTiO3. Comparative plots of Raman spectra at various temperatures 

for pure BaTiO3 and BT-0.03BCN, BT-0.03SCN and BT-0.03CCN are shown in Figure-7.10(a)-

(c).  In order to investigate the effect of temperature on the local dynamics of TiO6 and NbO6 
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octahedra, a magnified view of the high frequency modes at 81, 298 and 573 K is shown in 

Figure-7.10(d)-(f). Figure-7.11 shows softening of the Raman mode with respect to change in the  

 

Figure-7.9 Temperature dependence of Raman spectra for (a) BT, (b) BT-0.03BCN, (c) BT-

0.03CCN and (d) BT-0.03SCN. 

temperature for various compositions. The higher slope of BT-0.03BCN reflects increased 

degree of softening of the mode with respect to change in temperature, which is however reduced 

for Sr and Ca substituted derivatives suggesting local structural distortions are less vulnerable to 

temperature variations in these compositions. From these spectra the following observations can 

be made: (i) The Raman modes get smeared with the substitution of Cu and Nb on Ti-site, with a 
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further broadening when Sr
2+

 and Ca
2+

 are substituted on the Ba-sites, as observed in Fig. 7.10 

(a) and (b). Also, the monotonous suppression of the mode at 305 cm
-1

 at 81 and 298 K suggests  

 

Figure-7.10 Raman spectra of various compositions at (a) 81 K, (b) 298 K and (c) 573 K. 

Magnified high frequency regime for various compositions at (d) 81, (e) 298 and (f) 573 K. 

a reduction of the long range ferroelectric ordering in the following sequence: BT > BT-xBCN > 

BT-xSCN > BT-xCCN. (ii) Though the Raman mode at 305 cm
-1

 vanishes, the high frequency 

modes at 720 and 792 cm
-1

 persist up to much higher than the Curie temperature indicating that 

nucleation of polar nano regions occurs much above that temperature. (iii) In the case of all three 

modified compositions, the intensity of both high frequency peaks decreases with the increase in 

x. However, in the case of BT-xBCN the rate of decrease in the intensity of the mode due NbO6 

octahedra is lower than that of TiO6 octahedra and, consequently, the corresponding Raman 
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mode has a stronger intensity at 573 K. This phenomenon could be attributed to the NbO6 

moieties [347], which play the role of stable pillar for the structure. (iv) The weak mode 

observed at 840 cm
-1

 at 298 K is more pronounced at low temperature 81 K. Though this mode is 

absent in the high temperature spectra at 573 K for all compositions stressing its relation with the 

local octahedral distortions. (v) Appearance of a new mode at low frequency of 113 cm
-1

 in the 

case of all the modified compositions in the low and high temperature regime (up to 573 K). This 

mode is not very clear near room temperature probably due to the increase in intensity of the 

over-damped transverse mode. The observation of this mode in BT-xBCN (do not have A-site 

substitution), suggests that its origin is in the perturbation of the local dynamics due to the B-site 

substitutions. The appearance of a similar lower frequency mode has been attributed to localized  

 

Figure-7.11 Change in the position of Raman mode with the temperature variation for BT, BT-

xBCN, BT-xSCN and BT-xCCN.   
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regions with rhombohedral local symmetry[348]. These localized polar regions or nano polar 

regions play an important role towards enhanced piezoelectric response of the specimen and 

result in diffuse nature of phase transition (DPT). Information about the local crystal field around 

Cu
2+

 is important to understand the localized distortions and defect structure. Fortunately Cu
2+

 

have unfilled d-orbitals, which make them EPR active.  

7.3.4 Electron paramagnetic resonance spectroscopy and defect chemistry  

Magnetically diluted Cu
2+

 centers (3d
9
) with an electron spin S=1/2  can be represented by a 

spin Hamiltonian[349]:                          , where    is the corresponding 

nuclear g factor and    and    are the Bohr and nuclear magnetons, respectively. The first term 

represents the electronic, while second term represents the Zeeman interactions and    denotes 

the external field. The third term corresponds to copper hyperfine interaction with I
Cu

 = 3/2 for 

both copper isotopes. X-band EPR spectra recorded at room temperature (RT) for samples 

having lower (x=0.01) and higher (x=0.03) concentration form BT-xBCN, BT-xSCN and BT-

xCCN series are shown in Fig. 7.12(a) and (b), respectively. The shape of the EPR spectra is 

characteristic of axially distorted octahedral copper (II) (3d
9
, S = 1/2, I = 3/2) complexes at RT. 

The EPR spectra contained two major peaks, corresponding to g׀׀,which was split into four peaks 

due to hyperfine interactions with the copper (II) nucleus (I= 3/2), and g┴, which was the sharp 

central feature in the spectrum.  This confirms the Cu
2+

 (3d
9
) oxidation state of copper. Copper 

has two isotopes with natural abundances Cu
63

: 69.09% and Cu
65

: 30.91%, but both isotopes 

possess similar magnetic moment and a nuclear spin I = 3/2, giving rise to a nearly identical EPR 

signal [349]. From the EPR spectra, it could be noticed that the hyperfine lines (g׀׀) are relatively 

sharp for the BT-xBCN specimens (BT-0.01BCN and BT-0.03BCN), and become rather smeared 

for the compounds having Sr
2+

 and Ca
2+

 on Ba
2+

-site. This could be due to a local distortion 
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created by the isovalent substitution of Sr
2+

 and Ca
2+

 on the Ba
2+

 sites coming from the different 

ionic radii. Likewise, the central peak corresponding to g┴ also appeared to contain hyperfine 

splitting (encircled region in the higher magnetic field regime of Fig 7.12(a) and (b)), which was 

more pronounced for the Ca
2+

 than for the Sr
2+

 or Ba
2+

-sites.  Therefore, the effect of A-site 

substitution on B-site is clearly observable in the EPR, Raman spectra and PDF analysis. In a 

powder sample, only an averaged EPR spectrum could be observed due to the random 

orientation of crystallites, which results in the so called parallel and perpendicular orientations. 

By nature, the parallel part of the spectrum remains much weaker than the perpendicular part of 

the EPR spectrum and, hence, the observed EPR spectra conforms to the axial symmetry of the 

copper complex i.e.          and     ׀׀. In the present case,  2.302 =׀׀ and   =2.01. 

The value of the hyperfine splitting constant  101 =׀׀G. The values of the g factor were found to 

vary as  ׀׀      , which suggests that the ground state of the Cu
2+

 ion in the distorted 

octahedral (tetragonal) complex is dx
2
-y

2
 [350]. Measured values of  ׀׀ and     are characteristic 

of Cu
2+

 coordinated by six ligands that form an octahedron elongated by tetragonal distortion 

along its c-axis [351]. The observed distorted octahedral symmetry of the copper complexes 

suggests that copper occupies Ti
4+

 site with divalent oxidation state (Cu
2+

), which results in a 

lowering of the local symmetry due to the Jahn-Teller effect [349].  These localized distortions 

with lower symmetry have been found to modulate extensively the macroscopic functional 

response of the corresponding systems.  

According to the chemical formulation of BT-xACN, the overall charge neutrality should 

be maintained by Cu
2+

 and Nb
5+

 doping on the Ti-sites. For the rather diluted concentrations 

studied here, these ions are statistically distributed in the perovskite lattice leading to charged 
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nano regions. For electroneutrality, the acceptor doping of Cu
2+

 on the Ti
4+

 -sites gives rise to an 

equivalent number of oxygen vacancies   
   (Kröger–Vink notation) given as: 

            
      

       
      

       (7.1) 

    
  is the Ba sitting on Ba-site with neutral charge. The oxygen vacancies   

   impact the 

domain wall mobility. The     
   vacancies are immobile contrary to the moblie    

   at ambient 

temperature [352]. The substitution of Nb
5+

 occurs on the Ti
4+

 sites as: 

                
       

         
             (7.2) 

where     
  and   are the singly charged dopant ions occupying the titanium sites and the 

electrons in conduction band, respectively. For higher concentration of Nb, the ionic charge 

compensation occurs though formation of vacancies at the Ba-sites     
   : 

              
       

     
      

      (7.3) 

The vacancies    
   do not contribute significantly to the conduction. On the other hand the 

increased impurity scattering (due to Nb ions) leads to an increase in the resistivity. In the 

present case, the formation of    
   appears to be less favorable due to the small concentration of 

the dopants and the co-doping with copper on the same sites. However their presence cannot be 

ruled out. Furthermore, for larger values of x, the negatively charged     
    would start 

interacting with the positively charged    
   leading to the formation of defect complexes [353]:  

    
      

        
      

           (7.4) 

The      
      

     defect dipoles have been found to be oriented along the crystallographic c-

axis [353]. The schematic representation of the formation of defect dipoles is shown in Figure 
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7.12(c) and (d). However, for donor doping, the formation of defect complexes between the 

donor ion and the cation vacancies was not observed [352]. This type of defect complexes has 

been found to result in high electromechanical coupling and substantially affect the fatigue 

behavior [354]. In previous sections, the effect of elemental substitutions on local structural 

modulations and phonon dynamics was studied. Concomitantly, the elemental substitution 

induced defect structure modulates the evolution of microstructure and domains structure, which 

consequently affects the overall piezoelectric response.   

 

Figure-7.12 EPR spectra recorded at RT for (a) x=0.01 and (b) x=0.03 compositions of different 

series. Schematic representation of the structural model (c) T
4+
 sites surrounded by oxygen 

octahedra in case of pure BaTiO3, (d) the      
      

     defect dipole oriented along the 

crystallographic c –axis, creating axial center. 
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7.3.5 Microstructure and domain structure 

For various compositions of BT-xACN (Sr, Ca, Ba), the tetragonality (c/a) was found to 

decrease monotonously with the increase in the values of x (Figure 7.4) accompanied by 

reduction in grain size. The defects resulting from the isovalent and aliovalent substitution 

impede the grain boundary mobility during the synthesis process at higher temperature resulting 

in a smaller grain size [352] especially for higher concentrations of doping. Smaller grain size 

has been reported to result in miniaturized domain state and an increased domain density, which 

has been considered to be key factor for achieving high piezoelectric response. The grain size 

(~28 μm) of pure BT was found to be much higher than that of its modified counterparts as 

discussed earlier (Figure-7.4). Figures 7.13 (a)-(d) and (e)-(h) show piezoresponse force 

microscopy (PFM) phase images exhibiting domain switching under applied DC bias for BaTiO3 

and BT-0.025BCN, respectively. From these images it could be seen that the domain size in BT-

0.03BCN with smaller grain size is much smaller than in pure BTO. The bigger domain size in 

pure BaTiO3 was also confirmed through bright field TEM images (Figure -7.18) explained in 

forthcoming section. In order to investigate the switching behavior of domains in BT and BT-

0.025BCN, a DC bias of 0, 2, 4, 6, 8, 10, and 12 V was applied using scanning tip on both the 

specimens of same thickness (~100 μm). The area chosen for applying DC bias was 20x20 μm
2
 

for BaTiO3 and 4x4 μm
2
 for BT-0.025BCN. The effect of applied voltage on the domain 

switching could be clearly seen from the disappearance of dark regions inside the rectangular 

region marked in the images. From these images, it could be noticed that the switching of 

domains in BT-0.025BCN occurs at comparatively lower E-field. This phenomenon reflects 

higher domain mobility in BT0.025BCN leading to higher piezoelectric response. At low E-field 

switching of 180
o
 domains occurs, while switching of 90

o
 domains requires higher E-field 
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resulting in higher electromechanical response. The values of E-field required to switch 

particular domains varies from system to system. Therefore, the polarization reversal by the 

nucleation and migration of 90
o
 domain walls instead by just direct 180

o
 switching cannot be 

ruled out at higher fields [355]. The coercive field for 90
o
 domain reversal increases substantially 

with the reduction in grain size after certain extent and seen as a reduction of the hysteresis. 

However, the restoring force provided by symmetry conforming point defects (like oxygen 

vacancies) that facilitate non 180
o
 domain switching could considerably contribute to the 

enhanced electromechanical response of the ceramics systems [354]. These 90
o
 domain walls are 

expected to vanish at 400 nm, however at grain size >10 μm, the domain size becomes constant 

[308].  

 

Figure-7.13: Piezoresponse force microscopic images of domains switching under applied DC 

bias for (a)-(d) BaTiO3, (e)-(h) BT-0.025BCN, the values of DC bias are mentioned on the 

images. 

The actual angle of the 90
o
 domain wall can be given by       (

 
 

 

) . Therefore in pure 

BaTiO3, the actual angle of 90
o
 walls is 89.4

o
. However, the angle of domain wall is forced to be 

90
o
 instead of 89.4

o
 which results in localized strained regions whose strength varies with the 
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grain size [308]. The localized strained regions can also act as nucleation sites for domain 

switching. In the case of PbTiO3, the higher teragonality (c/a=1.06) results in the domain wall 

angle having a value of 86.66
o
. This kind of local strain could influence the converse 

piezoelectric response. The spontaneous strain can be directly estimated from the tetragonal 

splitting and defines the maximum achievable strain in the corresponding system. Therefore, the 

long range polar ordering have been found to decrease monotonously with the decrease in the 

grain size as evident from the decrease in the tetragonality[356] at higher values of x. 

Interestingly, the piezoelectric response increases up to a certain extent with the increase in the 

value of x and then drops (Fig. 7.1(a), (c) and (e)) exhibiting a trend that is different than that of 

the monotonous reduction in the long range polar ordering (Figs. 7.4) and reduction in tolerance 

factor (Fig. 7.2). However, the increased degree of local polar distortions was observed in PDF 

and Raman spectroscopic analysis. Despite presence of polar character at local length scales, 

systems with smaller grain size exhibit almost negligible piezoelectric response due to geometric 

restrictions imposed on domain wall mobility as explained earlier. Therefore, along with the 

increase in the local polar distortion enhanced domain wall mobility plays an important role in 

imparting superior functional response to a piezoelectric system. This high piezoelectric response 

could be attributed to the decreased activation energy (Fig. 7.15(d)) of the domain switching, the 

high nano domain density and the local polar distortions arising from the higher mobility as 

observed in PFM switching results (Fig. 7.13). As explained in the next section, domain 

broadening has an enormous effect on the mobility of the domain walls eventually leading to 

high piezoelectric response. At some critical grain size, grain boundary starts impeding the 

domain wall motion reducing the macroscopic functional response of the system. However, the 
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polar distortion at local length scales still persists in these systems. The effect of these elemental 

modifications on the phase transition and ferroelectric properties is investigated in next section. 

7.3.6 Ferroelectric properties and phase transitions 

In order to understand the nature of the ferroelectric phase transition, the temperature 

dependence of the relative permittivity plots were recorded. Figure-7.14 shows the temperature 

dependence of the relative permittivity and the loss tangent at 1 kHz for various compositions. It 

can be observed that with the increase in the values of x for all specimens, the Curie temperature 

(Tc) decreases and the Curie peak gets smeared reflecting an increasing diffuse nature of the 

phase transitions (DPT).  However, the rate of shift of the Curie temperature towards RT is 

higher in case of BT-xCCN in comparison to BT-xBCN and BT-xSCN series. Moreover, the 

Curie peaks in case of BT-xBCN specimens are comparatively sharper than those of the 

compounds having same value of x in BT-xSCN and BT-xCCN series. The substitutions of Sr
2+

 

and Ca
2+

 on the Ba-sites does not appear to favor long range ordering the tetragonality as 

discussed in the previous sections.  

The diffuse nature of the phase transition can be attributed to a perturbed localized 

dynamics and polar structural distortions of the octahedra due to the substitution on the A- and 

B-sites as discussed in PDF, Raman spectra and EPR analysis. The state of systems with lower 

Tc could be understood in analogy with the state of systems at temperature closer to Tc. As the 

composition of BT in the solid solution approaches some critical value of x, titanium ion is 

expected to move in a shallower potential well. Therefore, any displacement from the center of 

this well results in a large displacement once a number of adjacent moments are pointed in the 

same direction by external stimuli. A local field of the Mosotti type increases the polarization 

and displaces the potential minimum towards one of the oxygen ion [357].This phenomenon is  
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Figure -7.14: Temperature dependence of dielectric response at 1 kHz for various compositions 

of BT-xACN with A as (a-b) Ba, (c-d) Sr,(e-f) Ca. 

 

supported by the PDF results where the increase in the polar distortions could be observed in 

case of BT-xBCN specimens (Fig. 7.6). The shallower potential well reduces the activation 

energy ∆F for polarization switching with increased domain mobility imparting higher functional 

response to the system as shown in PFM switching results. However, for heavily doped 
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compositions, ∆F becomes negligible i.e there is no macroscopic switchable polarization 

(Figure-7.15(d)) and the system acquires a center of symmetry.  

The local field of the Massotti type could be given as:              , where P is the 

polarization,   is the Lorentz factor,    is the permittivity of free space. Suppose, the ionic 

polarizability of ion Ti is α, the dipole moment of the unit cell of this system could be given 

as[1]:             . The total energy of this dipole moment (dipole – dipole coupling) for N 

number of dipoles can be written as:                               
    . For the 

sake of brevity, the increased elastic energy due to the displacement of the B-site ions from their 

equilibrium positions can be given as [358]: 

         (
 

 
)    (

  

 
)            (7.5) 

where ‘u’ is the displacement, k and k’ are force constants.    (higher order force constant) 

assumes positive value.  Substituting P =Nqu in the above equation leads to:  

      (
 

    )   (
  

     )        (7.6)  

Therefore, the total energy of the system could be given as: 

                      [(
 

    
)  (

    

   
 )]     

  

     
      (7.7) 

The schematic representation of Fdip and Felas and Ftotal is given in Figure- 7.15 (a)-(c). 

The two minima of potential depict the two states of switchable polarization. Figure 7.15(d) 

shows the schematic variation in the potential well with respect to the change in composition. 

The coefficient of P
2
 in equation (7.7) is related to the Curie –Weiss law as: 
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       (7.8) 

 

Figure -7.15 The schematic of potential well for (a) dipolar energy Fdip, (b), elastic energy Felas, 

(c) total energy Ftotal =Fdip+Felas. (d) Schematic of variation in potential wells of total energy for 

different compositions. As the Tc decreases with the change in composition (x) the potential well 

becomes shallow depicting the decrease in activation energy for polarization switching.    

 

Figure-7.16 (a), (c) and (e) show the temperature dependence of the inverse relative 

permittivity at 1 kHz for all compositions. The value of the coefficient ‘a’ in equation (8) was 

calculated from the temperature dependence of the inverse relative permittivity for all 

compositions (Table-7.2). The coefficient ‘a’, Curie constant (C) and Curie temperature (Tc) 

were calculated by fitting the linear regions in the data sets. The Curie Constant (C) of pure 

BaTiO3 varies over a broad range: C=1.56x10
5
 K and C=1.73x10

5
 K. In the present case it was 

calculated to be C = 1.59x10
5
 K (Table -7.2). As can be seen from the values listed in this table 

the coefficient ‘a’ is initially positive and then becomes negative. The negative value of the  
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Table-7.2 Various parameters calculated from temperature dependence of permittivity plots at 1 

kHz 

 

 
 
coefficient ‘a’ indicates that the system is not in a true paraelectric state and so the Curie –Weiss 

law for a classical ferroelectric is not valid. The expression in the parenthesis on the left hand 

Sample Tc (K) T (K) Curie constant (C) a=(T-Tc)/εoC 
Critical 

exponent (n) 

BT-xBCN  

    
x=0.000 393 403 1.59 x 10

5
 7.4 x 10

6
 1.08 

x=0.01 386 388 1.26 x 10
5
 1.28x10

6
 1.14 

x=0.015 370 381 1.23 x 10
5
 9.92 x10

6
 1.15 

x=0.020 369 375 1.22 x 10
5
 5.01 x10

6
 1.19 

x=0.025 363 366 1.15 x 10
5
 2.73 x10

6
 1.26 

x=0.030 358 360 1.04 x 10
5
 1.90 x10

6
 1.27 

x=0.035 352 345 9.99 x 10
4
 -7.92 x10

6
 1.48 

BT-xSCN 
     

x=0.01 375 378 1.37 x 10
5
 2.4 x 10

6
 1.1 

x=0.015 370 371 1.34 x 10
5
 1.2 x 10

6
 1.17 

x=0.020 362 359 1.31 x 10
5
 -2.1 x 10

6
 1.3 

x=0.025 354 346 1.29 x 10
5
 -6.7 x 10

6
 1.33 

x=0.030 348 334 1.24 x 10
5
 -12.7 x 10

6
 1.36 

x=0.035 340 324 1.21 x 10
5
 -15.3 x 10

6
 1.39 

BT-xCCN 

     
x=0.010 365 372 3.65 x 10

5
 5.3 x 10

6
 1.14 

x=0.015 357 363 1.23 x 10
5
 5.9 x 10

6
 1.26 

x=0.020 348 350 1.18 x 10
5
 9.5 x 10

6
 1.28 

x=0.025 341 339 1.14 x 10
5
 -1.8 x 10

6
 1.34 

x=0.030 326 324 1.10 x 10
5
 -2.0 x 10

6
 1.46 
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side of equation (7.8) suggests that as the polarizabilty of the B-site ions increases with 

decreasing temperature, this term can assume negative value leading to a ferroelectric phase 

transition for the system. In the present case, the B-site is substituted by Cu
2+

 and Nb
5+

 (with 

different ionic radii and electronegativity) and, therefore, the localized regions or polar nano 

regions with different ions would behave differently i.e. the system would exhibit different Curie 

points for the different localized regions resulting DPT as discussed in the previously. The 

Lorentz factor would also assume different value for various compositions due to change in 

crystal structure. Also, the local environment as seen by PDF, Raman scattering and EPR is 

perturbed from the A-site substitutions that could also contribute towards the phase transition 

behavior, including increasing its diffuse nature. These localized polar regions or nano domains 

increase the domain /dipole density. However, in present case, the value of ‘a’ with respect to the 

change in the composition was investigated and its negative value could be due to the increased 

number of dipoles per unit volume (N) i.e. high density of dipoles. The diffuseness of the phase 

transition of a ferroelectric could be modeled using a modified Curie-Weiss law [1]:  

 

 
 

 

  
 

       

  
        (7.9) 

where, n (critical exponent) is the degree of relaxation, 1<n>2 and C1 was assumed to be 

constant, Tm is the temperature corresponding to the maximum relative permittivity (εm). The 

limiting values of n = 1 and n = 2 reduce the expression to the Curie –Weiss law valid for the 

case of classical ferroelectric and to the quadratic dependence valid for an ideal relaxor  
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Figure -7.16: Temperature dependence of inverse relative permittivity (1/ε) at 1 kHz for various 

compositions of BT-xACN with A as (a) Ba, (c) Sr and (e)Ca. The ln(1/ε -1/ ε m) versus ln(T-

Tm) plots for various compositions of BT-xACN with A as(b) Ba, (d) Sr and (f)Ca. 

ferroelectric, respectively[1]. The values of n’ obtained by fitting curves to the data sets in Figure 

7.16(b), (d) and (f) are summarized in Table 7.2. It can be seen that in all cases with the increase 

in the value of x, the Curie temperature decreases and the Curie peak becomes diffuse resulting 

in a monotonous increase in the value of the critical exponent (n). The ferroelectric-paraelectric 

transition in these systems is characterized not by an abrupt structural transition, but rather by a 
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gradual, diffuse transition which occurs over a temperature range i.e. also known as a Curie 

range. The diffuse nature of phase transition is the outcome of local polar structural distortions 

and miniaturized domains states. Figure-7.17(a) shows the variation of the difference in the 

permittivity at Tm and RT for various compositions of BT-xSCN at 1 kHz. This difference 

decreases for the highly doped specimens indicating a decrease in εm (the maximum value of 

relative permittivity at the ferroelectric phase transition) and an increase in εRT (relative 

permittivity at room temperature). The relative permittivity (ε33) of poled specimen (Fig. 7.1(b), 

(d) and (f)) was also found to increase monotonously with the increase in the value of x for BT-

xACN, which could be attributed to the internal stress and increased domain wall density as well 

as lattice instability due to the lower Tc [Ref.359]. Moreover in Fig. 7.14, the maximum value of 

the relative permittivity at the transition temperatures was found to decrease along with increased 

broadening of Curie peak as a result of increased local disorder due to elemental substitutions. 

The systems with higher substitutions were also found to exhibit almost monotonous decrease in 

the grain size, long range ordering, Curie temperature (Tc) and increased local polar distortions 

as explained earlier.  

Figure-7.17(b) shows P-E hysteresis at 10 Hz using bipolar triangular signal for all 

compositions of (1-x)BaTiO3-xSr(Cu1/3Nb2/3)O3. The inset of this plot shows well saturated P-E 

hysteresis loops of pure BaTiO3 having macro-size ferroelectric domains (Fig. 7.18). The high 

remnant polarization reflects the cooperative nature of the ferroelectricity in BaTiO3. Also, with 

the increase in the value of x, the remnant polarization and coercive field decrease, and the 

system starts showing relaxor-type slim P-E loops. The asymmetric shape of P-E loops could be 

attributed to polar defects and defect complexes created by the aliovalent doping on the B-sites  
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Figure-7.17: (a) Variation in difference of relative permittivity at Tc and RT with respect to 

change in composition of BT-xSCN, (b) P-E hysteresis loop of BT-xSCN at 10 Hz, Inset is 

showing PE-hysteresis loop of pure BaTiO3, (c) remnant polarization (Pr) as a function of 

maximum applied electric field (E) at 10 Hz, Inset is showing electric field dependence of Pr for 

pure BaTiO3.  

 

as explained earlier by invoking defect chemistry. The shifting of the P-E loops on the x-axis 

indicates a presence of internal bias due to the presence of polar defects. Figure 7.17(c) shows 

remnant polarization as a function of the maximum applied electric field for BT-xSCN. The inset 

of this figure shows the remnant polarization (Pr) vs. electric field (E) plot for pure BaTiO3. 
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These plots show that for the BT-xSCN specimens having higher value of x, the remnant values 

change linearly with the applied electric field. The compositions with the higher values of x 

exhibit relaxor-like slim hysteresis loops characteristic of materials having miniaturized domains 

and local polar regions, which, under the application of high electric field, can be oriented 

resulting in a large polarization. After removing the field, the majority of polar regions retrace 

their original orientation giving rise to a weaker remnant polarization (Fig. 7.17(c)). The defect 

structure substantially modulates the hysteresis behavior playing an important role in providing 

enhanced functional response of the system and contribute to the DPT in ε(T) plots.  

7.3.7 Domain size – defect chemistry – ferroelectric property relationships 

As the system cools down from high temperature cubic to ferroelectric tetragonal phase, 

formation of domains takes place to accommodate stress. The equilibrium size of the domain 

structure is governed by minimization of the total energy of the system. However, the domain 

structure is substantially influenced by the nature of defect distribution as well. Defects influence 

the minimum domain size that is comparable to the average distance between the defects. On the 

other hand, weakly interacting defects set the size of the fluctuation of the defect concentration. 

In either case, the domain size (nano domains) is significantly smaller than that of the mean 

equilibrium width of the domains (macro domains) in a perfect system like pure BaTiO3. The 

bright field TEM image of macro-sized domains of pure BaTiO3 is depicted in Figure –7.18(a) 

and (b) with the electron beam coming down from [111] zone axis obtained by indexing SAED 

(Fig. 7.18(c)) corresponding to the same area.  

The formation of a nano-domain structure has been especially found to be associated with 

polar defects. Near the Curie point the structure of ferroelectrics becomes extremely susceptible 
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to external stimuli. Defect dipole contribute towards polarization of the lattice and induce a 

chaotic distribution of electric fields (Ed) resulting in local region with different contrast or nano 

polar regions as evident in HR-TEM image of BT-0.02SCN with (111) zone axis (Figure 

7.19(a)-(b)). The zone axis was obtained by indexing the fast Fourier transform (FFT) pattern 

(shown in the inset) corresponding to Fig. 7.19 (a).  These local regions with different contrast 

can be clearly seen in inverse fast Fourier filtered images (IFFT) shown in Fig. 7.19(b). The 

presence of an internal field due to polar defect structure is evident from the translation of the  

 

 

Figure-7.18 (a)-(b) Bright field TEM images of domains in BaTiO3, (c) SAED corresponding to 

the area presented in (a) and (b). The inset of figure 7.18 (c) shows the higher order diffraction 

from the same area.  

PE-hysteresis loops on the x-axis (Fig. 7.17(b)) as explained in previous section. Furthermore, in 

the case of systems with Tc closer to RT, the domain structure is not homogeneous due to finite 

interaction with the defects. The decrease in temperature rapidly increases the domain wall 

energy ~(∆T)
3/2

 (∆T is the distance from Curie point) in comparison with the temperature 

dependence of volume energy ~EdP~(∆T)
1/2

[Ref.360], which in turn yields formation of domains 

on defects. These two energies compete with each other. In case these energies are equal [360]: 

γ= 2PEdd, the domain structure loses its stability. In such systems, the interaction of the domain 

boundary with defects of the crystalline lattice results in a deformation of its shape and, consequ- 
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Figure 7.19 (a) The HR-TEM image of lattice fringes of BT-0.025SCN depicting contrast 

change due to presence of defects, the inset is depicting FFT pattern corresponding to rectangular 

region. (b) Depicts inverse fast Fourier transform image of (a). 

-ently, as in the case of thermo-fluctuations on the profile of domain wall, the effective thickness 

of the transition layer between the domains increases. Also, the interaction of domain walls with 

crystal defect leads to a domain wall broadening. The velocity of lateral motion of domain walls 

depends on various parameters [360]: 

                       { 
    

  
}}                (7.10)  

with ,             
 

          
 

                 

where,   is the surface energy of the domain wall,   domain wall width, a is the size of 

elementary cell,   is the permittivity, T is the temperature and E is the applied field. Equation 

(7.10) shows that the velocity of domain wall in the given regime very strongly depends on its 

width (a functional dependence of exponent in exponent).  Therefore, even a relatively small 

increase in the width of the walls results in a considerable increase in the velocity of the wall v 
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resulting in an enhanced piezoelectric response of the system. The increased ease of domain 

switching for BT-0.025BCN was clearly observed in PFM switching results (Fig. 7.13) as 

explained earlier. 

The domain structure was investigated using HR-TEM. For this purpose, two 

compositions (1-x)BaTiO3-xSr(Cu1/3Nb2/3)O3, x=0.020 and (1-x)BaTiO3-xBa(Cu1/3Nb2/3)O3, 

x=0.025 having high piezoelectric response were selected. Figures 7.20 (a) and 7.21 (a) show 

TEM images of the domain structures at nano scale. Figures 7.20(b) and 7.21(b) show lattice 

fringes across the domains and the corresponding fast Fourier transform (FFT) patterns are 

indexed with    ̅   and [111] zone axis in Fig. 7.20(c) and 7.21(c), respectively. The splitting of 

the diffraction spots in FFT (Fig. 7.20(c)) shows an existence of nano twins with small mutual 

misorientation.  The broad domain walls as marked in Figs 7.20(b) and 7.21(b) can be observed 

in both systems. The width of domain walls considerably perturbs the domain wall mobility. For 

the sake of clarity, inverse fast Fourier transform (IFFT) images are provided in Figs. 7.20(d) and 

7.21(d). These images clearly indicate broadened domain walls, and the degree of broadening is 

approximately similar for both systems. The higher domain wall width and the nano size of the 

domains give rise to high piezoelectric response in corresponding systems. These nano domains 

also play an important role in the onset of a relaxor-like diffuse phase transition. 

Thus, the substitutions on A-site and B-site result in local polar distortions up to certain 

extent despite monotonous decrease in long range ordering. The increased piezoelectric 

instability in BT-xACN with the change in composition (x) is supported by the increase in local 

polar distortions and change in phonon instability. Moreover, the aliovalent elemental 

substitution results in formation of defect complexes and polar defects giving rise to the presence 

of internal bias fields modulating the ferroelectric hysteresis behavior. The polar defects due to 
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elemental substitutions substantially change domain structure giving rise to the formation of 

nano domains with varying domains wall width and higher mobility resulting in enhanced 

piezoelectric response in the specimen. The local structural distortions and miniaturized domain 

structure results in relaxor-like diffuse phase transition and enhanced functional response. 

Presence of point defects due to aliovalent substitution also inhibits the grain boundary mobility 

resulting in reduced grain size in modified BT systems. However at certain small size due to 

geometrical restrictions, domain mobility is reduced exhibiting reduction in piezoelectric 

response in the corresponding system. Therefore to achieve enhanced functional response in a 

piezoelectric system, enhanced structural polar distortion and higher domain wall mobility are 

equally important factors. 

 

Figure-7.20 (a) TEM image of BT-xSCN with x = 0.02, (b) HR-TEM image of lattice fringes 

across domains, the arrows marked shows broad domain wall, (c) FFT pattern corresponding to 

lattice fringes depicted in (a), (d) Inverse fast forier transform (IFFT) of (b) clearly depicting 

domain wall.  
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Figure-7.21(a) TEM image of BT-xBCN with x = 0.025, (b) HR-TEM image of lattice fringes 

across domains, the arrows marked shows broad domain wall, (c) FFT pattern corresponding to 

lattice fringes depicted in rectangular box marked in (a), triple spots encircled depict presence of 

nano twins, (d) magnified view of IFFT of the area in rectangular box clearly depicting domain 

wall. 

 

7.4 Chapter summary 

Series of new lead-free piezoelectric (1-x) BaTiO3-xA(Cu1/3Nb2/3)O3 (A: Sr, Ba and Ca) 

ceramics were developed. The piezoelectric instability in these compositions was found to 

increase with the increase in the value of x up to certain extent and then drop. Interestingly, long 

range polar ordering was found to decrease monotonously with the increase in the value of x 

suggesting that the origin of the enhanced piezoelectric instability is not a simple function of the 

long range polar ordering. Instead it may be associated with localized polar distortions. High 

energy x-ray diffraction coupled with atomic PDFs analysis suggests increased polar nature and 
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well explains the enhanced piezoelectric instability. Raman scattering studies revealed that not 

only substitution of Cu
2+

 and Nb
5+

 on the Ti
4+

-sites but also substitution of   Sr
2+

 and Ca
2+

 on the 

Ba
2+

 -sites substantially modifies the octahedral dynamics as well as significantly distorts the 

octahedral cage resulting in localized distorted regions of lower symmetry, in line with the 

atomic PDFs results.  The high temperature stability of high frequency Raman modes suggests 

that these local polar regions exist well above the Curie temperature. Electron paramagnetic 

resonance (EPR) spectroscopy confirms that Cu
2+

 occupies distorted octahedral sites thus 

creating oxygen vacancies to maintain charge neutrality. The EPR spectra also suggest that the 

A-site substitution of Sr
2+

 and Ca
2+

 substantially changes the crystal field surrounding the Cu
2+

 

ions. This substitution results in the formation of defect dipoles      
      

     oriented along 

the c-axis of the perovskite lattice inducing strong internal bias that translates the PE-hysteresis 

loop on the E-field axis. The local defect structure substantially modulates the domain structure 

resulting in nano domains with broad walls with higher domain mobility, which has been 

considered to be a key factor in imparting enhanced piezoelectric response to the systems studied 

here. The presence of nano domains and local structural distortions induce diffuse phase 

transitions indicating a subsidence of the long range polar ordering. 

The piezoelectric instability follows well the local polar distortions that enhance it. 

However, after certain extent of modification the macroscopic functional response is suppressed 

due to confinement of the domain walls within the geometrical restrictions of the grain 

boundaries, though sufficient strong polar distortions still persists locally.  
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Chapter-8 

High dielectric composition in the system Sn – modified (1-x)BaTiO3-

xBa(Cu1/3Nb2/3)O3, x = 0.025 for multilayer ceramic capacitors
[f] 

 

 

This chapter deals with the synthesis and characterization of BaTiO3 (BT) based high 

dielectric compositions that are promising for Y5V type multilayer ceramic capacitors (MLCCs). 

Solid solution with nominal composition (1-x)BaTiO3-xBa(Cu1/3Nb2/3)O3 (BCN) (x = 0, 0.025) 

was synthesized by conventional mixed oxide route, followed by compositional modification 

with varying concentration of Sn, as given by the formulation: 0.975 BaTi1-ySnyO3 – 0.025 

Ba(Cu1/3Nb2/3)O3 (y = 0.05, 0.06, 0.075, 0.1). Room temperature XRD patterns showed decrease 

in tetragonality of BT after modifying with BCN (BTBCN). Modifications with Sn lead to 

further decrement in tetragonality and the room temperature structure became cubic at 6.0 at% 

doping level. The decrement in tetragonality was accompanied by lowering of Curie temperature 

(Tc).  BTBCN doped with 6 and 7.5 at% Sn were found to exhibit diffuse phase transition 

accompanied by high dielectric constant ≥ 7000, low loss tangent ≤ 1% and grain size in the 

submicron regime (≤ 1 μm). 

 

8.1 Background 

Multilayer ceramic capacitor (MLCC) technologies require continuous development of 

high dielectric constant material in order to meet the growing demand of miniaturization, high 

volume efficiency, lifecycle, and low cost[361]. In order to meet these requirements, thickness of 

each layer is a critical factor. Dielectric layers less than 3μm thickness require sub-micron grain 

                                                           
[f] 

Reproduced with permission from [57]. Copyright 2010, the American Ceramic Society 
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size with good densification [361,362].Modified barium titanate compositions are widely used in 

MLCCs due to their high dielectric constant and low loss [9]. To exemplify, BaTiO3–CaZrO3 

ceramics have been used for Y5V-type MLCC exhibiting a large magnitude of dielectric 

constant (εr) of 15,000 (EIA code[363]: −82% < Δεr(T−25 °C) /εr(25 °C) < 22% in the temperature 

range from −30 to 85°C). However, these compositions have large grain sizes (>3.0 μm) 

restraining them for being used in MLCCs with thinner layers [361,364,365] Generally, BaTiO3 

(BT) is modified by doping rare earths and MgO to achieve smaller grain sizes ranging from 0.2 

– 0.4 μm as in X7R-type capacitors (EIA code [363]: −15% < Δεr(T−25 °C) /εr(25 °C) < 15% in the 

temperature range from −55 to 125°C). However, these compositions are characterized by small 

magnitude of dielectric constant (2000–4000) and hence not very efficient for next generation 

MLCCs requiring ultrahigh capacitance [365-367] and high volume efficiency. Various attempts 

have been made to synthesize dielectrics with smaller grain sizes using diverse processing 

methods [368-372] but there has been limited success in achieving large relative permittivity 

with smaller grain sizes. Prior research has shown that Sn doping not only results in lowering of 

Curie temperature but also induces diffuse phase transition[9,373-377]. Both these characteristics 

can be exploited in tailoring the dielectric response of ceramics suitable for MLCCs. Further, the 

magnitude of dielectric constant in these prior studies was found to lie in the range of 5000 – 

7000
 
and loss tangent factor between 2 – 5% around room temperature. However, the details on 

grain size and temperature coefficient of capacitance (TCC) were not provided which restricts 

the ability to quantify the suitability of these compositions for MLCCs. 

   In present study, the composition 0.975 BaTiO3 – 0.025 Ba(Cu1/3Nb2/3)O3 exhibits 

ferroelectric – paraelectric (FE-PE) transition at 80
o
C, while the microstructure shwos 

significantly small grain size. FE-PE transition was further shifted towards room temperature 
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(RT) by modification with Sn, while at the same time enhancing the diffuseness in phase 

transition. In this chapter, the Sn-modified compositions in the system 0.975 BaTi1-ySnyO3 – 

0.025 Ba(Cu1/3Nb2/3)O3 exhibits dielectric constant higher than 7000, dielectric loss factor less 

than 1%, grain size less than 1 μm and TCC suitable for Y5V type MLCCs. 

8.2 Experimental 

(1-x)BaTiO3 – xBa(Cu1/3Nb2/3)O3 (x = 0.0, and 0.025; BT and BTBCN) ceramics were 

synthesized using conventional mixed oxide processing method. Stoichiometric concentrations 

of CuO (Alfa Aesar, 99.0%), TiO2 (Alfa Aesar, 99.5%), Nb2O5 (Alfa Aesar, 99.5 %) and BaCO3 

(Alfa Aesar, 99.8 %)   were mixed by ball milling for 24h with ZrO2 balls in polyethylene bottle 

and calcined in the range of 800 – 1000
o
C for 2h. Calcined powder was again ball milled, 

pelletized, and sintered at 1350
o
C for 2h. In order to synthesize Sn-doped 0.975BaTi1-ySnyO3-

0.025Ba(Cu1/3Nb2/3)O3 ceramics (y = 0.05, 0.06 0.075, 0.1; denoted as SBTBCN-1, SBTBCN-2, 

SBTBCN-3, SBTBCN-4); stoichiometric concentration of SnO2 (Alfa Aesar, >99%)  was added 

to the base matrix before first ball milling. Thermal etching was performed at 1250 
o
C for 15 min 

on all specimens used for microscopy and subsequently the average grain size was calculated by 

line intercept method. For electrical and piezoelectric measurements, silver paste was applied on 

flat surfaces of sintered and polished ceramic disks (diameter ~ 10.28 mm, thickness ~ 1.0 mm) 

and fired at 650
o
C. These samples were poled at 3-4 kV/mm for 1h at room temperature (RT). 

The d33 values were measured using d33-meter and resonance response was measured by using 

HP 4194A impedance analyzer. Dielectric constant and tangent loss factor were determined as a 

function of temperature at selected frequencies using an inductance-capacitance-resistance 

(LCR) meter (HP 4284A), connected to a computer controlled high temperature furnace. P-E 

(polarization vs. field) measurements were made using a modified Sawyer-Tower bridge. This 
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system was computer controlled and capable of automatic determinations of standard P-E 

measurement compensation parameters. 

 

8.3 Results and discussion 

8.3.1 X-ray diffraction and SEM analysis:  

Figure 8.1 shows the XRD patterns for all synthesized compositions measured at RT 

using Philips Xpert Pro X-ray diffraction system. These XRD patterns were measured on 

powders obtained after crushing the unpoled sintered ceramic pellets. There was no trace of 

secondary peak suggesting the formation of homogeneous solid solution for all the compositions 

with perovskite phase. The inset of Fig. 8.1 shows that (200) and (002) peaks merged into a 

broad symmetrical peak after modification with BCN, indicating decrease in tetragonality (c/a 

ratio). Modification of BTBCN with Sn further decreased the tetragonality as observed by 

continued reduction of the FWHM (full width of half maxima) for SBTBCN-2, SBTBCN-3 and 

SBTBCN-4, showing cubic symmetry. For SBTBCN-1, one can still notice minor splitting in the 

(200) peak suggesting very low tetragonality at RT. The magnitude of c/a ratio was calculated 

from XRD patterns shown in Fig. 8.1 for BT, BTBCN and SBTBCN-1 and found to be 1.010, 

1.004, 1.002 respectively, displaying decrease in tetragonality upon modification with BCN and 

Sn.  

Figure 8.2(a)-(d) shows the SEM images measured on thermally etched sintered samples 

using LEO Zeiss 1550 microscope. Dense microstructure was obtained in all the cases and 

samples exhibited ≥ 95% theoretical density measured using Archimedes principle. It was found 

that sintered BTBCN had grain size on the order of ~1 μm, which is much smaller than that 

observed for pure BaTiO3 ~28μm under identical sintering conditions. The occupancy of Nb
5+

 on 
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Ti
4+

 site will result in the formation of metal vacancies as preferred ionic compensation 

mechanism[378]. However, occupancy of Cu
2+

 on Ti-site will result in formation of oxygen 

vacancies in order to maintain the charge electroneutrality[379]. It is suspected that the 

segregation of these vacancies on the grain boundaries inhibits the grain coarsening phenomena 

resulting in smaller grain size for BTBCN. Modification with Sn further decreases the grain size 

to submicron regime and the grain sizes for SBTBCN-1, SBTBCN-2, SBTBCN-3 and SBTBCN-

4 were found to be 0.93, 0.85, 0.74 and 0.37 μm, respectively. 

 

Figure 8.1- Room temperature XRD patterns for: (a) BT, (b) BTBCN, (c) SBTBCN-1, (d) 

SBTBCN-2, and (e) SBTBCN-3 (f) SBTBCN-4 
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Figure 8.2- SEM images of thermally etched sintered ceramic samples of (a) BT (b) BTBCN (c) 

SBTBCN-1 (d) SBTBCN-2 (e) SBTBCN-3 (f) SBTBCN-4. 

 

A decrease in the grain size leads to the decrease in maximum magnitude of dielectric constant 

and transition temperature [380].  

8.3.2 Electrical measurements: 

Figure 8.3 shows the variation of d33 and radial mode coupling factor (kp) as a function of 

Sn content in the base composition (BTBCN). A high d33 value of 330 pC/N and kp of 0.43 was 
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obtained for BTBCN. This value is consistent with the recently reported data on this composition 

[381]. The magnitudes of d33 and kp were found to decrease rapidly with the increase in Sn 

content for SBTBCN-1, SBTBCN-2, SBTBCN-3 and SBTBCN-4. The magnitude of d33 and kp 

for pure BT was found to be 144 pC/N and 0.17 which is similar to that reported in the literature. 

The rapid decrease in d33 and kp with increase in Sn content can be explained by decrease in 

tetragonality as the crystal approaches paraelectric cubic phase. 

 

Figure 8.3- Variation of d33 and kp as a function of Sn content. 

Figure 8.4 shows the P-E hysteresis loop at 1 Hz at room temperature for all the 

synthesized compositions. The magnitude of remnant polarization (2Pr) calculated from P-E 

hysteresis was found to be on the order of 0.32, 0.11, 0.08, 0.03, 0.03, and 0.03 C/m
2
 for BT, 

BTBCN, SBTBCN-1, SBTBCN-2, SBTBCN-3, and SBTBCN-4 respectively. The area under the 

loop gradually reduces upon modification with BCN and further reduces upon modification with 
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Sn. The shape of the loops became slim, indicating that the compositions are approaching the 

paraelectric phase. This result is in agreement with that observed using XRD, that upon 

modification with BCN and Sn the phase increasingly becomes cubic. The hysteresis originates 

from energy requirement for reversal of metastable dipoles during electric field application, 

hence the area under the loop is directly proportional to the energy dissipated inside the 

specimen. For all the Sn-modified specimens a small hysteresis area was measured. 

 

Figure 8.4- P-E hysteresis loops for synthesized compositions. 
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Figure 8.5(a) and 8.5(b) show the variation of dielectric constant (εr) and loss tangent 

(tanδ) as a function of temperature in the range of -50 to 150 
o
C, measured at 1 kHz for all the 

compositions. The Curie temperature (Tc) was found to shift towards room temperature on 

forming solid solution with BCN. Upon modification with Sn, the Tc further shifted towards 

room temperature and peak broadening was observed. The broadening of peak was found to 

increase with Sn content in the base matrix, indicating increase in diffuseness of phase transition. 

The tangent loss factor (tanδ) was below 2% in a wide temperature range (-50 to 180
o
C) for all 

the Sn – modified compositions which is desired for MLCC application according to EIA 

specification [363]. As listed in Table 8.1, SBTBCN-2 and SBTBCN-3 were found to show very 

high dielectric constant of 9580 and 7440 respectively at RT along with very small loss factor < 

0.6 %. Using the data for capacitance vs. temperature, TCC (temperature coefficient of 

capacitance) was calculated for both SBTBCN-2 and SBTBCN-3 and listed in Table 8.1. These 

values show the suitability of these two compositions for Y5V type of multilayer chip capacitors. 

All the Sn-doped compositions were found to exhibit broad peak indicating diffuse nature 

of phase transitions. Figure 8.6(a) shows the temperature dependence of dielectric constant (εr) 

and loss tangent (tanδ) at various frequencies for SBTBCN-2. Figure 8.6(b) shows 1/εr as a 

function of temperature at 1 kHz for SBTBCN-2. The deviation from Curie-Weiss law can be 

defined as: 

                ΔTm = Tdev – Tm      (8.1) 

where Tdev is the temperature at which εr starts to deviate from Curie-Weiss law. From Fig. 

8.6(b), Tm and Tdev were found to exhibit values of 23 and 90°C respectively, thereby indicating a 

ΔTm value on the order of 67°C. A modified Curie-Weiss law has been proposed to describe the 

diffuseness of phase transition as [1]:
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1/εr − 1/εm = (T − Tm)
n
/C      (8.2) 

where n and C are constant with 1≤ n ≤ 2. The limiting value of n = 1 and n = 2 corresponds to 

the Curie-Weiss law for normal ferroelectric and to the quadratic dependence of relaxor 

ferroelectric respectively. From the above equation, the value of n for SBTBCN-2 was found to 

be 1.74, indicating diffuse nature of phase transition. This is expected considering the fact that  

 

Figure 8.5- Temperature dependence of (a) εr and (b) tanδ at 1 kHz. 
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   Figure 8.6- (a) εr and tanδ versus temperature at various frequencies (b) 1/εr versus temperature at 

1 kHz for SBTBCN-2. 

 

substitution of Ti
+4

 site by Cu
+2

, Nb
+5

, and Sn
+2

 will result in heterogeneity creating point defects 

as required for charge compensation. Thus, polarization switching occurs by heterogeneous 

nucleation in the vicinity of the local fields of randomly distributed point defects. Accordingly, 

polarization switching does not occur by the creation and motion of coherent micron-sized 
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domains, but rather by the creation of polar clusters within the domains. Originally, Imry and Ma 

pointed out that local fluctuations of these quenched microscopic fields results in the stability of 

domain states in cases where the phase transformation is driven by an order parameter with 

continuous symmetry[382]. On application of electric field, long-range ferroelectric order breaks 

down and results in the formation of polar clusters. TEM investigations for La-modified PZT and 

PMN-PT ceramics revealed the breakdown of normal micron-sized ferroelectric domains into 

tweed-like structures and polar clusters with increasing ac electrical drive for E < Ec, rather than 

movement or growth micron-sized domains and the dielectric behavior investigations revealed 

the development of ac induced relaxor ferroelectric characteristics [383]. The similar behavior is 

expected to be present in the SBTBCN ceramics. Table 8.1 summarizes the values of εr, tanδ, 

Tm, ΔTm (
o
C), n and TCC (Temperature Coefficient of Capacitance) and tetragonality (c/a) for all 

the studied compositions.  

Table 8.1- εr, tanδ, Tm, ΔTm (
o
C), n, TCC at 1 kHz and tetragonality for the synthesized compositions. 

 

Sample εr tanδ(%) Tm(
o
C) ΔTm(

o
C) n Δεr(T−25 °C) /εr(25 °C) (%) Tetragonality 

(c/a) -30 
o
C 85 

o
C 

 BT 

BTBCN 

SBTBCN-1 

SBTBCN-2 

SBTBCN-3 

SBTBCN-4 

3290 

2850 

6180 

9580 

7440 

4780 

8.0 

1.0 

1.0 

0.5 

0.6 

0.4 

125 

80 

40 

23 

15 

-8 

0 

43 

60 

67 

80 

90 

1.10 

1.30 

1.72 

1.74 

1.77 

1.84 

-44 

-53  

-65  

-70  

-58  

11  

-6  

209  

-48  

-71  

-69  

-64  

1.010 

1.004 

1.002 

----- 

----- 

----- 
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The results in Table 8.1 clearly show that Sn-modified BTBCN compositions exhibit 

desired magnitude of TCC with high dielectric constant and low dielectric loss as required for 

MLCCs. Further, it is worth to note that all Sn-doped compositions have small grain size on the 

order of submicron under normal sintering conditions.  

 

8.4. Chapter summary 

In summary, BaTiO3 – Ba(Cu1/3Nb2/3)O3 (BTBCN) solid solution was modified with  Sn 

to achieve compositions with high dielectric constant ≥ 7000, low loss factor ≤ 1 % and grain 

size in submicron regime. Sn-doped compositions denoted as SBTBCN-2 and SBTBCN-3 were 

found to exhibit very high dielectric constant of 9580 and 7440 respectively at RT along with 

low loss tangent of < 0.6%. These compositions have potential application in Y5V type MLCCs. 
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Chapter-9 

Dielectric and ferroelectric response of compositionally graded bilayer and 

trilayer composites of BaTiO3 and 0.975BaTiO3-0.025Ba (Cu1/3Nb2/3)O3
[g]

 

   

This chapter focuses on the dielectric and ferroelectric response of compositionally 

graded bilayer and trilayer composites consisting of BaTiO3 (BT) and 0.975BaTiO3-

0.025Ba(Cu1/3Nb2/3)O3 (BTBCN). Two types of graded bilayer samples were synthesized, one 

with same thickness of BT and BTBCN while other with different layer thicknesses. The graded 

trilayer sample consisted of BT layer sandwiched between two BTBCN layers of equal 

thickness. SEM and TEM images showed a sharp interface with needle-shape domains across the 

interface. The domain size on BT-side was found to be larger than that on BTBCN-side. The 

temperature dependence of dielectric response for all composite systems was found to exhibit 

shifting of characteristic Curie peak compared to constituent material which was associated to 

coupling between layers. Moreover, the differences in grain size, tetragonality, domain mobility 

of each layer was found to perturb the electrical response of composite. The polarization 

mismatch between uncoupled BT and BTBCN established internal electric field in composite 

specimen and defined new polarization states in each layer by perturbing free energy functional 

of the composite specimen. Dynamic hysteresis behaviors and power-law scaling relations of all 

specimens were determined from polarization – electric field hysteresis loop measurements as a 

function of frequency. All systems were found to exhibit similar dynamic scaling relationships. 

Hysteresis area <A>, Pr and EC decreased with increasing frequency due to delayed response, 

but increased with increasing applied electric field due to enhancement of driving force. Trilayer 

                                                           
[g]

 Reprinted with permission from [325]. Copyright 2010, American Institute of Physics. 
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system was found to exhibit strong internal-bias field and double hysteresis behavior. The 

coupling effect resulting due to polarization mismatch between layers had substantial influence 

on the dynamic hysteresis behavior and power-law scaling relations. 

9.1 Background 

Ferroelectric random access memory (FeRAM) has been gaining interest as it can provide 

nonvolatile memory operation with fast writing time while reducing the power requirement[384]. 

Ferroelectric materials are also being used as gate in ferroelectric memory field-effect transistor 

(FeMFET)[385-387] providing a nondestructive readout operation with high density. The stored 

dipole moments in the ferroelectric material can adjust the threshold voltage of a FeMFET, and 

thus drain current of each switching state can be discriminated and identified as a logic state in 

memory [384]. In these applications, the switching capability and energy loss during the 

operation of ferroelectric gate is quite important. Both of these parameters are dependent upon 

the hysteresis behavior of ferroelectric material. Ideally, one would like to achieve a slim 

hysteresis loop with large remanence and low coercivity. 

In order to develop ferroelectric materials with adequate hysteresis behavior as required 

for new generation of memories, efforts have been made on developing graded structures in the 

form of bilayer, trilayer and multilayers[388-390]. Such structures offer the possibility of tuning 

the hysteresis loops by modulating the parameters such as leakage current, sharpness of the 

interface and ferroelectric – anti-ferroelectric exchange coupling. However, most of the work in 

this area has been limited to thin films where besides material parameters and interface 

phenomenon, additional factors such as clamping from the substrate, residual stress due to 

difference in thermal expansion, and epitaxy influences the overall hysteresis behavior. 

Therefore in this chapter, the bulk graded ferroelectrics were investigated for two specific 
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reasons: (i) to better understand the physics governing the dynamic hysteresis behavior, and (ii) 

to deterministically model the hysteretic scaling relationships. The prediction of hysteresis 

behavior with applied electric field amplitude and frequency can be accomplished by 

constructing the dynamic hysteresis and scaling rules [1,391,392]. Dynamic hysteresis model 

provides the changes in hysteresis area <A>, coercive field (Ec) and remnant polarization (Pr) as 

function of amplitude of applied field (Eo) and frequency (f)[393]. The synthesis of bilayer and 

trilayer ferroelectric graded structures were performed with following variations: (i) single layer 

thick film of pure BaTiO3 (BT) with thickness of 1 mm, (ii) bilayer structure with equal layer 

thickness of 0.5 mm for BT and 0.975BaTiO3-0.025Ba(Cu1/3Nb2/3)O3 (BTBCN), (iii) bilayer 

structure with unequal thickness of 0.650 mm for BT and 0.350 mm for BTBCN, and (iv) 

trilayer structure with 0.40 mm layer of BT sandwiched between two layers of BTBCN with 

thickness of 0.30 mm. All these structures are schematically shown in Fig. 9.1. It was observed 

that coupling resulting due to polarization mismatch between layers changes the free energy 

function and influences the dynamic hysteresis behavior and power-law scaling relations.  

 

9.2 Experimental 

BT and BTBCN were synthesized by using mixed oxide route. Calcined powders were 

mixed with binder system and used for tape casting. Dried tapes of thickness 60 μm were cut to 

desired dimensions and laminated to fabricate bilayer and trilayer structures. Laminated stacks 

were sintered at 1350
o
C for 2h. Phase evolution for all specimens was determined by using 

Philips Xpert Pro XRD system (Almelo, the Netherlands). Dielectric constant and tangent loss 

factor was determined as a function of temperature at selected frequencies using HP 4284A LCR 

meter connected to a computer-controlled high temperature furnace. The surface microstructure 
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of sintered samples was observed using Zeiss Leo Scanning Electron Microscope (SEM). 

Transmission electron microscopy (TEM) was performed by using FEI Titan 300 on specimen 

prepared by using focused ion beam (FEI Helios 600 NanoLab). Polarization – electric field (P-

E) hysteresis measurements were conducted by using modified Sawyer-Tower bridge Precision 

II (Radiant Technologies). All the measurements were repeated on at least three samples to 

confirm the repeatability. 

 

Figure-9.1 Schematic representation of the bilayer and trilayer thick films (a) BT (b) Bilayer 

with equal thickness of BT and BTBCN layer (0.5 mm each) (c) Bilayer with higher thickness of 

BT (0.65 mm) and BTBCN (0.35 mm) (d) Trilayer with 0.3 mm thickness of each BTBCN layer 

and 0.4 mm BT layer sandwiched in between them.  

 

9.3 Results and discussion 

9.3.1 Domain and interface structure 

Figure 9.2 shows the room temperature (RT) X-Ray diffraction (XRD) patterns for 

bilayer specimen from both BT and BTBCN sides. It can be seen that both the layers crystallized 

in perovskite phase with tetragonal symmetry. However, the splitting of (200) peak was 
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prominent in the XRD pattern recorded on BT side. The tetragonality (c/a) calculated using (200) 

and (002) peaks was found to be 1.01 and 1.006 for BT and BTBCN side respectively. The 

decrease in tetragonality was generally coupled with lowering of transition temperature and 

decrease in grain size [1], which is consistent with SEM micrographs and ε(T) plots explained 

later. This difference in tetragonality between BT and BTBCN defines difference in principle 

strain Ss, given as Ss = (c/a -1). The magnitude of Ss was found to be 0.01 for BT and 0.006 for 

BTBCN resulting in strain gradient across the interface between the two coupled layers in 

bilayer. 

 

Figure 9.2 -XRD patterns recorded at RT on (a) BT and ( b) BTBCN side of the bilayer. 

Figure 9.3(a) – (c) show the SEM micrograph of interface at various magnifications.  

There is clear difference in the average grain size across the interface (shown by solid line), 

where grains on BT side were found to be much larger ~32 μm than that on BTBCN side ~0.64 

μm (computed using line-intercept method). The magnified view of interface region in Fig.9.3(c) 

depicts a sharp interface indicating that there was limited diffusion of Cu and Nb across the 
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interface. EDS detector in SEM analysis was not able to find any trace of Cu and Nb across the 

interface. Using Fig. 9.3(d), the effective thickness of interface can be estimated to be ~75 nm in 

case of bilayer, and ~150 nm in the case of trilayer with two interfaces. Figure 9.3(d) shows the 

TEM image of specimen across the interface. Selected area electron diffraction (SAED) pattern  

 

Figure-9.3 (a)-(c) SEM micrographs of the interface at various magnifications, (d) TEM image 

of the domain structure across the interface (inset showing SAED pattern). 

of corresponding sides are shown in inset of Fig. 9.3(d). In these SAED patterns, the zone axis of 

BT side was [111] and that of BTBCN side was [110]. Needle shaped domain structure was 

found to be formed on both BT and BTBCN side, however domains on BT side had larger width 

than that on BTBCN side. This is quite interesting observation and provides us the key to modify 
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the polarization response. The difference in grain size (as observed in SEM images) results in the 

variation of domain size and width, which in turn influences the polarization. In randomly 

oriented polycrystalline ceramics, the domain size (D) is related to grain size (G) as [304]: 

     D∝ G
p
                (9.1) 

where    p < 1/2  for  G > 10 μm 

   p = 1/2  for  10 μm > G > 1 μm 

   p > 1/2  for  G < 1 μm 

Using Eq.(9.1), one can approximate the domain size of BT material by taking p = 1/3 (typical 

value) in the case of grain size  > 10 μm[303,304].Substituting the value of grain size calculated 

from SEM micrographs in Eq. (9.1) and rewriting the above equation to find the exponent p for 

BTBCN material as: 

DBT / DBTBCN = (32)
1/3

/ (0.64)
p
            (9.2) 

The domain size obtained from TEM analysis was used to determine the ratio in Eq. (9.2), which 

was roughly found to be 4. Thus, the exponent p for BTBCN material with grain size of 0.64 μm 

was calculated to be 0.52. This difference in the domain exponent results in the varying 

polarization across the interface. Combined with strain – gradient, this result indicates the 

formation of graded structure. 

Figure 9.4(a) and (b) show the piezoresponse force microscopy (PFM) images of BT and 

BTBCN side respectively, where the variation in contrast indicates regions with different 

piezoelectricity. If the sample was single domain structure than the image produced would be all 

of same color. Comparing the two images, it can be seen that there is difference in the magnitude 

of the piezoelectric response, with BTBCN exhibiting higher piezoelectric response than that of 

BT. Using Berlincourt d33 meter, the piezoelectric coefficient of individual layers of BT and 
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BTBCN was found to be 144 and 330 pC/N. These measurements were in agreement with the 

PFM information showing higher piezoelectric activity for the BTBCN phase. 

 

Figure-9.4 PFM image of (a) BT side and (b) BTBCN side 

Figure 9.5(a) – (e) shows the variation of dielectric constant (ε) and tangent loss factor 

(tanδ) as a function of temperature (T) at different frequencies for various specimens. It is known 

that BT and BTBCN have Curie temperature (Tc) of 125
o
C and 80

o
C respectively[381] The 

characteristic transition peaks of BT and BTBCN can be marked in the ε(T) plots as shown in 

Fig. 9.5(a) and (b). The transition temperatures of BT and BTBCN can be found in the graded 

bilayer and trilayer specimens with minor shifts. The Curie temperature of BT was shifted 

towards lower temperature (~117 
o
C) while that of BTBCN was shifted towards higher 

temperature (~ 90
o
C), which can be attributed to strain gradient present across the interface. The 

magnitude of maxima in dielectric constant, ε(Tm), was found to decrease for the composite 

specimens. In the case of graded trilayer, the peak in the dielectric curve due to BTBCN was 
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Figure 9.5 Temperature dependence of relative permittivity for (a) BT (b) BTBCN (c) Bilayer 

with equal thickness (d) Bilayer with unequal thickness (e) Trilayer with BT layer sandwiched 

between two BTBCN layers (f) 1/ε versus temperature plot. 

more obvious due to higher effective thickness of two BTBCN layers. These results clearly show 

that there was influence of interface on the overall system properties and dielectric response of 

the composite was a combination of individual components. Further these results combined with 
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the gradient in domain size and widths confirm the formation of graded structure. More 

information on grading and interface coupling could be obtained by invoking phenomenology. 

For an uncoupled and unconstrained tetragonal BT, the free energy in terms of 

polarization can be expressed as [394]: 

G1 (P, T) = Go1(T)  + 1/2a1P1
2
 + 1/4a2P1

4
 + 1/6a3P1

6
                             (9.3) 

where Go(T)  is the energy in paraelectric state. For the isothermal case, the electric field acting 

on the ferroelectric material, expressed in terms of P1, can be obtained as:  

 E1 = dG1/dP1 = a1P1 + a2P1
3
 + a3P1

5
                                                                   (9.4) 

Similarly for BTBCN the electric field is given as: 

E2 = dG2/dP2 = b1P2 + b2P2
3
 + b3P2

5
                                                                   (9.5) 

where G1 andG2 are free energy of layer 1 and 2 in its high-temperature PE state, P1 and P2 are 

the polarizations of layers 1 and 2 and a1, a2, a3, b1, b2, b3 are the Landau coefficients. The 

coefficients a1 and b1 have temperature dependence given by the Curie-Weiss law as a1 = (To –

Tc1)/εoC1 and b1 = (To –Tc2)/εoC2, where εo is the permittivity of free space, Tc1, Tc2 and C1,C2 

are the Curie-Weiss temperature and constant of uncoupled layer 1 and 2. The other coefficients 

in free energy function are assumed to be temperature independent. By equating Eq.(9.5) and 

(9.6) to zero, spontaneous polarization (P) corresponding to two polarization states of each layer 

can be obtained. Figure 9.5(f) was used to compute the magnitude of (To –Tc1) ~ -24.15 K for BT 

layer and (To –Tc2) ~ -5.88 K for BTBCN layer. The values of Curie constant calculated from 

experimental data were found to be ~1.6x10
5
 K for BT and ~1.4 x10

5
 K for BTBCN.  

After coupling of both layers in graded bilayer and trilayer structure, the free energy (G) 

and electric field (dG/dP) values would be different as observed in terms of differences in ε(T) 
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plots. Suppose Ei,1 and Ei,2 are the internal electric fields in BT and BTBCN layers given 

as[395,396]: 

              Ei1 = -1/ε0(P1-<P>) = α/ε0(P2-P1)                                              (9.6) 

and 

                               Ei2 = -1/ε0(P2-<P>) = (1-α)/ε0(P1-P2)                   (9.7) 

where P1 and P2 are new polarization states in layer 1 and layer 2 respectively after coupling, < 

P >= (1−α)P1+αP2 is the average polarization and α is the relative volume fraction. The total 

free energy function incorporating the potential energies of internal fields E1 and E2 is given by 

[395]:  

GΣ = (1-α)[G1(P1) - EP1-1/2 ξEi1P1]  + α[G2(P2) – EP2 - 1/2Ei2P2] + GS/h + Gel – JP1P2   (9.8) 

where Gel is the elastic energy of the polarization-free misfit. The energy of interface GS/h can be 

neglected due to very small correlation length of ferroelectric [397] in comparison to the total 

thickness of bilayer (~1000 μm). The last term in above equation is interlayer (interfacial) 

coupling and J is the coupling coefficient (interfacial exchange interaction coefficient) given as 

[395]:  

J = α (1-α)ξ/ε0      (9.9) 

Above relation demonstrates that the coupling between layers can be controlled by either the 

volume fraction of each layer or by modifying the free carrier content quantified by coefficient ξ. 

“ξ” is measure of the free charge density with respect to the bound charge at the interlayer 

interface given as ξ = 1-ρf /ρb, ρb is the bound charge density and ρf is the free charge density. The 

two limiting values, ξ = 1 and ξ =0 correspond to perfect insulating and semiconducting 

ferroelectric bilayers. Assuming polarization  ⃗  varies from point to point within the interfacial 

region, the resulting bound charge density can be written as: 
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         ⃗⃗   ⃗                       (9.10)  

Using differential form of Gauss’s law, the divergence of electric field is given as: 

     ⃗⃗   ⃗  
 

  
 

     

  
                     (9.11) 

Combining Eq. (9.10) and (9.11), one can derive the relation for free charge density as: 

   ⃗⃗  ⃗     ⃗    ⃗⃗    ⃗⃗  ⃗     

or, 

      ⃗⃗  ⃗     ⃗   ⃗⃗    ⃗⃗  ⃗  =  ⃗⃗  (   ⃗    ⃗⃗  ⃗  =  ⃗⃗    ⃗⃗  ⃗                        (9.12) 

where   ⃗⃗  ⃗= (   ⃗    ⃗⃗  ⃗    is the displacement vector.  In quasi-static frequency regime (< 1 Hz) and 

below sub-coercive field, the contribution from free charge polarization is dominant. In saturated 

field and quasi-static frequency regime, alignment of domains contributes to resultant 

polarization, which provides estimation of bound charge density. Table 9.1 lists the values of 

polarization for sub-coercive field (Ec- = 1 kV/cm) and maximum polarization in saturated field 

(Ec+) regime for layered systems at 0.1 Hz. Taking the ratio of the polarization magnitudes in Ec- 

and Ec+ regime, an indication for the changes in free and bound charge density can be obtained 

(~ρf /ρb). The polarization ratio shown in Table 9.1 indicates a significant drop for the graded 

bilayer with unequal thickness and trilayer structure which reflects the increase in coupling 

coefficient. This analysis neglects the contribution from interface which is not realistic but it 

does provide an explanation for the changes observed in hysteresis behavior as explained later. 

Further, this analysis confirms the observation on influence of graded structure on ferroelectric 

properties. 
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Table 9.1. Magnitude of polarization in quasi-static frequency (0.1 Hz) regime. 

Systems Pr (μC/cm
2
) in sub-

coercive field (Ec-) 

regime ( 1 kV/cm) 

Pmax(μC/cm
2
) in 

saturated field (Ec+) 

regime 

Polarization ratio = 

Pr(Ec-) / Pmax(Ec+) 

BTBCN single layer 0.15 19.2 0.00781 

BT single layer 0.11 16.8 0.00655 

Bilayer with equal 

thickness 

0.14 16.5 0.00848 

Bilayer with unequal 

thickness 

0.07 15.2 0.00461 

Trilayer 0.07 12.1 0.00579 

 

 

9.3.2 Ferroelectric hysteresis behavior 

The hysteresis profiles with various frequencies ( f ) and electric fields (E0) were obtained 

for BT single layer, BT-BTBCN graded bilayer with equal and unequal thicknesses and BTBCN-

BT-BTBCN graded trilayer ceramic systems. Examples of hysteresis profiles are shown in Fig. 

9.6 (a) and (b) for BT single layer system. Other systems, i.e. graded bilayer with equal and 

unequal thicknesses and trilayers, exhibited very similar behaviors. At fixed E0, the hysteresis 

loop area <A>, remnant polarization (Pr) and coercive field (EC) decreased with an increase of 

frequency (Fig. 9.6(a)) because of the delayed response of domain switching and polarization 

reversal which diminishes hysteresis loop size[398]. At fixed f, remnant polarization (Pr) 

increases with an increase of E0 (Fig. 9.6(b)) as larger E0 provides higher level of driving force 

responsible for switching of ferroelectric domains. Higher driving force enhances the domain 

volume and consequently total polarization including hysteresis parameters [393].  
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Figure 9.6 P-E hysteresis loops of BT single layer system (a) various f with fixed E0 = 30 

kV/cm, and (b) various E0 with fixed f = 10 Hz.      

Figure 9.7(a) compares the P-E hysteresis loop of BTBCN with BT. Both these 

compositions are ferroelectric with tetragonal perovskite structure at room temperature and as 

seen in this figure, the polarization of BTBCN is higher than that of BT. Hysteresis loops of both 

materials were found to be shifted towards positive side on electric field axis implying the 

presence of internal-bias field mainly arising from electronic defects. The polarization switching 

mechanisms in BT single crystals have been attributed to nucleation of anti-parallel domains and 

their growth by domain wall motion [399-401]. In polycrystalline ceramics, the polarization 

switching is strongly influenced by presence of grain boundaries, space charges, charged defects 

and surfaces [402-407]. Presence of charged defects will result in the formation of internal bias 

field as commonly observed for the hard piezoelectric materials by pinning the domain 

boundaries. The coercive field broadness (2EC) of BTBCN was larger than that of BT. The P-E 

hysteresis loops of BT single layer and BT-BTBCN layers formed as graded bilayer and trilayer 

ceramic systems are compared in Fig. 9.7(b). The polarization value of graded trilayer ceramic 

system was lowest as compared with rest of the cases but it possesses the largest coercive field 



 
 

241 
 

(EC). The coercive field (EC) value on positive side was higher than that on negative side for all 

systems which is further indication of built-in internal-bias field [364].  

To quantify internal-bias field in each system, following relations was used [364]: 

E1 = EC + Ei               (9.13) 

E2 = -EC + Ei               (9.14) 

thus,    Ei = (E1 + E2)/2              (9.15) 

where E1 and E2 are electric field intercepts on positive and negative side respectively, EC is the 

magnitude of coercive field with no internal-bias and Ei is the magnitude of internal-bias field. 

The effect of internal-bias field on the coercive field can be determined by expressing the rate of 

motion of domain boundaries as: 

                                                  v = μE                              (9.16) 

and 

                                                  μ = (3δ)/2P0Г                                    (9.17) 

 

where μ is the mobility of domain wall, δ is its half-width, Γ is the viscosity of domain wall 

motion, and P0 is the spontaneous polarization[360] The switching time was characterized by the 

time of inter-growth of domain to the crystallite half-width d/2 given by the relation: 

t = d/(2v(EC)) = 1/f     (9.18) 

Combing Eqs. (9.19) – (9.21): 

EC = (P0Гdf)/δ      (9.19) 

which is a linear dependence of internal-bias field modified coercive field on frequency[360].  

 



 
 

242 
 

Table 9.2 Magnitude of coercive field broadness (2EC) and internal-bias field for various 

composite systems. 

System Coercive field broadness, 2EC 

(kV/cm) 

Internal-bias field 

(kV/cm) 

BTBCN single layer 7.2 2.9 

BT single layer 6.2 1.0 

Bilayer with equal 

thickness 

8.2 2.1 

Bilayer with unequal 

thickness 

5.1 1.2 

Trilayer 8.8 2.5 

 

The coercive field broadness (2EC) of BTBCN single layer was found to be 7.2 kV/cm, 

however for BT single layer it was 6.2 kV/cm. In multilayer systems, if they are in uncoupled 

state behaving like capacitors in series, normally the coercive field broadness should be between 

6.2 kV/cm and 7.2 kV/cm. This was not the case for graded bilayer and trilayer systems as 

shown in Table 9.2. The lower coercive field broadness value found in bilayer with unequal 

thickness system and higher coercive field broadness values found in bilayer with equal 

thickness and trilayer systems implies that there was finite interaction across the layers. The 

polarization mismatch provides direct contribution to internal-bias field which increases from 

bilayer to trilayer system. In order to achieve domain reversal, the system needs additional 

energy to overcome barrier due to internal-bias field. Consequently, high coercive field is 

characteristics of system with high internal-bias field. This explains why the coercive field of 

trilayer system is highest and it reduces sequentially for bilayer with equal and unequal thickness 
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systems respectively as shown in Table 9.2. It can be noticed that coercive field for bilayer with 

unequal thickness system is less than that for BT single layer. This reflects the effect of interface 

coupling between layers in bilayer with unequal thickness system which enhances domain wall 

mobility. 

The graded trilayer ceramic system was found to exhibit double hysteresis loop-like 

behavior which normally occurs in anti-ferroelectric materials [408-412]. Prior studies have also 

found similar behavior and it was attributed to presence of multiple domain states when two 

factors are simultaneously occurring, (i) the coupling strength (J) between layers is sufficient and 

(ii), both layers have almost equal polarization values in anti-parallel direction (P1 = -P2 or vice 

versa). The polarization of each layer depends on layer thickness, so in the case of same material 

the layer thickness should be L1≈L2 (where L1 and L2 are thickness of layer 1 and layer 2 

respectively) to provide equal polarization in opposite direction. In case of bilayers with equal 

thickness of same material, when coupling strength is small the overall polarization (P = P1 + P2) 

is non-zero and the system is in weak ferroelectric phase. As the strength of coupling increases, 

P approaches zero, and thus the system will exhibit double loop behavior. In the case of graded 

bilayers consisting of two different materials, the polarizations P1 and P2 are variable with 

coupling strength [409]. The graded trilayer system has two interfaces between BTBCN-BT and 

BT-BTBCN. Since each couple layers composes of the same materials with same layer 

thickness, thus it is possible that each couple induces equal polarization but in different direction, 

which can explain the origin of double hysteresis loop-like behavior. Bilayers with equal and 

unequal thicknesses did not show double hysteresis loop-like behavior which could be related to 

smaller effective interface thickness.   
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Figure 9.7 (a) P-E hysteresis loops of BTBCN and BT layers at fixed f = 50 Hz and E0 = 27 

kV/cm, and (b) P-E hysteresis loops of multilayer systems with fixed f = 50 Hz and E0 = 27 

kV/cm. 

 Figure 9.7(a) shows that the polarization of BTBCN is higher than that of BT. Since 

polarization is directly proportional to layer thickness[409], uncoupled state bilayer system with 

equal thickness should have higher polarization than that of bilayer system with unequal 

thickness (lower volume fraction of BTBCN). However results show that the polarization of 

bilayer system with unequal thickness was almost similar to that of bilayer with equal thickness 

at 50 Hz. Only at lower frequencies of 0.1Hz, the polarization recorded for bilayer with equal 

thickness is higher than that of bilayer with unequal thickness (Table-9.1). This again suggests 

that there is finite coupling occurring in the layered structure which is frequency dependent. This 

result can be explained by considering the coupling of two layers which establishes new 

polarization state in each layer due to internal bias field arising from polarization mismatch 

[395]. BTBCN possess higher polarization than that of BT, thus smaller thickness of BTBCN in 

bilayer system with unequal thickness can reach the polarization of BT. By adjusting the 

thickness of BTBCN, a slight polarization mismatch in graded bilayer could be created, which 

could result in weak internal bias field that would be subsequently affect the domain reversal. By 
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tailoring the thickness of layers, a higher polarization in graded bilayer system with unequal 

thickness could be obtained as shown in Fig. 9.7(b). For the composite having equal thickness of 

BT and BTBCN, net polarization value in BTBCN layer will be higher as compared to that of 

BT giving rise to polarization mismatch. As explained in earlier sections, the trilayer specimen 

possesses higher exchange coupling and increased internal bias due to finite interaction across 

the layers. Hence, polarization can expected to be lowest in trilayer as compared with single 

layer and bilayer systems. Hence, polarization can expected to be lowest in trilayer as compared 

with single layer and bilayer systems. This was experimentally confirmed in Fig. 9.7(b). 

 

9.3.3 Dynamic scaling relationships 

In ferromagnetic materials, the variation of hysteresis area <A> with frequency (ω) and 

magnetic field (h) have been established as power-law scaling relation         
    (

 

  
 ) 

with the exponents α, β, and γ and with a function g having a suitable nonmonotonic form such 

that g(x)→0 as x→0 or ∞[413,414]. Here A0 is the loop area at the zero frequency limit. 

Similarly in ferroelectric materials, hysteresis area <A> also responds to applied frequency (f) 

and electric field (E0). Therefore, to model relation of hysteresis area with these parameters, 

power-law scaling relation is applied: 

<A> ∝ f 
m

E
0

n

                (9.20)  

where m and n are exponents that depend on the dimensionality and symmetry of the system. By 

plotting <A> against f at fixed E
0
, one obtains the exponent m. The exponent n can be obtained 

by plotting <A> against Eo
 
at fixed f [393]. This method can be repeated for all the cases studied 

here to extract the magnitude of exponent m and n. After obtaining f-exponent m and E
0
-
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exponent n, the scaling of hysteresis area <A> against frequency f and field amplitude E
0 

can be 

obtained as shown in Fig. 9.8(a) – (d). Noticeably, for each case the scaling relations can be 

divided into two regimes corresponding to sub-coercive field and saturated field condition which 

possess different domain switching mechanisms. The reversible 180º domain switching 

mechanism is responsible for changes occurring in sub-coercive field condition whereas the 

irreversible non-180º domain switching mechanism dominates in saturated field condition[415]. 

 

Figure 9.8: Scaling relations for sub-coercive and saturated field conditions (a) BT single layer 

system, (b) bilayer with equal thickness system, (c) bilayer with unequal thickness system, and 

(d) trilayer system. Dotted lines indicate linear relations fitted to data in each regime. 

In describing the physical meaning of scaling exponents, the f-exponent m refers to how 

quickly the domain can switch corresponding to frequency f of electric field switching. A higher 
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negative magnitude for exponent m implies longer switching time where the ferroelectric 

domains cannot follow the applied AC electric field. Several variables may cause the delay in 

domain switching including charged defects and space charges [416]. The polarization and 

hysteresis area <A> decrease rapidly with increase in negative coefficient of m. On the other 

hand, if exponent m has lower negative coefficient, this implies that the switching time is short. 

The ferroelectric domains can follow the applied AC electric field, so the polarization and 

hysteresis area <A> decreases slowly. The E0-exponent n refers to the ease of domain wall 

motion. The high exponent n value refers to the ability of domain in following the applied 

electric field direction, so that hysteresis parameters (<A>, Pr, EC) increase sharply with 

increasing E0. Conversely, the low exponent n refers to the poor ability of domain switching in 

following the direction of applied electric field, so hysteresis parameters increase slowly [393].  

 Table 9.3 shows the power-law scaling exponent m and n for sub-coercive and saturated 

field conditions for all cases. Comparatively, the exponent m of BT single layer system under 

sub-coercive field condition has lower negative value (-0.093) than that of BT bulk ceramic 

[415]. Generally, domains of material with smaller grain size would respond to switching field 

slowly than that of material with larger grain size because it possess high density of grain 

boundaries. However in this case, BT single layer with smaller grain size was found to exhibit 

lower negative value of exponent m than that of BT bulk ceramic possessing larger grain size. 

This could be explained by considering exponent m as rate of decrease of domain response with 

increasing frequency f. Generally, as frequency increases the domain response will be delayed.  

This effect is further amplified in materials with smaller grain size. Since domain wall velocity is 

already small, a further increase in frequency does not have much effect. This is why exponent m 
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of BT single layer has lower negative coefficient than that of BT bulk ceramic. In addition, 

exponent m of BT single layer has the lowest negative value compared with that of graded 

Table 9.3 List of exponent m and n in power-law scaling relations for various composite 

systems. 

System Sub-coercive field Saturated field 

Exponent m Exponent n Exponent m Exponent n 

BT single crystal 

(Previous work[402] ) 

1.667E0−2.804 4.157 -0.195 0.95 

BT bulk ceramic 

(Previous work[415]) 

-0.36 3.64 -0.23 0.87 

BT Single layer -0.093 3.03 -0.032 1.21 

Bilayer equal 

thickness 

-0.16 2.89 -0.071 1.36 

Bilayer unequal 

thickness 

-0.14 3.48 -0.033 0.92 

Trilayer -0.15 2.71 -0.077 1.76 

 

bilayer and trilayer ceramic systems. This can be related to internal bias field in this system as 

discussed earlier. The exponent n in sub-coercive field condition for BT single layer is smaller 

than that of BT single crystal and BT bulk ceramic. Basically, domain switching mechanism in 

sub-coercive field condition is related to reversible 180º domain switching [415] or amount of 

domain volume which is proportional to grain size. Consequently, BT single layer possessing 

smaller grain size should have smaller exponent n value. Surprisingly, exponent n of BT single 

layer was not the highest when compared with bilayer and trilayer systems. The highest value of 
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exponent n was found to be for graded bilayer with unequal thickness as listed in Table 9.3. This 

could be caused by enhancement in domain wall mobility occurring from coupling between 

layers. The exponent n of trilayer composite was lowest owing to its high internal bias which 

pins the domain wall motion. 

  In saturated field condition, the exponent m of BT single layer had lower negative value 

compared to both BT single crystal and BT bulk ceramic. Upon comparison with bilayer and 

trilayer composites, exponent m of BT single layer had distinctively lower negative value than 

that of bilayer with equal thickness and trilayer systems but similar to that of bilayer with 

unequal thickness. This phenomenon can be attributed to strength of internal bias field. BT single 

layer and bilayer with unequal thickness systems have weak and similar internal bias field value 

as listed in Table 9.2, thus exponent m has lower negative value. The internal bias field for 

bilayer with equal thickness and trilayer composites is quite large so exponent m has higher 

negative coefficient. From Table 9.3, it can be seen that the exponent n for BT single layer was 

higher than that for BT single crystal and bulk ceramic. Since hysteresis behavior near saturated 

polarization does not change much, BT single layer may have distinct exponent n than that in BT 

single crystal and bulk ceramics which were measured below the saturated field condition. 

Comparing bilayer and trilayer composites, the exponent n was highest for trilayer while the 

smallest for bilayer with unequal thickness. It is very interesting that exponent n values of both 

systems invert from sub-coercive field condition. The trilayer composite with lowest exponent n 

under sub-coercive field condition possess the highest value under saturated field condition, 

while the bilayer with unequal thickness has the highest n coefficient under sub-coercive field 

condition but it changes to lowest one under saturated field condition. This may be related to the 

magnitude of internal bias field which is highest for trilayer as shown in Table 9.2. Thus, these 
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composites provide a wide range of tuning capability of ferroelectric polarization, coercive field 

and hysteresis area, by varying the grading and number of layers. 

 

9. 4. Chapter summary: 

In summary, graded bilayer and trilayer bulk composite of BT and BTBCN were 

synthesized with different thickness of individual layer while keeping the same overall effective 

thickness. TEM and SEM images depicted a sharp interface with needle shape domains across 

the interface. The domain size was found to be larger on BT side as compared to that on BTBCN 

side. Temperature dependence of dielectric response for all composite systems was found to 

exhibit shifting of Curie peak with respect to each constituent material due to coupling between 

layers.  Polarization mismatch between uncoupled BT and BTBCN resulted in internal electric 

field in composite specimen which produces new polarization states in each layer by perturbing 

free energy of the composite specimen. Further, the differences in grain size, tetragonality, and 

domain mobility of each layer also perturbs the electrical response in coupled layered 

composites. The dynamic hysteresis behavior and power-law scaling relations of BT single layer, 

bilayer with equal and unequal thickness, and trilayer ceramic systems were derived. All cases 

exhibited similar trends where hysteresis area <A>, remnant polarization (Pr) and coercive field 

(EC) was found to decrease with increasing frequency due to delayed response. But, the 

magnitude of these hysteresis parameters was found to increase with increase in applied electric 

field due to enlargement of electrical driving force. Graded trilayer system was found to possess 

the strongest internal bias field while graded bilayer with unequal thickness system had the 

lowest magnitude. The trilayer composite was found to exhibit a double hysteresis loop due to 

polarization mismatch between layers. 
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Chapter-10 Summary and future work 

10.1 Summary  

The objective of this research was to design, synthesize and characterize the lead-free 

piezoelectric materials with enhanced functional properties and to understand their structure-

property relationships. Following are the important accomplishments and learning achieved 

in this thesis: 

1. In order to improve the piezoelectric properties, a novel method for synthesis of lead-free 

piezoelectric NBT-BT ceramics was developed. This process was based on structural 

transformation of NTO whiskers to piezoelectric NBT-BT. A detailed microstructural 

study was conducted to understand the sintering at various stage of processing. This 

novel method for synthesizing the NBT-BT ceramics opens the possibility of achieving 

varying grain shape and sizes with certain degree of texturing resulting in enhanced 

piezoelectric response. 

2. Nanostructured ferroelectric NBT-BT whiskers with high aspect ratio were synthesized 

topochemically using NTO as a host structure. High energy x-ray diffraction coupled 

with PDF and Raman scattering analyses was used to demonstrate that the average 

structure of NBT-BT whiskers was rhombohedral, i.e. a ferroelectricity enabling type. 

HRTEM analysis revealed local monoclinic-type structural distortions indicating a 

modulated structure at the nanoscale in the MPB composition of NBT-BT whiskers. The 

structural rearrangement during the synthesis of NBT-BT whiskers was found to occur 

via the translation of edge shared octahedra of NTO into a corner sharing coordination. 

The high temperature morphological changes depicting disintegration of isolated 
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whiskers into individual grains due to higher grain boundary energy were found to occur 

in a close analogy with Rayleigh-type instability. 

3. The local structural distortions coupled with elastic degrees of freedom results in 

hierarchical domain structure in MPB composition of NBT-BT. The local polar 

distortions with lower symmetry in A-site disordered NBT-BT systems are different than 

that of lead-based B-site disordered relaxors. The dynamics of ferroelectric nano domains 

were found to be constrained by ferroelastic domains in NBT-BT. The nano-beam 

electron diffraction revealed higher deviation in g vectors suggesting lower local 

symmetry in NBT-BT which were however found to be compensated over larger length 

scales. To delineate the contribution from inter-domain interactions and surrounding 

numerous grains, polycrystalline NBT-BT whiskers with same compositions were 

investigated. The HRTEM analysis revealed presence of a local monoclinic symmetry as 

monoclinic lattice with higher degree of freedom can easily adopt local stress. However, 

the neutron diffraction analysis suggested an average rhombohedral phase. The presence 

of monoclinic domains within rhombohedral domains can easily act as bridging phase. 

Small size of nanotwins was found to facilitate the piezoelectricity due to easy 

accommodation of the macroscopic strain induced by external stimuli. The short range 

crystallographic distortions in NBT-BT were found to provide explanation for the 

different phase transitions that have been reported for this material around the MPB. 

4. [001]pc/[012]Rh textured piezoelectric NBT-BT ceramics were synthesized using a novel 

processing technique that employs NBT seeds. The 92% textured NBT-BT specimen was 

found to exhibit 200% improvement in the value of d33. The piezoelectric response was 

found to increase monotonously with the increase in the degree of texturing. The 
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experimental evidence and theoretical estimates explaining the mechanism of textured 

grain growth on the NBT seeds was provided. The interface of the NBT seeds and the 

textured grain was found to be coherent and defect free facilitating the domain wall 

motion resulting in higher piezoelectric response. Also, the textured specimens exhibited 

a lower coercive field and coherent nature of domain switching. 

5. The piezoelectric NBT-BT textured in (001)PC orientation was found to depict high d33 

~322 pC/N compared to ~160 pC/N observed in randomly oriented NBT-BT ceramics. 

In-situ neutron scattering experiments revealed electric field induced structural phase 

transformation in randomly oriented polycrystalline NBT-BT, which was however absent 

in textured NBT-BT. The absence of electric field induced structural phase 

transformation in textured NBT-BT was attributed to smaller coherence length scales of 

PNRs and /or inhibition due to internal stress induced by domain switching prior to 

structural transformation.  

6. A series of new piezoelectric (1-x) BaTiO3-xA(Cu1/3Nb2/3)O3 (A: Sr, Ba and Ca) 

ceramics were developed. The piezoelectric instability in these compositions was found 

to increase with the increase in the value of x up to certain extent and then drop. 

Interestingly, long range polar ordering was found to decrease monotonously with the 

increase in the value of x suggesting that the origin of the enhanced piezoelectric 

instability is not a simple function of the long range polar ordering. Instead it may be 

associated with localized polar distortions. High energy x-ray diffraction coupled with 

atomic PDF analysis suggested an increased polar nature that well explains the enhanced 

piezoelectric instability. Raman scattering studies revealed that not only substitution of 

Cu
2+

 and Nb
5+

 on the Ti
4+

-sites but also substitution of Sr
2+

 and Ca
2+

 on the Ba
2+

 -sites 
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substantially modifies the octahedral dynamics as well as significantly distorts the 

octahedral cage resulting in localized distorted regions of lower symmetry, in line with 

the atomic PDFs results. The high temperature stability of high frequency Raman modes 

suggested that these local polar regions exist well above the Tc. The EPR spectroscopy 

confirmed that Cu
2+

 occupies distorted octahedral sites thus creating oxygen vacancies to 

maintain charge neutrality. The EPR spectra also suggested that the A-site substitution of 

Sr
2+

 and Ca
2+

 substantially changes the crystal field surrounding the Cu
2+

 ions. This 

substitution results in the formation of defect dipoles      
      

     oriented along the 

c-axis of the perovskite lattice inducing strong internal bias that translates the PE-

hysteresis loop on the E-field axis. The local defect structure substantially modulates the 

domain structure resulting in nano-domains with broad walls with higher domain 

mobility. The presence of nano domains and local structural distortions induce diffuse 

phase transitions indicating a subsidence of the long range polar ordering. The 

piezoelectric instability followed well the local polar distortions that enhance it. 

However, after certain extent of modification the macroscopic functional response is 

suppressed due to confinement of the domain walls within the geometrical restrictions of 

the grain boundaries, though sufficient strong polar distortions still persisted locally.  

7. The BaTiO3 – Ba(Cu1/3Nb2/3)O3 (BTBCN) solid solution was modified with  Sn to achieve 

compositions with high dielectric constant ≥ 7000, low loss factor ≤ 1 % and grain size in 

submicron regime. Sn-doped compositions denoted as SBTBCN-2 and SBTBCN-3 were 

found to exhibit very high dielectric constant of 9580 and 7440 respectively at RT along 

with low loss tangent of < 0.6%. These compositions have potential application in Y5V 

type MLCCs. 
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8. The graded bilayer and trilayer bulk composite of BT and BTBCN were synthesized with 

different thickness of individual layer while keeping the same overall effective thickness. 

TEM and SEM images depicted a sharp interface with needle shape domains across the 

interface. The domain size was found to be larger on BT side as compared to that on 

BTBCN side. Temperature dependence of dielectric response for all composite systems 

was found to exhibit shifting of Curie peak with respect to each constituent material due 

to coupling between layers. Polarization mismatch between uncoupled BT and BTBCN 

resulted in internal electric field in composite specimen which produces new polarization 

states in each layer by perturbing free energy of the composite specimen. Further, the 

differences in grain size, tetragonality, and domain mobility of each layer also perturbs 

the electrical response in coupled layered composites. The dynamic hysteresis behavior 

and power-law scaling relations of BT single layer, bilayer with equal and unequal 

thickness, and trilayer ceramic systems were derived. All cases exhibited similar trends 

where hysteresis area <A>, remnant polarization (Pr) and coercive field (EC) was found 

to decrease with increasing frequency due to delayed response. But, the magnitude of 

these hysteresis parameters was found to increase with increase in applied electric field 

due to enlargement of electrical driving force. Graded trilayer system was found to 

possess the strongest internal bias field while graded bilayer with unequal thickness 

system had the lowest magnitude. The trilayer composite was found to exhibit the double 

hysteresis loop due to polarization mismatch between layers. 
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10.2 Future work 

1. The neutron diffraction coupled with PDF would be interesting tool to obtain further 

insights about the octahedral disorder and nano-scale structural distortions in NBT-BT 

system.  

2. The intermediate phase transition has been observed in NBT-BT with A-site disorder and 

PMN-PT with B-site disorder. However, above intermediate phase transition temperature 

(Td), NBT-BT loses its piezoelectric response contrary to that of PMN-PT. A comparative 

structural analysis should be performed to understand these differences in the nature of 

phase transition and piezoelectricity. 

3. Electrical measurements should be performed on the individual nanostructured lead-free 

NBT-BT whiskers to confirm their ferroelectric and piezoelectric nature.  

4. NBT-BT randomly oriented polycrystalline and textured specimen exhibit different 

structural phase transformation behavior under the application of E-field. In order to 

provide in-depth understanding of this behavior, detailed neutron diffraction studies 

coupled with PDF analysis and HR-TEM needs to be performed. 

5. Analysis of domains structures at various length scales should be performed on the single 

crystal specimen of NBT-BT across MPB. The average and local structural changes 

should be investigated to understand functional response across MPB in A-site disordered 

NBT-based systems. 

6. Synthesis of (1-x) BaTiO3-xA(Cu1/3Nb2/3)O3 (A: Sr, Ba and Ca and x = 0.0-0.03) solid 

solutions should be extended to the higher concentrations to investigate the presence of a 

tricritical point. Materials at the tricritical point exhibit high piezoelectric response. This 
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study would also be helpful in understanding the role of A-site cation in BaTiO3, CaTiO3 

and SrTiO3 systems.  

7. Synthesis of multilayer structure of Sn-doped BaTiO3 – Ba(Cu1/3Nb2/3)O3 ceramics 

should be performed to achieve low temperature coefficient of capacitance (LTCC).  

8. In order to understand the effect of coupling at the interface in a bulk composite, 

synthesis of graded thin film multilayer structures of BaTiO3 and BaTiO3– 

Ba(Cu1/3Nb2/3)O3 should be performed. 
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