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ABSTRACT
Textured (1-x)(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) ceramics obtained by the
templated grain growth (TGG) process possess a significant percentage of the
piezoelectric properties of the Bridgman grown single crystals with the potential of lower
cost. In this work, TGG materials with high texture volume (81 %) were developed.
Highly anisotropic (aspect ratio > 10) SrTiO3 template crystals were aligned by tape
casting in a fine, calcined, perovskite PMN-28PT matrix. The processing conditions used
in this study produced higher quality textured PMN-28PT with a corrected x-ray
diffraction (XRD) rocking curve full width half maximum (FWHM) of 7.6°. The textured
PMN-28PT ceramic had high texture volume (f = 0.81), narrow orientation distribution
(r = 0.21), and high density (7.8 g/cc, 98% TD).
Until recently, characterization of texture in this material had been limited to
Lotgering analysis (a comparison of the relative intensity of XRD peak heights). In
this study, XRD and electron backscatter diffraction (EBSD) techniques were used to
characterize the fiber texture in oriented PMN-28PT and the intensity data were fit with a
texture model (the March-Dollase equation) that describes the texture in terms of texture
fraction (f), and the width of the orientation distribution (r). EBSD analysis confirmed
the <001> orientation of the microstructure, with no distinguishable randomly oriented,
fine grain matrix. Although XRD rocking curve and EBSD data analysis gave similar f
and r values, XRD rocking curve analysis was the most efficient and gave a complete
description of texture fraction and texture orientation (f = 0.81 and r = 0.21, respectively).
XRD rocking curve analysis was the preferred approach for characterization of the
texture volume and the orientation distribution of texture in fiber-oriented PMN-PT.
The dielectric, piezoelectric and electromechanical properties for random ceramic,
69 vol% textured, 81 vol% textured, and single crystal PMN-28PT were fully
characterized and compared. The room temperature dielectric constant at 1 kHz for
highly textured PMN-28PT was εr ≥ 3600 with low dielectric loss (tan δ = 0.004). The
temperature dependence of the dielectric constant for 81 vol% textured ceramic followed
a similar trend as the single crystal PMN-28PT up to the rhombohedral to tetragonal
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transition temperature (TRT) at 104ºC. 81 vol% textured PMN-28PT consistently
displayed 60 to 65% of the single crystal PMN-28PT piezoelectric coefficient (d33) and
1.5 to 3.0 times greater than the random ceramic d33 (measured by Berlincourt meter,
unipolar strain-field curves, IEEE standard resonance method, and laser vibrometry). The
81 vol% textured PMN-28PT displayed similarly low piezoelectric hysteresis as single
crystal PMN-28PT measured by strain-field curves at 5 kV/cm. 81 vol% textured
PMN-28PT and single crystal PMN-28PT displayed similar mechanical quality factors of
QM = 74 and 76, respectively. The electromechanical coupling (k33) of 81 vol% textured
PMN-28PT (k33 = 0.79) was a significant fraction of single crystal (k33 = 0.91) and was
higher than a commercial PMN-PT ceramic (k33 ~ 0.74).
The nonlinearity of the dielectric and piezoelectric response were investigated in
textured ceramics and single crystal PMN-28PT using the Rayleigh approach. The
reversible piezoelectric coefficient was found to increase significantly and the hysteretic
contribution to the piezoelectric coefficient decreased significantly with an increase in
texture volume. This indicates that increasing the texture volume decreases the non-180º
domain wall contribution to the piezoelectric response in PMN-28PT.
Finally, 81 vol% textured ceramics were also integrated into a Navy SONAR
transducer design. In-water characterization of the transducers showed higher source
levels, higher in-water coupling, higher acoustic intensity, and more bandwidth for the
81 vol% textured PMN-28PT tonpilz single elements compared to the ceramic
PMN-28PT tonpilz element. In addition, an 81 vol% textured PMN-28PT tonpilz
element showed large scale linearity in sound pressure levels as a function of drive level
under high drive conditions (up to 2.33 kV/cm). The maximum electromechanical
coupling obtained by the 81 vol% textured PMN-28PT transducer under high drive
conditions was keff = 0.69. However, the resonance frequency shifted significantly during
high drive tests (∆fs = -19% at 3.7 kV/cm), evidence of a “soft” characteristic of the
81 vol% textured PMN-28PT, possibly caused by Sr2+ from the template particles.
The results suggest there are limitations on the preload compressive stress (and
thus drive level) for these textured ceramics, but this could be addressed with
compositional modifications. The dielectric, piezoelectric and electromechanical
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properties have been significantly improved in textured PMN-PT ceramics of this study.
Furthermore, scale-up in processing for incorporation into devices of highly textured
ceramics with reproducible texture (and hence narrow properties distribution) was
achieved in these materials. SONAR applications could benefit from textured ceramic
parts because of their ease of processing, compositional homogeneity and potentially
lower cost.
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Chapter 1
Introduction

1.1 Statement of the Problem
Single crystals of lead magnesium niobate-lead titanate, (1-x)Pb(Mg1/3Nb2/3)O3 xPbTiO3 (PMN-PT) with compositions near the morphotropic phase boundary (MPB),
when cut, oriented and measured in the [001] direction, demonstrate a high saturation
strain value, a high piezoelectric coefficient (d33 > 1500 pC/N) and a high longitudinal
electromechanical coupling coefficient (k33 > 0.90).1-3 Single crystal PMN-PT displays
higher strain than soft lead zirconate titanate (PZT) and less hysteresis than hard PZT,
making the single crystal ideal for actuator and transducer type applications.3
Currently, the Bridgman method is used to produce single crystal PMN-PT of
appropriate size for actuator and transducer applications. The largest crystals produced to
date are on the order of 76 mm in diameter and 150 mm in length.1, 4, 5 Bridgman grown
PMN-PT crystals are chemically heterogeneous in Ti+4 concentration along the length of
the boule.6 This is particularly problematic for MPB crystals because the piezoelectric
properties are sensitive to composition. As a result, the chemical heterogeneity renders a
large fraction of the Bridgman grown single crystals unusable. Because of this chemical
heterogeneity, wafer to wafer variability in dielectric constant (εr) and piezoelectric
coefficient (d33) of single crystals has been shown to be significantly higher than lead
zirconate titanate (PZT) ceramics, which is then seen to elevate transducer to transducer
variation compared to PZT transducers.5
Recently, advances in the Bridgman crystal growth of single crystal PMN-PT
have made sufficient quantities of single crystal material available for use in medical
ultrasound and they have been evaluated for use in Navy active SONAR applications.1, 5,
7, 8

In-water characterization of single crystal PMN-PT in tonpilz transducer designs

show increased bandwidth and source levels due to the higher piezoelectric coefficient
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and higher electromechanical coupling compared to PZT ceramics.1, 9, 10 However, single
crystals have also exhibited low mechanical quality factors (on the same order as soft
PZT) which gives rise to high mechanical losses and may limit the capability in high
power applications for these materials.11 Low fracture toughness of single crystals also
makes them susceptible to chipping and crack propagation, and specialized dicing
techniques were developed to machine single crystal PMN-PT.5
While Bridgman PMN-PT single crystals are limited by production cost and
compositional uniformity, textured ceramics can be processed by tape casting, a common
cost-effective commercial technique with high yield. In principle, poled polycrystalline
perovskites oriented in the [001] have nearly the same macroscopic symmetry as [001]
poled single crystals. Textured ceramics should display similarly low hysteresis and
extraordinarily high piezoelectric response.12 Textured PMN-32.5PT obtained by the
templated grain growth (TGG) process has been shown to possess a significant fraction
of the piezoelectric properties of Bridgman grown single crystals.12-20
The TGG process allows for the development of crystallographic texture in
polycrystalline ceramics by grain growth of aligned template particles. The growth
process is driven by the difference in the surface free energy between the matrix grains
and the larger, template crystal during heat treatment. The TGG process has been applied
to growth of a single oriented template crystal in a fine grain size matrix (also known as
solid state conversion, SSC) or the growth of many oriented template crystals in a fine
grain size matrix to produce a textured ceramic. This process can either be
homoepitaxial, where the template crystal(s) and matrix have the same composition and
crystal structure, or heteroepitaxial, where the template has a different composition but
similar crystal structure as the matrix grains.12
Quantitative characterization of the texture was lacking in previous studies on
textured PMN-32.5PT. Thus far, texture characterization has been limited to Lotgering
analysis which gives no information on the width of the texture orientation distribution.
Furthermore, the effect of the texture orientation distribution on the piezoelectric and
electromechanical properties has not been explored.
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To accurately evaluate the performance of these materials in device applications,
a more comprehensive characterization of texture quality is needed. This is illustrated by
the impact of misorientation on the piezoelectric response in single crystals. Park and
Shrout showed that for 0.955Pb(Zn1/3Nb2/3)O3-0.045PbTiO3 single crystals, the unipolar
piezoelectric response is halved for a 20° miscut from the <001>.3 Understanding the
degree of misorientation of textured grains on piezoelectric properties can lead to more
innovative methods for processing of textured materials, and thus better piezoelectric
response in these materials.
Fiber-textured PMN-32.5PT has also displayed significant hysteresis in strainfield characterization.17, 21 This was attributed to extrinsic contributions to the
piezoelectric coefficient in textured samples from partial clamping of residual templates,
stabilization of the tetragonal phase due to template particles, misoriented and randomly
oriented grains, intergranular PbO, and porosity.21 High performance actuators and
transducers require high thermal stability, high strains, and low mechanical losses.3 For
textured ceramics to be used in these applications, this hysteresis must be decreased.
The overall objective of this research project is to improve the properties of fully
textured PMN-PT ceramic and to test this material in a transducer application. Highly
textured PMN-PT with a narrow orientation distribution has the potential for the same
materials property anisotropy displayed by oriented single crystal PMN-PT. The goal of
this work is to develop a material in which the initial and final strain responses are
consistent, which is an indication of high stability in the domain states. A highly textured
PMN-PT could achieve similarly low hysteresis and high piezoelectric coefficient (due to
the materials property anisotropy) as the single crystal. In addition, a highly textured
ceramic has the potential for higher mechanical integrity than single crystal and potential
use in high power applications. Currently, there is no data on how these materials would
perform under the high power and high duty cycle conditions typical for Navy SONAR
transducer applications. Testing textured PMN-PT in a transducer application will shed
new light on the feasibility of these materials in real-world applications. Finally, a
comparison of device performance of textured PMN-PT elements to random ceramic and
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single crystal transducers in the same design will determine if textured ceramics offer a
significant improvement relative to the random ceramic.

1.2 Scientific Approach
Although fiber-textured PMN-PT had been previously demonstrated, texturing a
high symmetry bulk ceramic like PMN-PT requires careful processing to achieve
reproducibility for scale up in processing for incorporation of these materials into
devices. Therefore, the previously used TGG process was selected to fiber-texture PMNPT ceramics. Due to the large grain sizes in the final textured ceramic (and hence
questionable mechanical reliability) from macroscopic BaTiO3 templates, highly
anisotropic SrTiO3 single crystal particles were chosen as the template particles for this
study.16
Bulk textured ceramics had been fabricated previously using less anisotropic
SrTiO3 templates, but only in thin plate geometries (thickness < 1 mm).17 This work
attempts to further improve upon the quality of the textured ceramics reported by Kwon,
et al.17 Some of the areas that will be addressed in fabrication of textured PMN-28PT
and characterization of texture are:
•

Optimization of texture and narrowing the orientation distribution in textured
ceramics compared to previous studies

•

Quantitative characterization of texture using x-ray diffraction (XRD) and
electron backscatter diffraction (EBSD) techniques

The issues that will be addressed in the dielectric, piezoelectric and electromechanical
properties of fiber textured PMN-28PT are:
•

The effect of texture quality on the dielectric, piezoelectric and
electromechanical properties

•

The effect of texture quality on hysteresis

•

The effect of piezoelectric and dielectric nonlinearity as a function of texture
quality in fiber-oriented PMN-PT
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•

The effect of elastic nonlinearity in highly textured PMN-28PT

Finally, the following areas related to performance of textured PMN-28PT in a transducer
application will be addressed:
•

Scale-up of processing and integration of textured PMN-28PT into the tonpilz
design

•

Effect of compressive preload stress on in-air textured PMN-28PT transducer
properties

•

In-water small signal and high drive transducer characterization of textured
PMN-28PT tonpilz elements

1.3 Organization of Thesis
Chapter 2 is a concise review of the properties of ceramic, single crystal, and
textured PMN-PT. Included in this review are properties of crystals grown by techniques
such as Bridgman, solid state conversion, and flux growth for single crystal PMN-PT.
Next, bulk ceramic PMN-PT properties are reviewed. Finally, bulk textured
ferroelectrics are examined, with focus on the processing and properties of textured
PMN-PT fabricated by the TGG process.
The development of high quality textured PMN-28PT ceramics is described in
Chapter 3. This was achieved by using highly anisotropic (aspect ratio > 10) SrTiO3
template crystals to template growth in a fine, calcined PMN-PT matrix. The
development of texture during various stages of thermal processing is investigated.
Finally, quantitative characterization of the highly textured ceramic is accomplished in
this chapter.
Chapter 4 is a comparison of various texture characterization techniques for
quantitative texture information on fiber-oriented PMN-28PT. The techniques studied
are XRD Lotgering method, XRD rocking curves, pole figures, and EBSD. A textured
model is used to model the orientation distribution from XRD rocking curve and EBSD
data and the texture is quantified in terms of f (texture volume) and r (orientation
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parameter). As a result, the preferred method of quantifying texture in fiber-oriented
PMN-PT is identified.
The dielectric, piezoelectric, and electromechanical properties are investigated in
Chapter 5. The properties of the textured ceramic are compared to random ceramic,
lower texture quality ceramic, and single crystal PMN-28PT. The full properties dataset
is generated for high quality textured ceramics. In addition, piezoelectric and dielectric
nonlinearity are investigated as a function of texture volume in <001> fiber-oriented
PMN-28PT using the Rayleigh approach. In this way, the hysteresis contribution to the
piezoelectric coefficient is quantified.
In Chapter 6, random ceramic, highly textured ceramic, and single crystal
PMN-28PT were incorporated into the same transducer design. The effect of a uniaxial
preload stress on the electromechanical and dielectric properties of the textured element
was investigated. Small signal and high drive in-water transducer characterization on the
single elements was conducted and the results in terms of element electromechanical
coupling, source level and bandwidth are compared. The limitations in incorporation of
textured ceramics into transducers designs are also discussed.
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Chapter 2
Background

2.1 PMN-PT Relaxor-Ferroelectrics
Lead-based perovskite ferroelectric ceramics and single crystals with
compositions near a morphotropic phase boundary (MPB, the apparently temperature
independent region between two distinct ferroelectric phases), show extraordinarily high
dielectric and piezoelectric properties. These anomalously high properties are a result of
improved polarizability due to multiple available dipole directions.1, 2 Lead magnesium
niobate-lead titanate ((1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3, or PMN-xPT) is a relaxor-PT
system with an MPB region that separates the rhombohedral and tetragonal ferroelectric
phases. Recent investigation in PMN-PT reveals complex monoclinic phase behavior in
the MPB region (0.31 ≤ X ≤ 0.37). The proposed phase diagrams for PMN-PT are shown
in Fig. 2-1.3, 4 PMN-PT compositions below ~28%PT exhibit a rhombohedral structure
with relaxor ferroelectric behavior.1, 5, 6 Above the compositionally dependent Curie
temperature (TC) the paraelectric (centrosymmetric) cubic phase exists.
Relaxor based ferroelectrics display a broad and frequency dispersive dielectric
maxima at Tmax. Another important characteristic of relaxor ferroelectrics is that they do
not exhibit Curie-Weiss behavior above the Tmax.7, 8 Solid solutions of PMN (or other
lead-based relaxor ferroelectrics) with PbTiO3 display compositionally dependent
dielectric, piezoelectric properties (Table 2-1).5, 6 MPB compositions of PMN-PT
ceramics display dielectric, piezoelectric and electromechanical properties similar to
those as a soft lead zirconate titanate (PZT-5H).9 MPB compositions of PZT and lead
lanthanum zirconium titanate (PLZT) are the current industry standard for transducer
applications.9-12
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(a)

(b)
Figure 2-1: The proposed phase diagrams of the PMN-PT system (a) after Noheda, et al.
where X represents mole fraction PbTiO3; C is the paraelectric cubic phase, R is the
ferroelectric rhombohedral phase, T is the ferroelectric tetragonal phase, and MC is the
complex ferroelectric monoclinic phase3 and (b) after Zhao et al. showing the
compositionally dependent rhombohedral to tetragonal transition temperature (TRT)
between the rhombohedral (pseudo-cubic) and tetragonal phases.4
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Table 2-1: Dielectric, piezoelectric and electromechanical properties of (1-x)PMN-xPT
ceramics (a) from Choi et al.5 and (b) from Kelly et al.6 ( 1 kHz, room temperature)

(a)

(b)

2.1.1 Single Crystal PMN-PT Properties
Relaxor-based ferroelectric single crystals display significantly higher strains than
ceramics. 13-15 The strain as a function of the electric field is shown in Fig. 2-2 for a
Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) single crystal, a PMN-PT single crystal, a PMN-PT
ceramic, a “soft” PZT (PZT-5H), and a “hard” PZT (PZT-8). Single crystal PMN-PT
shows higher strain than soft PZT and less hysteresis than hard PZT, making the single
crystal ideal for actuator and transducer type applications.14, 15 These enhanced strains
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have been attributed to a rotation of the polarization vector from the <111> toward the
[001] with field.14 These rhombohedrally distorted crystals have four equivalent <111>
directions 54.7º from the poling direction. These four equivalent domains have the same
energy state and hence, low driving force for domain wall movement, resulting in a stable
domain state.14-16 The stable domain configuration leads to low piezoelectric hysteresis
and ultrahigh strain. The exploitation of single crystal orientation to produce a stable
domain configuration is termed “domain engineering”.17

Figure 2-2: Strain-field behavior for [001] oriented PZN-PT and PMN-PT single crystals
and PZT and PMN-PT ceramics (Park and Shrout).14
Single crystals of MPB composition PMN-PT, when cut, oriented and measured
in the [001] direction, demonstrate a high saturation strain value, a high piezoelectric
coefficient (d33 > 1500 pC/N) and a high longitudinal electromechanical coupling
coefficient (k33 >0.90).14, 15, 18 At high fields (~135 kV/cm), single crystal PMN-24PT
reached strains as high as 0.8%.2
Currently, the Bridgman method is used to produce single crystal PMN-PT of
appropriate size for actuator and transducer applications. The largest crystals produced to
date are on the order of 76 mm in diameter and 150 mm in length.18-20 Bridgman grown
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PMN-PT crystals are chemically heterogeneous in Ti+4 concentration along the length of
the boule.21 This is particularly problematic for MPB crystals because the piezoelectric
properties are sensitive to composition. As a result, the chemical heterogeneity renders a
large fraction of the Bridgman grown single crystals unusable. However, there has been
significant progress in recent years in improvements of Bridgman crystal growth for
PMN-PT.
Millimeter-size PMN-35PT single crystals of PMN-PT have also been produced
by solid state conversion (SSC) or seeded polycrystalline conversion (SPC) and are now
available commercially.22-29 In SSC, a single crystal seed (BaTiO3, SrTiO3, or PMN-PT)
is bonded to a dense polycrystalline matrix and annealed to promote epitaxial growth of
an oriented single crystal.
The key properties of single crystal PMN-PT (flux grown) compared to ceramic
PMN-PT and PZT were compiled in 2004 and are shown in Table 2-2.30 An up to date
comparison of the electromechanical properties of commercially available single crystals
and ceramics is shown in Table 2-3. The rhombohedral to tetragonal transition
temperature (TRT) is also reported for the single crystals because it is this transition
temperature that dictates the usable temperature range in these materials. The TRT is
higher for rhombohedral compositions than MPB compositions in PMN-PT (see in
Fig. 2-1).

Table 2-2: Electromechanical properties of perovskite MPB piezoelectric materials. Dielectric properties are for room
temperature and 1 kHz poled samples (Messing et al.).30
Dielectric
Constant
(1KHz)

TC

Κ

d33

d31

33

160

5000

690

-210

16

PZT 5H31, 32
(Navy VI - Soft PZT)

~48

193

3500

590

-270

PZT -831
(Navy III - Hard PZT)

~48

300

1000

220

(Na,Bi)TiO3-PT33
(NBT-PT)

12

307

410

Pb(Zr0.52Ti0.48)O310, 34
(Undoped PZT)

48

360

Pb(Zn1/3Nb1/3)O315
(PZN-PT single crystal)

8

Pb(Mg1/3Nb2/3)O3-PT15
(PMN-PT single crystal)

Material

Piezoelectric
Strain Constant
(10-12 C/N)

Piezoelectric
Voltage
Constant
(10-3 Vm/N)
g33
g31

Curie
Point
(˚C)

Composition
(x=mol% PT)

Electromechanical
Coupling
Coefficient

Mechanical
Quality
Factor

k33

k31

QM

-4.7

0.73

0.40

75

20

-9.1

0.75

0.39

65

-37

25

-4.2

0.70

0.30

1000

110

-35

39

-13

0.56

0.20

220

800

220

-93

35

-14

0.67

0.31

-

165

4200

2070

-

-

-

0.938

-

-

30

150

2890

730

-

-

-

0.808

-

-

Pb(Mg1/3Nb2/3)O3-PT15
(PMN-PT single crystal)

35

160

3100

1240

-

-

-

0.923

-

-

Pb(Mg1/3Nb2/3)O3-PT22
(PMN-PT single crystal by SPC)

35

167

1950

2000

-

-

-

-

-

-

Perovskite based MPB Materials
Pb(Mg1/3Nb2/3)O3-PT5
(PMN-PT)

Table 2-3: Dielectric, piezoelectric, and electromechanical properties of commercially available [001] relaxor-PT single
crystals compared to commercially available ceramics. Dielectric properties are for room temperature,1 kHz poled samples.
Material

Composition
(x = mol%
PbTiO3)

Transition
Temperature
(˚C)

Dielectric
Constant
(1KHz)

Dielectric
Loss
(1 KHz)

Piezoelectric
strain constant
(10-12 C/N)

Electromechanical
Coupling
Coefficient

Mechanical
Quality
Factor

TRT

TC

Κ

Tan δ

d33

d31

k33

k31

QM

Single Crystals
Pb(Mg1/3Nb2/3)O3-PbTiO335
(Bridgman)

28

95

145

4000 5500

< 0.01

1200 1700

-

0.88

-

-

Pb(Mg1/3Nb2/3)O3-PbTiO335
(Bridgman)

30

85

152

5500 7500

< 0.01

1700 2200

-1000

0.90

-0.51

-

Pb(Mg1/3Nb2/3)O3-PbTiO336
(Bridgman)

28

85 100

125 140

4500 6000

< 0.01

1200 2000

-370

0.86 –
0.90

-0.42

65

Pb(Mg1/3Nb2/3)O3-PbTiO337
(Bridgman)

~27 - 30

90

-

4500 5500

< 0.005

1400 2000

-

0.87 –
0.90

-

-

Pb(Mg1/3Nb2/3)O3-PbTiO329
(SSC)

30

90

130

5000

< 0.01

1400

-

0.90

-

-

-

115

200

5000

< 0.01

1750

-

0.92

-

-

PMN-PT (TRS HK1-HD)35

-

-

150

6000

0.017

750

-360

0.74

-0.39

56

Soft PZT (PZT5K1)36

-

-

160

6200

0.02

870

-370

0.75

-0.40

55

Relaxor-PZT, (CPSC20-115)29
(SSC)
Ceramics

2.2 Textured Ferroelectric Ceramics by Templated Grain Growth
Crystallographically textured ceramics display an increased piezeoelectric
response due to the increased poling efficiency by more efficient alignment of the polar
vectors in low symmetry systems. In high symmetry systems, templated grain growth
permits piezoelectric anisotropy to be exploited, including the development of high
piezoelectric coefficients by domain engineering.38 The templated grain growth (TGG)
process allows for the development of crystallographic texture in polycrystalline ceramics
by preferred grain growth of aligned template particles in a ceramic matrix. The growth
process is driven by the difference in the surface free energy between the matrix grains
and the larger, template crystal during heat treatment. The TGG process has been applied
to growth of a single oriented template crystal in a fine grain size matrix (SSC or SPC) or
the growth of many oriented template crystals in a fine grain size matrix to produce a
textured ceramic. This process can either be homoepitaxial, where the template crystal(s)
and matrix have the same composition and crystal structure, or heteroepitaxial, where the
template has a different composition but similar crystal structure as the matrix grains.30
Shear forming techniques such as tape casting or extrusion are used to orient the
template particles. A high temperature anneal is used to promote growth of template
grains on the aligned templates. Fig. 2-3 shows the alignment of anisometric template
particles during tape casting and the growth of templated grains in the matrix during high
temperature anneal.
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Figure 2-3: Schematic of the TGG process: template alignment by tape casting and
texture formation during high temperature anneal (Sabolsky).39
A comprehensive review of recent textured piezoelectric ceramics given by in
Table 2-4.30 This summary outlines the piezoelectric properties of recent textured
ceramics and the texture achieved for each case. For most of these compositions, the
texture achieved is given by the Lotgering degree, or a comparison of relative x-ray
diffraction analysis peak heights.40 The textured ceramics all displayed an increase in the
piezoelectric coefficient relative to the random ceramic (when textured in the polarization
direction). In general, when textured in the polarization direction, texturing always leads
to increase in piezoelectric response over the random ceramic case.
Most of the materials in Table 2-4 possess a low symmetry crystal structure. In
these textured ceramics, anisometric grains are readily formed and the ceramics display
anisotropic grain growth. Therefore, orientation of the grains during processing is easier
and texture is readily developed from anisotropic grain growth during the high
temperature anneal. In general, textured perovskite ceramics (a high symmetry structure)
have shown less of an enhancement in the piezoelectric response over the random
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ceramic. This is thought to be due to the greater number of directions for spontaneous
polarization in perovskites.
Even though texturing increases the piezoelectric response, this response is more
hysteretic than single crystal response in many textured ferroelectrics. It has been
proposed that hysteresis is caused by changes in the domain stability from the template
particles, clamping of the response from residual template particles, porosity, grain
boundaries, misoriented grains, and lateral clamping from in-plane misorientation of
textured grains. However, it has been proposed that a higher quality texture (narrow
orientation distribution) would further improve the piezoelectric properties and reduce
hysteresis.30
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Table 2-4: Comparison of the piezoelectric coefficients of recent textured ceramics to
random ceramic or single crystal compositions (Messing et al.).30
Texture
(%)
Bismuth Layer Structure Compounds
Bi4Ti3O12
> 98%
Bi4Ti3O12
> 95%

d33 = 26-30 pC/N
d33 = 10 pC/N

Bi4Ti2.92Nb0.08O12

94%

d33 = 43.1 pC/N

Bi3NbTiO9

-

d33 = 15 pC/N

PbBi2Nb2O9

77%

kt = 36%

Sr0.3Bi3.7Ti2.7Ta0.3O12

94%

d33 = 49.5 pC/N

Composition

CaBi4Ti4O15
Na0.475Ca0.05Bi4.475Ti4O15

83 100%
86 93%

Piezoelectric
Coefficient

d33 = 45 pC/N
d33 = 44 pC/N

SrBi4Ti4O15

95%

kt = 22%

Pb0.9(NaCe)0.05Bi4Ti4O15

> 95%

d33 = 27.7 pC/N

Bi2VO5.5 (Sintered with KCl)
Tungsten Bronze Family

75%

d33 = 53 pC/N

(Pb,K)0.4Ba0.6Nb2O6

> 50%

d33 = 120 pC/N

PbNb2O6

d33 = 145 pC/N

PbNb2O6

46%

d33 = 80 pC/N

Sr0.53Ba0.47Nb2O6

~9098%

d33 = 78 - 84 pC/N

Degree of
Enhancement

Reference

67-77% of single crystal
26% of single crystal
1.9 times higher than
polycrystal
2 times higher than
polycrystal
2.1 times higher than
polycrystal
3.4 times higher than
polycrystal
3.0 times higher than
polycrystal
3.4 times higher than
polycrystal
2 times higher than
polycrystal
2.4 times higher than
polycrystal

41, 42

~1.4 times higher than
polycrystal
~1.8 times higher than
polycrystal
1.2 time higher than
polycrystal
~2-3 times higher than
polycrystal,
76-93% of single crystal

51

43
44
45
46
44
47
47
48
49
50

52
53
54, 55

Miscellaneous
k33 = 35%
d33 ~ 300 pC/N
(Strongly temperature
dependent)

23% of single crystal
value

~90%

d31 = -63 pC/N

1.6 times higher than
polycrystal

58

Na0.5Bi0.5TiO3 – BaTiO3

~90%

d33 = 200 pC/N (Low
field)
d33 = 520 pC/N (High
field)

1.4 – 1.8 times higher
than polycrystal

30

BaTiO3

~27%

d33 = 270 pC/N

59

0.675Pb(Mg1/3Nb2/3)O3 –
0.325PbTiO3

90%

d33 (high field) =
1600 pC/N

1.7 times higher than
polycrystal
1.7 – 2.1 times higher
than polycrystal

SbSI

56, 57

<001> Oriented Perovskites
Bi0.5(Na0.85K0.15)0.5TiO3

60, 61
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2.2.1 Textured PMN-PT Bulk Ceramic Properties
Sabolsky et al. first demonstrated highly textured PMN-32.5PT by using BaTiO3
single crystal templates to fiber-texture PMN-32.5PT in 2000.60 Textured samples with
0.82 Lotgering factor displayed 0.32 % strain at 45 kV/cm and a unipolar (<10 kV/cm)
piezoelectric coefficient (d33) of 1200 pC/N to 1400 pC/N. Although Sabolsky et al.
showed enhanced piezoelectric, electromechanical coupling and compliance coefficients,
texturing PMN-32.5PT ceramics with large (75 µm to 150 µm in edge length) BaTiO3
templates resulted in extremely coarse microstructures (textured grain size > 150 µm in
the <001> direction) and thus too low strength for most actuator and transducer
applications.60-62
A systematic study of potential template particles for the TGG process in PMNPT system was also studied by Sabolsky. In his work, Bi4Ti3O12, Sr3Ti2O7, KSr2Nb5O15,
Sr2Nb2O7, PbTiO3, SrTiO3, BaTiO3 were all studied as potential templates for the TGG
process. Of these, only BaTiO3 was shown to be stable in the PMN-35PT matrix (with
excess PbO to increase the texture kinetics).39 Kimura et al. also studied Ba6Ti17O40 as a
potential template for the PMN-PT system but with limited success.63
In addition, the kinetics of the TGG process was studied extensively by Sabolsky
et al.64 Crystal growth was highest in the <111> and slowest in the <001> during
heteroepitaxial single crystal growth of PMN-35PT on BaTiO3 single crystals of <111>
and <001> orientation, respectively. The amount of growth of the crystal layer was
proposed to be limited by a decrease in driving force from coarsening of matrix grains.64
Kwon et al. showed enhanced piezoelectric properties for a highly dense,
relatively fine grain size textured PMN-32.5PT. Fiber-texture was produced by using
SrTiO3 platelets (5 – 15 µm thickness, aspect ratio > 5). The templates were fabricated
using a two step molten salt synthesis.65, 66 A low temperature nucleation step (at 740ºC)
before a higher temperature anneal (at 1150ºC) was discussed as being key to the stability
of the SrTiO3 template in the presence of excess PbO. Kwon et al. reported a Lotgering
factor ≈ 0.70 in this textured PMN-32.5PT. Fig. 2-4 shows the microstructure of SrTiO3
textured PMN-32.5PT ceramic. The large ~30 µm textured grains are surrounded by
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smaller (unoriented) matrix grains. The dark regions in the center of the textured grains
are the residual template particles.67

Figure 2-4: Scanning electron microscopy image of a polished and etched textured
PMN-32.5PT microstructure (surface perpendicular to <001>) sintered at 1150ºC for 50 h
(Kwon et al.).67
These materials had high strain (>0.30 % at 50 kV/cm), high d33 coefficients
(>1600 pC/N at <5 kV/cm), and a textured grain size of 30 µm (in the <001> direction).67
The strain response under unipolar drive as a function of electric field is shown for
SrTiO3 and BaTiO3 textured PMN-32.5PT in Fig. 2-5.30 From this figure, the
improvement over the random ceramic (lowest curve) in strain response is clear. As a
reference, single crystal PZN-PT and PMN-PT (although shown for lower drive field)
strain response is also shown. The hysteresis in the piezoelectric response of SrTiO3
textured PMN-32.5PT ceramics was significant, measured at 0.035% maximum opening
in the strain-field curve under 10 kV/cm unipolar drive.67
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Figure 2-5: High field strain response comparison of textured PMN-32.5PT ceramics
under unipolar drive (Messing et al.).30
Kwon et al. showed that the SrTiO3 templates partially diffused into the textured
PMN-32.5PT. This caused a decrease in the Curie temperature, TC, shown in Fig. 2-6.67
The use of excess PbO during processing was shown to further decrease the maximum of
the dielectric constant (Kmax) possibly due to excess PbO located on the grain boundaries.
The decrease in the TC was approximately 10ºC per 1 vol% SrTiO3, which agreed with
previous work by Ko et al. on the dielectric properties of Sr-modified PMN-PT
ceramics.68
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Figure 2-6: Dielectric constant as function of temperature for SrTiO3 textured
PMN-32.5PT showing decrease in TC with addition of SrTiO3 where % ST = vol% SrTiO3
(Kwon et al.).67
Pham Thi et al. aligned cubic shaped (l = 50 µm) flux grown single crystals of
PMN-25PT by tape casting to produce homoepitaxial fiber-textured PMN-35PT
(anisotropic in the <001> direction). Textured PMN-PT displayed a high Lotgering
factor of 0.90 and a full width at half maximum (FWHM) of x-ray diffraction (XRD)
rocking curve of (002) of 6°.69, 70 Small signal (1 V) resonance measurements on thin
disk samples showed a slightly higher planar coupling of textured PMN-35PT (kp = 0.66)
compared to ceramic PMN-35PT (kp = 0.61, from Table 2-1). Due to the relatively large
template particles and low template volume used (< 5 vol%), the grain size of the
textured ceramics was greater than 150 µm.69-72 Drawbacks of this homoepitaxial
approach are the limited availability of template particles and the large grain size of the
final textured ceramic (due to the large template size).
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Chapter 3
Textured PMN-28PT: Materials Development

3.1 Introduction
Single crystals of lead magnesium niobate-lead titanate, (1-x)Pb(Mg1/3Nb2/3)O3 xPbTiO3 (PMN-PT) with compositions near the morphotropic phase boundary, when cut,
oriented and measured in the [001] direction, demonstrate a high saturation strain value, a
high piezoelectric coefficient (d33 > 1500 pC/N) and a high longitudinal
electromechanical coupling coefficient (k33>0.90).1-3 Single crystal PMN-PT shows
higher strain than soft lead zirconate titanate (PZT) and less hysteresis than hard PZT,
making the single crystal ideal for actuator and transducer type applications.3 Currently,
the Bridgman method is used to produce single crystal PMN-PT of appropriate size for
actuator and transducer applications. The largest crystals produced to date are on the
order of 76 mm in diameter and 150 mm in length.1, 4 Bridgman grown PMN-PT crystals
are chemically heterogeneous in Ti+4 concentration along the length of the boule.5
Because of the sensitivity of the piezoelectric properties to composition, the chemical
heterogeneity renders a large fraction of the Bridgman grown single crystals unusable.
While Bridgman PMN-PT single crystals are limited by production cost, size and
compositional uniformity, textured ceramics can be processed by tape casting; a common
cost-effective commercial technique that has high yield. Textured PMN-32.5PT obtained
by the templated grain growth (TGG) process has been shown to possess a significant
fraction of the piezoelectric properties of Bridgman grown single crystals.6-11 The TGG
process allows for the development of crystallographic texture in polycrystalline ceramics
by grain growth of aligned template particles. The growth process is driven by the
difference in the surface free energy between the matrix grains and the larger, template
crystal during heat treatment. The TGG process has been applied to growth of a single
oriented template crystal in a fine grain size matrix (also known as solid state conversion,
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SSC) or the growth of many oriented template crystals in a fine grain size matrix to
produce a textured ceramic. This process can either be homoepitaxial, where the template
crystal(s) and matrix have the same composition and crystal structure, or heteroepitaxial,
where the template has a different composition but similar crystal structure as the matrix
grains. 11
Pham Thi et al. used cubic shaped (l = 50 µm) flux grown single crystals of PMN25PT as templates to produce homoepitaxial fiber-textured PMN-PT (anisotropic in the
[001] direction). Textured PMN-PT displayed a high Lotgering factor of 0.90 and a full
width at half maximum (FWHM) of x-ray diffraction (XRD) rocking curve of (002) of
6°.12, 13 Small signal (1 V) resonance measurements on thin disk samples showed a
slightly higher planar coupling of textured PMN-PT (kp = 0.66) compared to ceramic
PMN-PT (kp = 0.61). Due to the relatively large template particles and low template
volume used (< 5 vol%), the grain size of the textured ceramics was > 150 µm.14, 15
Sabolsky et al. used BaTiO3 templates to produce fiber textured PMN-32.5PT.
Textured samples with 0.82 Lotgering factor displayed 0.32 % strain at 45 kV/cm and a
unipolar (<10 kV/cm) piezoelectric coefficient (d33) of 1200 pC/N to 1400 pC/N.
Although Sabolsky et al. showed enhanced piezoelectric, electromechanical coupling and
compliance coefficients, texturing PMN-32.5PT ceramics with large (75 µm to 150 µm in
edge length) BaTiO3 templates resulted in extremely coarse microstructures (textured
grain size > 150 µm in the [001] direction) and thus too low strength for most actuator
and transducer applications.6, 7, 9
Kwon et al. results also showed enhanced piezoelectric properties for PMN32.5PT in which fiber texture had been produced using SrTiO3 platelets (5 – 15 µm
thickness, aspect ratio > 5). Kwon et al. reported a Lotgering factor ≈ 0.70 in high
density PMN-PT. These materials had high strain (>0.30 % at 50 kV/cm), high d33
coefficients (>1600 pC/N at <5 kV/cm), and a textured grain size of 30 µm (in the <001>
direction).10
To date, only Lotgering analysis has been routinely used to characterize texture in
fiber-oriented PMN-PT. The Lotgering method is a comparison of relative X-ray peak
intensities of the (00l) reflections to all of the observed reflections in the spectrum, where
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random orientation is 0 and full texture is 1.6-10, 16-18 The Lotgering factor can be easily
measured and it is a useful quality factor that allows for the evaluation of texture
development in a series of structurally similar materials. However, the Lotgering method
yields no quantitative information about the degree of misorientation of grains or texture
volume fraction.
The Lotgering method is insufficient for the comprehensive characterization of
texture needed for materials incorporated into devices. Furthermore, there is a recent
report that the texture factor obtained by the Lotgering method is dependent on the
number of reflections used in the calculation and this can be misleading.19 For these
reasons, textured materials in this work were also characterized by the fraction of
oriented material and by the degree of orientation which were determined by a fit of the
intensity data from corrected XRD rocking curves to the March-Dollase equation (a
texture model that quantifies orientation data).20
The objective of this work was to develop a higher quality textured PMN-PT.
This was achieved by using highly anisotropic (aspect ratio >10) SrTiO3 template crystals
to template growth in a fine, calcined PMN-PT matrix. This investigation concentrated
on development of texture during various stages of thermal processing and
characterization of the highly textured ceramic with XRD rocking curves to quantify the
orientation distribution.

3.2 Experimental Procedures
A precursor mixture of 0.72Pb(Mg1/3Nb2/3)O3-0.28PbTiO3 (PMN-28PT) was
prepared using (PbCO3)2Pb(OH)2 (mean particle size of 3.01 µm; Aldrich Chemical Co.,
Milwaukee, WI), MgNb2O6 (mean particle size of 1.91 µm, H.C. Starck, Inc., New
York), and fumed TiO2 (mean particle size of 20 nm, Degussa Hüls, Frankfurt,
Germany). The mean particle sizes of precursors were measured by laser light scattering
(Malvern Mastersizer S, Worcestershire, United Kingdom) and by Field Emission
Scanning Electron Microscopy (FE-SEM) (JEOL 6700F, Peabody, MA).
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The precursor powders were ball milled for up to 5 d with high purity ZrO2
milling media (3 mm diameter). After milling, the mean particle size was measured by
laser light scattering. The slurries were dried on a hot plate while stirring and then sieved
to <90 µm (170 mesh). Fine precursor powder (mean particle size 0.60 µm) was calcined
in a crucible for 1 h at 700°C to form the perovskite phase. The calcined powder was
sieved to <90 µm (170 mesh).
For perovskite phase formation, in-situ XRD (Co Kα radiation) on the uncalcined
PMN-28PT precursor was collected with a 10° 2θ position sensitive detector from 15 to
80° 2θ, 0.02° 2θ step size and 0.1 s count time (high temperature diffractometer at the XRay Diffraction and Scattering Laboratory, Alfred University, Alfred, NY). Co Kα
radiation (λ = 0.179 nm) has a longer wavelength than Cu Kα radiation (λ = 0.154 nm),
hence making it easier to resolve peaks that are close in 2θ position. The precursor was
dispersed in ethanol and dried to ~100 µm thickness on a sapphire substrate. The heating
rate was fixed at 1°C/sec and XRD data was collected from 20-800°C. XRD scans were
taken in 50°C increments from 100-300°C and in 25°C increments from 300-800°C.
For PMN-28PT matrix analysis, compacts were prepared by uniaxial pressing of
~1.5 g of fine calcined matrix powder in a 12.7 mm diameter die at 10 MPa followed by
cold isostatic press (CIP) at 200 MPa for 1 min (green sample diameter = 9.65 mm,
height = 4.65 mm, green density = 57% theoretical density (TD)). Samples were
wrapped in platinum foil, embedded in stoichiometric PMN-28PT powder and sintered at
15°C/min to 1150°C for 1 h in flowing O2 (0.2 L/min).
For tape casting, the fine calcined PMN-28PT precursor was ball milled with
toluene, an organic binder (Ferro 73210, Vista, CA) and modifier (Ferro 1111) for 1 d. 5
percent by volume fraction tabular SrTiO3 single crystals (NexTech Materials, Ltd.,
Lewis Center, OH) with a high aspect ratio (thickness, t = 2 µm to 5 µm and diameter, d
= 20 µm to 40 µm) were added to the slurry by mixing with a magnetic stir bar. The
SrTiO3 templates, with <001> in the thickness direction, were synthesized by a two-step
molten salt process using a KCl flux.21, 22 Tapes were cast at up to 200 µm doctor blade
height and a speed of 60 cm/min to orient the templates in the PMN-PT matrix with the
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template <001> perpendicular to the surface of the tape cast sheet. The roughness and
thickness of individual dried tape layers were measured using surface profilometry
(Alpha Step, KLA-Tencor, San Jose, CA) at a speed of 100 µm/s over a distance of
3.5 mm of tape at 100 Hz measuring frequency and 1 mg force. Surface profilometry
software (TrueSurf v. 2.36, True Gage, Huntington, PA) was used to analyze the profiles.
Tapes were cut, stacked to 60-70 layers and laminated at 70°C and 200 MPa for
1 h to make a 2.5 mm thick, 25 x 25 mm square laminate. These samples were heated to
600°C for 1 h in flowing air to remove the organic binder followed by CIP at 200 MPa
for 1 min. The green density of the tapes was ~54% TD. Tape cast samples were
wrapped in platinum foil and embedded in a 0 – 5.0 mol% excess PbO calcined PMN28PT coarse powder (aggregate size 50 µm to 100 µm) in a covered crucible for
sintering. Samples were heated in flowing O2 (0.2 L/min) at 15 °C/min to 1150 °C for 015 h. Weight loss was monitored and only samples that had less than 0.5 wt% loss after
sintering were measured.
For polished samples (> 92% TD), cross-sections of the samples were polished to
<1 µm and thermally etched in air at 100°C below the sintering temperature for 30
minutes. Grain sizes were measured for these samples using the line-intercept method
and multiplied by 1.56 to obtain the grain size.23 For grain size measurements on fracture
surfaces, the surfaces displayed intergranular fracture so no multiplication factor was
necessary. The densities of the sintered samples were measured by Archimedes method.
The theoretical densities used for the density calculations were 8.1 g/cm3 for PMN-28PT
samples and 7.9 g/cm3 for PMN-28PT with 5 vol% SrTiO3 template particles. Scanning
electron microscopy (SEM) (Philips XL20, Philips Electronic Instruments Co., Mahwah,
NJ) and/or energy dispersive spectroscopy (EDS) (Oxford Inca 200 EDS, Concord, MA;
FEI Quanta 200, Hillsboro, OR) were used to analyze the microstructures of sintered
ceramics, templates, precursors and/or calcined PMN-PT powders.
SrTiO3 template crystals were additionally characterized quantitatively for Sr+2
and Ti+4 concentrations with inductively coupled plasma- atomic emission spectrometry
(ICP-AES) (Leeman Labs PS3000UV, Hudson, NH). Approximately 0.1 g of templates
were dissolved using a lithium metaborate fusion technique for ICP-AES analysis.
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Textured samples for XRD Lotgering analysis and XRD rocking curve analysis
were cut perpendicular to the <001> texture axis. All random and textured samples were
ground, polished to < 6 µm, and annealed at 200°C for 30 min. Additionally, all XRD
data collected from textured samples were on the surface from a cut half way through the
thickness (not the sample’s surface). XRD rocking curves measurements were
performed using the (002) Bragg peak (2θ = 44.87°) of textured PMN-28PT using a
standard X-ray diffractometer with Cu Kα radiation (Scintag, Inc., PAD V, Cupertino,
CA). The range of specimen tilt, ω, was –20° to +20°, the step size was 0.25°, and the
count time was 10 s. Rocking curve data were corrected, using the TexturePlus software
program24, to eliminate background, defocus and absorption effects, and then fitted with
the March-Dollase equation. The data collection consisted of a relatively low noise scan
over the Bragg peak from the textured planes (e.g. (002), typical time about 10 min)
followed by a theta scan with the detector set at the center of the Bragg peak, with a
typical duration of 30 to 60 min. The software analysis with TexturePlus and fitting with
the March-Dollase equation was done with a commercial package in a few minutes. For
Lotgering analysis, XRD scans were performed using the same diffractometer with 2θ
range from 20° to 50°, step size of 0.02° and a count time of 0.5 s.
Some samples were also analyzed with the same diffractometer for structural
changes with 2θ range from 20° to 110°, step size of 0.02° and a count time of 5 s.
Profile fitting of data sets was performed using Jade 7.1+ software (Materials Data, Inc.,
Livermore, CA). All patterns were fit in an identical manner using the same peak profile
function to reduce fitting errors. Residual errors (R values) for profile refinements were
less than 10% for all profiles. Profile fitting was repeated five times.
To estimate the <001> texture, the Lotgering analysiswas used:25

f L ( 00l ) =
P( 00l ) =

P( 00l ) − P0
1 − P0

∑I

( 00 l )

I ( hkl )

Eq. 3.1

P0 =

∑I

0 ( 00 l )

I 0 ( hkl )

Eq. 3.2
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where ∑I(00l) is the summation of the XRD peak intensities of all the (00l) peaks (i.e.
(001), (002), …) in the textured PMN-28PT sample pattern. ∑I(hkl) is the summation of
the peak intensities of all (hkl) peaks which appear in the XRD pattern. ∑I0(00l) and ∑I0(hkl)
are summations of the XRD peak intensities for a randomly oriented sample. The fL
factor was calculated for a 2θ scan between 20-70°. The calculated fL describes the
texture defined by the surface which was characterized by XRD.
The March-Dollase function, Eq. 3.3, was used to quantify the orientation
distribution function from the XRD rocking curve intensity data.26 F(f, r, ω), the fiber
texture function in multiples of random distribution (MRD), is given by:

sin 2 ω 

F ( f , r , ω ) = f  r 2 cos 2 ω +
r



−

3
2

+ (1 − f )

where ω is the angle between the texture axis (sample normal) and the scattering vector, f
is the volume fraction of oriented material, r is the degree of orientation of the oriented
material and (1-f) is the volume fraction of unoriented material with r = 1. The r
parameter characterizes the width of the texture (orientation) distribution. For a random
sample, r = 1 and for a perfectly textured sample of tabular grains r = 0.

3.3 Results and Discussion

3.3.1 PMN-28PT Matrix Analysis

The primary purpose for milling the PMN-PT precursors for 5 d was to reduce the
particle size of the (PbCO3)2Pb(OH)2 powder, the coarsest of the precursors. Fig. 3-1
shows the development of the perovskite phase using in-situ XRD from the milled and
dried fine precursors (average particle size = 0.60 µm). By 625°C, perovskite was the
major phased formed during the calcination as seen from the high intensity of the
perovskite peak. This is similar to the results reported by Kwon et al. for calcination of

Eq. 3.3
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PMN-35PT precursors, where perovskite formed at 650°C for a 0.93 µm powder.27 In
this study the XRD patterns were taken in-situ and the heating rate was ~4x faster. In
addition, there was pyrochlore still present at 800°C. This could be an effect of loss of
PbO at the surface, since this study was performed on a thick-film sample, not on a
consolidated compact or bulk powder as in the Kwon et al. study. Furthermore,
consolidation of the precursor by pressing was shown by Kwon et al. to enhance the
transformation kinetics.27 Overall, the fine precursor prepared by simple ceramic
processing showed almost complete perovskite transformation at lower calcination
temperatures than reported by PMN-PT synthesized by other techniques, such as sol-gel
precursors.28 However, recently high energy milling of precursors (Nb2O5, MgO and
PbO) for 60 h has been used to produce 99 wt% perovskite PMN without any thermal
treatment.29, 30 This technique has also been applied to fabricate perovskite PMN-PT,
however hot pressing was used to achieve high density (> 99% TD) ceramics from these
precursors.29-31

Figure 3-1: In-situ XRD peak intensity versus temperature during calcination of fine
(d50 = 0.60 µm) PMN-28PT precursors.
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Fig. 3-2 shows the translucent, dense (ρ > 99% TD) sintered PMN-28PT compact
and the XRD pattern of the compact showing intense perovskite peaks, with no other
phases present (within XRD detection limits). Fig. 3-3 shows the polished and etched
microstructure of the PMN-28PT ceramic. The grain size of sintered ceramic PMN-28PT
was 3.4 µm. The pore-free microstructures are similar to those obtained by Kwon et al.
for sintering of PMN-35PT in O2. Sintering in oxygen has been previously reported to be
a key step in obtaining fully dense PMN-35PT, PZT and PLZT ceramics.27, 32, 33
Sintering in air, of which nitrogen is the major component, can result in pores at the grain
boundaries due to the slower diffusing nitrogen (compared to the faster diffusing
oxygen). During sintering, when pores are filled with a gas, such as oxygen, which
diffuses out at a relatively faster rate, full density can be more readily obtained. 27, 34, 35

Figure 3-2: Optical image and XRD scan of fully dense, translucent ceramic PMN-28PT
sintered at 1150°C, 1 h.
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(a)

(b)
Figure 3-3: (a) and (b) SEM images of the microstructures from a polished and etched
surface of ceramic PMN-28PT sintered at 1150°C, 1 h.
Overall, the ceramic PMN-28 PT compacts display a fine grain size, high density,
and are phase pure perovskite. These characteristics indicate that the fine calcined
PMN-28PT processed by the described method is a suitable matrix material for the TGG
process.

3.3.2 Template Characterization and Alignment

Fig. 3-4 shows the XRD pattern of the as-received SrTiO3 template particles.
Three separate phases were determined from peaks in the XRD scan. As expected, the
SrTiO3 (PDF #35-0734) peaks were the strongest, however a significant amount of TiO2
(rutile, PDF #21-1276) was also present. Residual KCl may also be present in the asreceived template particles because the template particles displayed an additional peak at
2θ = 28.1°, the same location as the (200) KCl (also the highest intensity peak for KCl,
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PDF #41-1476). The XRD scan showed no evidence of Sr3Ti2O7 (PDF #11-0663), the
product of the first molten salt reaction. ICP-AES analysis on the template particles
resulted in a Sr+2:Ti+4 ratio of 1.0:1.5, or 17.8 wt% TiO2 in the as-received template
batches, assuming that SrTiO3 and TiO2 are the only phases present. For a 5 vol%
addition of template particles to PMN-28PT matrix, the effect of the TiO2 excess from
the templates on the matrix composition results in, at most, a compositional change to
PMN-29.6PT.

Figure 3-4: XRD pattern of as-received SrTiO3 template particles.
The as-received template particles, Fig. 3-5, were highly anisotropic with an
aspect ratio >10. The anisotropy of the template particles used in this study is greater than
those used in a previous study on textured PMN-PT by Kwon et al. which were
fabricated using a similar method (aspect ratio > 5).10 It is also evident from Fig. 3-5 that
there are some smaller template particles with edge lengths <10 µm. Smaller template
particles (that have less shape anisotropy) may not align under the doctor blade during
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tape casting but still act as a template for the TGG process, resulting in misoriented
grains in the final microstructure.

Figure 3-5: SEM image of the as-received, high aspect ratio template particles.
In a study of the XRD FWHM of the (002) rocking curve as a function of doctor
blade height for similarly sintered textured ceramics, it was determined that the optimum
height was 200 µm; no significant reduction in the FWHM of the sintered ceramic
occurred for textured ceramics prepared at doctor blade height of less than 200 µm.
Casting with a doctor blade height of 100 µm made the stacking process significantly
more complicated, as the thickness of each tape layer was <20 µm.
Fig. 3-6 (a) shows the green microstructure of one tape layer after tape casting at
200 µm. The template particle is aligned with the <001> thickness direction
perpendicular to the plane of the tape cast sheet. The templates are uniformly aligned in
the matrix of the tape layer and not segregated to the top or bottom surface of the tape
during casting. The template particles seen in the micrograph appear to be very well
aligned in Fig. 3-6 (b). The thickness of one tape layer after drying was 50.4 µm for
tapes cast at 200 µm (thickness measured from surface profilometry). The average
roughness parameter, Ra, for the tapes cast at 200 µm was 2.3 µm.
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(a)

(b)
Figure 3-6: (a) SEM image of a cross section through one tape layer of PMN-28PT with 5
vol% templates cast at 200 µm and (b) SEM backscattered electron (BSE) image of
stacked and laminated tapes cast at 200 µm of PMN-28PT with 5 vol% template
particles.

3.3.3 Textured PMN-28PT Development and Characterization

Sabolsky showed that the presence of a Pb-based intergranular liquid phase
during growth increased the TGG rate >1.5 times.36 In this study, PMN-28PT with 5
vol% template particles were sintered in flowing O2 with and without excess PbO in the
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coarse PMN-28PT embedding powder. Micrographs of fracture surfaces in Fig. 3-7 and
Fig. 3-8 show the texture evolution of PMN-28PT with 5 vol% template particles sintered
in an excess O2/PbO atmosphere. At 0 h, the templates are visible in the fine PMN-28PT
matrix. As the annealing time is increased to 5 h, the templated grains grow at the
expense of the finer matrix grains. At 5 h, matrix grains are still < 5 µm in size. After
15 h, the microstructure consists of large, templated grains with average grain size of 40
µm (Fig. 3-8 (b)), with no visible matrix grains left. The density of PMN-28PT with 5
vol% SrTiO3 template particles sintered at 15 h in O2/PbO environment was 7.8 g/cm3
(98% TD) and did not require hot pressing to achieve texture or high density. The grain
size of the highly textured PMN-28PT in this study is significantly smaller (by < 1/3 x)
than the 150 µm textured PMN-PT grains reported by Sabolsky et al. and Pham Thi et al.
Fig. 3-9 shows the polished and etched SEM micrograph of the sample sintered
at 15 h. From this figure, it is clear that there are no matrix grains (that have a random
orientation). The width of the templated grain changes depending on the orientation of
the template particles, therefore the height of the templated grains was measured (since
the templates are oriented in the <001>). The microstructure consists of large, blocky,
templated grains of ~40 µm in height in <001>. There is also no evidence from these
figures of the residual SrTiO3 template particles. There also exists large (5-10 µm)
intragranular pores in the microstructure which may affect the mechanical integrity of the
textured PMN-28PT. Smaller, ~1-3 µm intergranular pores are also evident, the presence
of which has been noted in previous studies in textured PMN-PT. The amount of PbO in
the sintering atmosphere appears to have been sufficient to increase the growth kinetics
during a reasonable annealing time (15 h) to highly texture PMN-28PT ceramic with 5
vol% template particles.
Fig. 3-10 shows the microstructure of PMN-28PT with 5 vol% templates sintered
at 1150°C for 10 h in O2 atmosphere. No growth occurred even after 10 h at 1150°C.
This can be attributed to the lack of any Pb-based liquid intergranular phase. The matrix
grains pulled away from the template crystals during densification and created voids
above and below the templates. Textured PMN-32.5PT ceramics of thin plate geometries
(t < 1 mm green) by Kwon et al. required no excess PbO in the matrix or in the sintering
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atmosphere to promote the TGG process and achieve a high Lotgering degree of fL =
0.69.10 However, samples in this study are much larger than the samples fabricated by
Kwon et al., having typical dimensions after sintering of t > 2 mm and l, w > 10 mm. In
BaTiO3 textured PMN-32.5PT by Sabolsky, 1 wt% excess PbO was used to achieve
highly textured PMN-32.5PT (fL = 0.85) ceramics without hot-pressing.36 It is suggested
that the excess PbO/O2 atmosphere was necessary for the TGG process for the
components (templates, matrix, etc.) used in this study.

(a)

(b)
Figure 3-7: SEM micrographs of the fracture surfaces parallel to <001> template
orientation of PMN-28PT with 5 vol% template particles sintered at 1150°C in O2/PbO
atmosphere for (a) 0 h and (b) 1 h showing texture development with annealing time.

46

(a)

(b)
Figure 3-8: SEM micrographs of the fracture surfaces parallel to <001> template
orientation of PMN-28PT with 5 vol% template particles sintered at 1150°C in O2/PbO
atmosphere for (a) 5 h and (b) 15 h showing texture development with annealing time.
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(a)

(b)
Figure 3-9: (a) and (b) SEM micrographs of polished and etched surfaces parallel to <001>
template orientation of PMN-28PT with 5 vol% template particles sintered at 1150°C in
O2/PbO atmosphere for 15 h.
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Figure 3-10: SEM micrograph of a fracture surface parallel to <001> template orientation of
PMN-28PT with 5 vol% template particles sintered at 1150°C in O2 atmosphere for 10 h
showing minimal texture development.
The evolution of texture characterized by XRD scans is shown in Fig. 3-11. At 0
h, the (002) SrTiO3 peak is still present. The (00l) peak enhancement with increasing
sintering time is clearly evident. Fig. 3-12 shows the corrected (002) rocking curve data
on the same textured PMN-28PT samples. The rocking curve is shown in units of
corrected intensity data (left axis) and by MRD (right axis). A summary of the Lotgering
factors, fL, (calculated from relative peak heights from XRD scans in Fig. 3-11), texture
fraction, f, orientation parameter, r, (calculated from the fit of the intensity data from the
(002) rocking curve to the March-Dollase Equation) and FWHM (calculated from the
corrected rocking curve intensity data) is given in Table 3-1.
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Figure 3-11: X-ray diffraction patterns of the surfaces perpendicular to <001> template
orientation (surfaces parallel to top surface of tape cast sheet) of textured PMN-28PT
sintered at 1150°C in O2/PbO environment for 0, 1, 5 and 15 h.
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Figure 3-12: X-ray diffraction rocking curves of the (002) on the surfaces perpendicular
to <001> template orientation (parallel to top surface of tape cast sheet) of textured
PMN-28PT sintered at 1150°C in O2/PbO environment for 0, 1, 5 and 15 h (solid line is
fit to March-Dollase equation).

Table 3-1: Summary of texture characterization parameters for textured PMN-28PT
sintered at 1150°C in O2/PbO environment.
Sintering
Time (h)

Lotgering
Factor (fL)

FWHM

Texture
Fraction (f)

Orientation
Parameter (r)

0

0.10 ± 0.07

19.5 ± 0.10°

0.15 ± 0.01

0.33 ± 0.01

1

0.52 ± 0.03

11.0 ± 0.11°

0.25 ± 0.02

0.26 ± 0.02

5

0.80 ± 0.01

9.5 ± 0.05°

0.50 ± 0.02

0.23 ± 0.02

15

0.87 ± 0.01

7.6 ± 0.05°

0.81 ± 0.01

0.21 ± 0.01

Although the XRD scans for 5 and 15 h of sintering have only a small change in
peak height (represented by fL =0.80 ± 0.01 and fL = 0.87 ± 0.01, respectively) the change
in the rocking curve intensities (Fig. 3-12) and the change in the microstructures (Fig. 38) are significant from 5 h to 15 h of sintering. Figs. 3-13 and 3-14 show the texture
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evolution by Lotgering factor with sintering time and texture fraction with sintering time,
respectively. Although Fig. 3-13 shows the texture (as measured by Lotgering factor) is
starting to saturate at 5 h of sintering, it is clear from the microstructures and from Fig. 314 that this is not the case. It is suggested that the driving force for growth is depleted

when the PbO atmosphere is depleted, and not from impingement of grown grains, which
was suggested in a previous study.10 The driving force depletion is further justified by
Fig. 3-10, where no growth occurred in the absence of any excess PbO in the sintering
environment for the same green specimens. It is also evident in Fig. 3-9 that no matrix
grains are visible in the microstructure. Because impingement did not halt the growth
kinetics in this study, growth occurred until it consumed the matrix grains. Longer
anneal times were used in this study (>10 h) to ensure the addition of excess PbO would
not adversely effect the dielectric and piezoelectric properties. Therefore, since there are
no randomly oriented matrix grains surrounding the oriented grains, the volume fraction
of texture was maximized for the processing conditions under which the samples were
prepared. The limit in the texture achieved (f = 0.81 ± 0.01) must be caused by templated
grain growth of misoriented grains.
The limit in texture fraction is most likely due to the alignment of the template
particles under the doctor blade during casting. The tapes cast at 200 µm generally have
uniform thickness and low roughness, therefore it is believed that misorientation of
templated grains in the microstructure is most likely a result of templated grain growth on
smaller, unoriented template particles and not from misorientation resulting from the
tacking and laminating step. This results in a texture fraction of less than 100 vol% from
the fit of the XRD rocking curve intensity data to the March-Dollase equation.
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Figure 3-13: Texture evolution by Lotgering factor for textured PMN-28PT sintered at
1150°C in O2/PbO environment.
The narrowing of the orientation distribution (described by FWHM and r) with
texture evolution has been documented previously and is also evident in this study.12 For
sintering at 0 h, the FWHM and r parameter can be ignored due to the low rocking curve
intensity (resulting in a relatively small volume of textured grains (f = 0.15 ± 0.01)) and
due to the SrTiO3 still present (evidenced from the XRD pattern), where the SrTiO3 (002)
may affect the rocking curve intensity data for the sample annealed at 0 h. However, the
decrease in the FWHM and r parameter from 1 h to 15 h is significant. This could be an
effect of the diminishing volume of matrix grains with sintering time in the textured
specimens. In theory, the population of textured grains should have nearly the same
orientation parameter and FWHM throughout the texture evolution, since the orientation
is not changing during texture evolution.
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Figure 3-14: Texture evolution by texture fraction and FWHM (parameters from rocking
curve analysis) for textured PMN-28PT sintered at 1150°C in O2/PbO environment.

3.3.4 Textured PMN-28PT Structure and Composition

Lattice parameters for textured and random ceramics were determined from a fit
of XRD peak data to a cubic lattice as shown in Table 3-2. The lattice parameter
increased slightly for the textured PMN-28PT samples with sintering time. The shift of
the (002) peak in the textured PMN-28PT samples sintered at 0, 1, 5 and 15 h can be seen
in Fig. 3-15 (a). This shift may be due to the diffusion of SrTiO3 into the PMN-28PT
textured ceramic sintered for < 15 h. The residual template particles were not seen in the
microstructures shown previously. In Fig. 3-15 (a), the (002) SrTiO3 peak is still present
in the 0 h textured PMN-28PT sample. After 1 h sintering, there is no evidence of the
(002) SrTiO3 peak. XRD investigation into higher order (00l) reveals a shoulder on the
(004) peaks (that is not seen on the (001), (002) and (003) peaks) for textured PMN-28PT
sintered for <15 h. This suggests that there are lattice distortions in the ceramics, and at
lower angle XRD the (h00) and (00l) are so close that they overlap to form one peak. At
higher angles, these peaks can appear as a shoulder originating from intensity data from
two separate peaks, the (400) and (004), for sintering at 1-15 h. There does not appear to
be a shoulder on the sample sintered at 0 h (however the intensity data of the (00l) peaks
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is not as high for this sample due to the low texture volume at 0 h). The lattice distortions
may be a result of the solid solution that occurs from the diffusion of Sr+2 and Ti+4 from
the SrTiO3 template particles and the diffusion of excess TiO2 in the template particles
that shifts the composition to a higher PbTiO3 fraction, closer to the morphotropic phase
boundary in the PMN-PT system.
Table 3-2: Lattice parameters determined from peak fitting of X-ray diffraction patterns
to a cubic lattice for textured and ceramic PMN-28PT sintered at 1150°C. (N = 5
refinements)
Material

Lattice Parameter
(nm)

Textured PMN-28PT, // to <001>, 15 h

0.4031 ± 0.0002

Textured PMN-28PT, // to <001>, 5 h

0.4017 ± 0.0002

Textured PMN-28PT, // to <001>, 1 h

0.4014 ± 0.0002

Textured PMN-28PT, // to <001>, 0 h

0.4015 ± 0.0004

Textured PMN-28PT, ⊥ to <001>, 15 h

0.4014 ± 0.0003

Ceramic PMN-28PT, 15 h

0.4029 ± 0.0003

Ceramic PMN-28PT, 1 h

0.4021 ± 0.0002
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(a)

(b)
Figure 3-15: X-ray diffraction scan of (a) (002) peak and (b) (004) peak of surfaces
perpendicular to <001> template orientation in textured PMN-28PT samples sintered at
1150°C for 0, 1, 5 and 15 h in O2/PbO environment.
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Fig. 3-16 (a) and (b) shows the (002) and (003) peak positions for ceramic and
highly textured PMN-28PT. The intensity of the (004) ceramic peak was too low to see
any significant change in the peak position. Ceramic PMN-28PT sintered for 15 h in the
same O2/PbO atmosphere as the textured samples displayed similar lattice parameters to
the 15 h sintered textured PMN-28PT (perpendicular to <001>) sample (0.4029 ± 0.003
nm and 0.4031 ± 0.002 nm, respectively) and both samples displayed higher lattice
parameters than the ceramic PMN-28PT sintered for 1 h in O2 environment (a = 0.4021 ±
0.002 nm). Furthermore, the peak width is significantly greater for the random ceramic
PMN-28PT sintered at 15 h in excess PbO versus the ceramic PMN-28PT sintered for 1
h. This can not solely be explained by the larger grain size in the random ceramic sintered
for 15 h. There is also a shift of the peaks to lower 2θ (increase in lattice parameter) for
sintering in excess PbO atmosphere. Interestingly, the ceramic PMN-28PT sintered for 1
h appears to have slight peak splitting on the (003), even though at this composition,
PMN-28PT is on the rhombohedral side of the morphotropic phase boundary. Fig. 3-17
shows a larger two-theta range XRD scan for the above samples.
For all of the textured PMN-28PT XRD scans in this study, peak splitting of the
lower order (00l) peaks was not observed. In previous studies of textured PMN-32.5PT,
peak splitting on the (002) peaks was observed and attributed to pushing the composition
into the tetragonal phase due to a compositional change from dissolution of BaTiO3 and
SrTiO3 templates.10, 36 Peak splitting was most likely not observed at lower order (00l)
peaks in this study because the matrix composition initially had a lower PT content (at 28
mol% PT) than in previous studies on textured PMN-32.5PT.
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(a)

(b)
Figure 3-16: X-ray diffraction scan of (a) (002) peak and (b) (003) peak of textured
PMN-28PT sintered for 15 h in O2/PbO environment, ceramic PMN-28PT sintered at
1150°C in O2/PbO for 15 h and ceramic PMN-28PT sintered at 1150°C for 1 h in O2
environment.
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Figure 3-17: Full x-ray diffraction scan of textured PMN-28PT sintered for 15 h in
O2/PbO environment, ceramic PMN-28PT sintered at 1150°C in O2/PbO for 15 h and
ceramic PMN-28PT sintered at 1150°C for 1 h in O2 environment.
The lattice parameters determined from surfaces parallel and perpendicular to the
<001> texture axis for textured PMN-28PT sintered at 15 h also differed noticeably. The
lattice parameter of the textured PMN-28PT surface perpendicular to the <001> at 15 h
was significantly greater than the lattice parameter of the textured PMN-28PT surface
parallel to the <001> at 15 h, as measured from XRD peak positions. The difference in
peak positions from scans over these surfaces for textured PMN-28PT sintered at 15 h
may be attributed to orientation effects on the measurement of peak positions. The peaks
from the scans on the surface parallel and perpendicular to the <001> template
orientation differed significantly in intensity, except for the (111) peak, which was
suppressed in intensity for both scans. This is an expected result for XRD scans on
surfaces parallel and perpendicular to <001> template orientation, since the samples are
fiber-textured in the <001> and are not oriented in the (hk0) planes. A cross-sectional cut
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into fiber-textured PMN-28PT ceramic (either perpendicular or parallel to the <001>)
does not align the (hhh) planes parallel with the surface.
Further investigation into the source of the lattice distortions is suggested,
including the use of internal/external standards to eliminate the possibility of (or account
for) instrumental error and the use of Rietveld refinement to more accurately determine
the lattice parameters. However, it is suggested that since the shift in peak position was
significant (~ 0.30° 2θ at (002)) and thus could not be accounted for in instrumental error
alone, there is significant evidence in the presented data for a structural change from the
ceramic PMN-28PT to 81 vol% textured PMN-28PT. In addition, instrumental error
could not be attributed to the peak splitting (in the ceramic PMN-28PT (003)) and peak
shoulder (in the textured PMN-28PT (004)). Furthermore, the addition of 5 vol% SrTiO3
should slightly decrease the lattice parameter to ~0.4015 nm (PMN-28PT-SrTiO3) from
~0.4020 nm (calculated using relative amounts of PMN, PT, and SrTiO3 in the
microstructure and their respective lattice parameters from PDF# 88-1868, 40-0099, and
35-0734).
The XRD data and microstructures shown in Fig. 3-7, Fig. 3-8, Fig. 3-9, and
Fig. 3-11 show no evidence of template particles after 1 h of sintering at 1150°C. In
Kwon et al.’s work, templates could be seen visibly using a backscatter electron (BSE)
detector.10 Fig. 3-18 shows the EDS spectrum collected on the polished and etched
surface parallel to the <001> template orientation direction after 15 h sintering (81 vol%
textured). The gold in the spectrum is from the conductive coating on the ceramic sample.
No other elements (including potassium, K) were detected other than the expected results
(Pb, Mg, Nb, Ti, Sr, and O).
Fig. 3-18 also shows EDS elemental maps of the surface which shows no
significant fluctuation in the concentration of Sr over the evaluated surface. This
indicates that the templates have diffused into the matrix, producing a population of
grains with a composition of lead magnesium niobate – lead titanate- strontium titanate
(PMN-PT-ST).
Residual template particles were found in SrTiO3 textured PMN-32.5PT even
after 50 h sintering in the previous study by Kwon et al.10 This most likely attributed to
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the higher aspect ratio (greater than 10), smaller thickness templates used in this study (1
to 5 µm) versus the tabular SrTiO3 templates with an aspect ratio of ~ 5 and thickness of
5 to 15 µm used by Kwon et al.10 SrTiO3 was shown previously to preferentially
dissolve into the matrix at high (1150°C) sintering temperatures in the presence of an
excess PbO environment without a low temperature annealing step.10 In this study, a low
temperature annealing step at 750°C for 5 h was used to promote nucleation and growth
of the oriented grains before the templates diffused into the matrix. Without this low
temperature annealing step, the high aspect ratio templates dissolved into the matrix
before the TGG process could begin, resulting in poorly textured samples.
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Figure 3-18: SEM micrograph with EDS elemental maps and EDS spectrum showing
elemental distribution in textured PMN-28PT (surface parallel to <001> template
orientation) sintered in O2/PbO environment for 15 h.
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3.4 Conclusions

Highly anisotropic (aspect ratio >10) SrTiO3 template crystals were aligned by
tape casting in a fine, calcined, perovskite PMN-28PT matrix. The processing conditions
used in this study produced higher quality textured PMN-28PT with a corrected XRD
rocking curve FWHM of 7.6 ± 0.05°. The textured PMN-28PT ceramic had high texture
volume (f = 0.81 ± 0.01), narrow orientation distribution (r = 0.21 ± 0.01), and high
density (7.8 g/cc, 98% TD). The development of texture during thermal processing was
investigated. The higher quality textured PMN-28PT ceramic was further characterized
by XRD, SEM and EDS.
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Chapter 4
Texture Characterization of <001> Fiber-Oriented PMN-28PT

4.1 Introduction

Textured PMN-32.5PT obtained by the templated grain growth (TGG) process
has been shown to possess a significant fraction of the piezoelectric properties of
Bridgman grown single crystals.1-6 The TGG process allows for the development of
crystallographic texture in polycrystalline ceramics by grain growth of aligned template
particles.
To date, only Lotgering analysis has been routinely used to characterize texture in
fiber-oriented PMN-PT. The Lotgering method is a comparison of relative X-ray peak
intensities of the (00l) reflections to all of the observed reflections in the spectrum, where
random orientation is 0 and full texture is 1.1-5, 7-9 The Lotgering factor can be easily
measured and it is a useful quality factor that allows for the evaluation of texture
development in a series of structurally similar materials. However, the Lotgering
method yields no quantitative information about the degree of misorientation of grains or
texture volume fraction.
There is a recent report that the texture factor given by the Lotgering method is
dependent on the number of reflections used in the calculation and this can be
misleading.10 For example, the Lotgering factor, fL, was calculated to vary between fL =
0.074 and fL = 0.732 in the same textured bismuth titanate ceramics for different
numbers of reflections used in the Lotgering calculation.10 The Lotgering method is
insufficient for the comprehensive characterization of texture needed for materials
incorporated into devices.
Other x-ray diffraction (XRD) techniques such as pole figures and rocking curves
give quantitative information about the orientation distribution in textured alumina and in
textured piezoelectric ceramics. A texture model is used to fit the orientation data. The
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March-Dollase equation determines the fraction of oriented material (f) and the degree of
orientation (r) of the material.11-13 Recently, electron backscatter diffraction (EBSD) has
also been used for texture characterization in other piezoelectric materials such as
Na0.5Bi0.5TiO3-BaTiO3 and for the analysis of PMN-35PT single crystals grown by
seeded polycrystal conversion.13, 14
The objective of this work was to fully characterize texture in fiber-oriented
PMN-28PT and compare the relative utility of these techniques for texture
characterization. The crystallographic texture orientation distribution in fiber-oriented
PMN-28PT, described in the previous chapter, was characterized by XRD Lotgering
method, rocking curves, pole figures, and EBSD. The March-Dollase equation was used
to model the orientation distribution from XRD rocking curve and EBSD data and the
texture was quantified in terms of f and r. As a result, the preferred method of quantifying
texture in fiber-oriented PMN-PT will be discussed. The characterization of a lower
texture volume (f = 0.69) fiber-oriented PMN-28PT prepared by a similar method and the
results of that study can be found in Appendix A.

4.2 Experimental Procedures

Random ceramic PMN-28PT and 81 vol% textured PMN-28PT was fabricated by
the experimental procedure described in Chapter 3. Cross-sections of the textured PMN28PT samples were polished to <1 µm and thermally etched in air at 50°C below the
sintering temperature for 30 minutes. Scanning electron microscopy (SEM) (Philips
XL20, Philips Electronic Instruments Co., Mahwah, NJ) was used to analyze the
microstructures of sintered ceramics.
Textured samples for XRD Lotgering analysis and XRD rocking curve analysis
were cut perpendicular to the <001> texture axis. All random and textured samples were
ground, polished to < 6 µm, and annealed at 200°C for 30 min. Additionally, all XRD
data collected from textured samples were on the surface from a cut half way through the
thickness (not the samples’ surface). XRD rocking curves measurements were

68
performed using the (002) Bragg peak (2θ = 44.87°) of textured PMN-28PT using a
standard X-ray diffractometer with Cu Kα radiation (Scintag, Inc., PAD V, Cupertino,
CA). The range of specimen tilt, ω, was –20° to +20°, the step size was 0.25°, and the
count time was 10 s. Rocking curve data was corrected using the TexturePlus software
program.15 This eliminates background, defocus, and absorption effects prior to the fit
with the March-Dollase equation. The data collection consisted of a relatively low noise
scan over the Bragg peak from the textured planes (e.g. (002), typical time about 10 min)
followed by a theta scan with the detector set at the center of the Bragg peak, with a
typical duration of 30 to 60 min. The software analysis with TexturePlus and fitting with
the March-Dollase equation with a commercial package was very brief (a few minutes).
For Lotgering analysis, XRD scans were performed using the same diffractometer with
2θ range from 20° to 110°, step size of 0.02°, and a count time of 0.5 s.
To estimate the <001> texture, the Lotgering analysis was used:16

f L ( 00l ) =
P( 00l ) =

P( 00l ) − P0
1 − P0

∑I

( 00 l )

I ( hkl )

Eq. 4.1

P0 =

∑I

0 ( 00 l )

I 0 ( hkl )

where ∑I(00l) is the summation of the XRD peak intensities of all the (00l) peaks (i.e.
(001), (002), …) in the textured PMN-28PT sample pattern. ∑I(hkl) is the summation of
the peak intensities of all (hkl) peaks which appear in the XRD pattern. ∑I0(00l) and ∑I0(hkl)
are summations of the XRD peak intensities for a randomly oriented sample. The
calculated fL describes the texture defined by the surface which was characterized by
XRD.
The March-Dollase function, Eq. 4.3, was used to quantify the orientation
distribution function from the XRD rocking curve intensity data.17 F(f, r, ω), the fiber
texture function in multiples of random distribution (MRD), is given by:

Eq. 4.2
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sin 2 ω 

F ( f , r , ω ) = f  r 2 cos 2 ω +
r 


−

3
2

+ (1 − f )

where ω is the angle between the texture axis (sample normal) and the scattering vector, f
is the volume fraction of oriented material, r is the degree of orientation of the oriented
material and (1-f) is the volume fraction of unoriented material with r = 1. The r
parameter characterizes the width of the texture (orientation) distribution. For a random
sample, r = 1 and for a perfectly textured sample of tabular grains r = 0.
XRD pole figures were measured using a four-circle diffractometer (Philips
Analytical, X’Pert Pro Materials Research Diffractometer, Almelo, The Netherlands)
with Cu Kα radiation. Scans were made using the 002 and 111 Bragg peaks. Pole figures
were measured at 2θ = 44.88° and 2θ = 38.79°, respectively, in increments of ∆ψ = 3°
and ∆φ = 5° in the ranges of 0°≤ ψ ≤69° and 0°≤ φ ≤360°, with a measuring time per
point of 4 s, where ψ is the tilt angle and φ is the azimuthal angle. Data were corrected
for defocus effects by dividing the textured pole figure data by the normalized intensity
of a similar scan of a randomly oriented PMN-28PT sample.
A JSM model scanning electron microscope (JEOL, Tokyo, Japan) at 20 kV was
used for EBSD measurements. Charging was minimized by manually coating the
majority of the sample surface and the surrounding area with conducting silver paint.
The EBSD hardware and software used in this work were from TexSEM Laboratories
(Provo, Utah). The electron beam scans across the sample surface to obtain the
orientation information from the spot where the beam is pointing. The software (OIM v.
2.5) analyzes the Kikuchi pattern in the digital image at every step and automatically
indexes the data to preset crystal structure and phase information (PMN-28PT phase,
m3m cubic structure, lattice parameter = 0.403 nm for textured PMN-28PT, lattice
parameter = 0.401 nm for random ceramic PMN-28PT). The 0.20 µm step size was used
for the random ceramic and 2 µm step size for the textured PMN-28PT. A 10x larger step
size (and scan area) was used for the textured PMN-28PT because the grain size was
significantly larger in the textured PMN-28PT (average grain size > 40 µm) than ceramic

Eq. 4.3
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PMN-28PT (average grain size = 3.4 µm). Over 10,000 points were collected for each of
the scans. Only scans with an average confidence index (CI > 0.2) were analyzed. A scan
with an average CI of greater than 0.1 indicates that greater than 90% of points collected
were indexed correctly. Grain orientation maps, pole figures and rocking curve data
were generated from the collected orientation data. For the EBSD rocking curve data on
textured PMN-28PT, orientation data from three separate areas of similar size from the
sample surface were collected and averaged to improve sampling statistics.

4.3 Results and Discussion

The microstructures of the fully dense textured PMN-28PT from this study of the
polished surface perpendicular to the <001> texture axis (also the surface parallel to the
top surface of the tape cast sheet) and of a fracture surface parallel to the <001> texture
axis (also the surface perpendicular to the top surface of the tape cast sheet) are shown in
Figs. 4-1 (a) and (b), respectively. The figures show large, textured grains and no
distinguishable matrix phase. This is in contrast to the 69 vol% textured PMN-28PT
presented in Appendix A, where the textured grains (25 to 50 µm) were surrounded by a
randomly oriented, finer grain matrix phase (4 to 6 µm). The size of the textured grains
in this study in the <001> is 40 µm (no multiplication factor used due to the rectangular
shape of grains, i.e., the thickness in the <001> of each grain is constant) and the grain
size in the <hk0> is 45 µm (measured by the line-intercept method because there is no inplane preferred orientation).18 Stereographic analysis was used to estimate texture
fraction in the 69 vol% textured PMN-28PT in Appendix A (Fig. A-1) but could not be
used for analysis of textured PMN-28PT in this study. This was due to the difference in
grain size distributions in textured PMN-28PT from the two studies. In the textured
PMN-28PT described in Appendix A, there was a clear difference in the textured (> 25
µm) grains and the randomly oriented matrix grains (< 6 µm). In this study, there was no
population of smaller (< 6 µm) matrix grains.
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(a)

(b)
Microstructures of fiber-textured PMN-28PT (a) scanning electron
Figure 4-1:
microscope (SEM) image of a polished and etched surface ┴ <001> texture axis (surface
parallel to top surface of the tape cast sheet) and (b) SEM image of a polished and etched
surface // <001> texture axis (surface perpendicular to top surface of the tape cast sheet)
showing “brick wall” microstructure.
Pole figures and pole density plots of the (002) and (111) planes from the four
circle diffractometer are shown in Fig. 4-2 (a)-(d). The (002) pole figure is
axisymmetric, showing that the material is fiber-textured. The Full Width at Half
Maximum (FWHM) is 12.0° for the (002) pole figure. In the (111) pole figure, the
intensity is a maximum at about 56.2 ± 1.2° from the sample normal, which is very close
the theoretical angle of 54.7° between (001) and (111). The (111) pole figure shows
there is no in-plane preferential orientation because it is possible to see the intensity for
different φ values (for ψ ≈ 56°) as the sample is rotated. The (002) pole figure from this
study has a significantly higher peak to background ratio (~100) than the 69 vol%
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textured PMN-28PT (peak to background ratio = 14) characterized in Appendix A (Fig.
A-2).

(a)

(c)

(b)

(d)

Figure 4-2: (a) XRD pole figure of the 002, (b) XRD pole density plot of the 002, (c)
XRD pole figure of the 111, and (d) XRD pole density plot of the 111 plotted on a linear
intensity scale in arbitrary units.
Fig. 4-3 shows the XRD scans of randomly oriented and fiber-oriented PMN28PT. The Lotgering factor (fL) was calculated for 2θ scans from 20 to 50°, 20 to 70°,
and 20 to 110°. The Lotgering factor of the textured PMN-28PT was calculated to be
0.85, 0.87 and 0.88, respectively, for the reflections present in the scans. There was
good agreement in the calculated fL for Lotgering analysis using 4 reflections (20-50° 2θ)
and up to 16 reflections (20 to 110° 2θ). Jones et al. reported that although the Lotgering
degree varies for the number of reflections used, this dependence decreases with stronger
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textures.10 The Lotgering factor gives no information on the orientation distribution of
texture, but it is useful for comparing similarly prepared samples. The Lotgering factor in
this study (fL = 0.85 for 20 to 50° 2θ) was significantly higher than the textured PMN28PT in Appendix A (Fig. A-3) (fL = 0.74 for 20 to 50° 2θ).

Figure 4-3: XRD θ-2θ scan of fiber-textured PMN-28PT and randomly oriented PMN28PT.
XRD rocking scan data and the fit of the average of the +ω and –ω intensity data
to the March-Dollase equation are shown in Fig. 4-4 (a) and (b), respectively. The
FWHM value is 7.6° for this textured material. Fig. 4-4 (b) shows that the fit of the
March-Dollase equation to the rocking curve data is very good; it resulted in f = 0.81 ±
0.01 and r = 0.21 ± 0.01.
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(a)

(b)
Figure 4-4: (a) Corrected 002 rocking curve data for textured PMN-28PT with FWHM =
7.6° and (b) XRD rocking curve data fit with the March-Dollase equation with f = 0.81
and r = 0.21.
The EBSD image quality (IQ) maps of the random ceramic and textured ceramic
are shown in Fig. 4-5 (a) and (c), respectively. These images (while similar in appearance
to SEM images) represent areas of high confidence index (CI) (light color) and low CI
(dark color). Low CI areas are usually pores, grain boundaries, or an area of a rough
surface where the match to the cubic phase is either uncertain or for which there is no
solution. However, over 95% of the points surveyed in all scans had solutions with CI
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greater than 0.2. The EBSD inverse pole figure maps of the random and textured ceramic
are shown in Fig. 4-5 (b) and (d), respectively. The EBSD data maps show the unique
orientation of all of the grains in the selected areas of the ceramics. From Fig. 4-5 (d), it
is clearly shown that the scanned area has a <001> preferred orientation. In fact, the
grain boundaries are hard to distinguish in the inverse pole figure map of the textured
PMN-28PT but can be more easily seen in the image quality map. Unlike the textured
PMN-28PT presented in Appendix A, there is no randomly oriented matrix grains present
between the large textured (red) grains in Fig. 4-5 (d). In fact, the grains that are not
<001> oriented are as large as the textured grains. This supports the claim made in
Chapter 3 that the texture fraction achieved is limited by the orientation of the templates,
since growth of the textured grains consumed the matrix grains. The large off-orientation
grains are most likely a result of templated grain growth from misaligned templates.
The inverse pole figures of orientation data from a selected area in the random
sample and a selected area of the textured sample are shown in Fig. 4-6 (a) and (b),
respectively. From these figures, we see that there is no preferred orientation for the
random sample and that the <001> is the preferred orientation of the cubic textured
sample (b). The 001 and 111 pole figures derived from stereographic projections of the
EBSD orientation data also show the random orientation of the untextured sample in
Fig. 4-7 (a) and the <001> preferred orientation of the textured sample in Fig. 4-7 (b). In
addition, the EBSD 001 pole figure has a FWHM = 13.0°. In Fig. 4-7 (b), the maximum
intensity of the 111 pole figure is about 51.6 ± 2.3° from the center, which is close to the
theoretical angle of 54.7°, between 001 and 111. The intensity is non-uniform because
the data for is from one of the EBSD scans, in other words, a low number of grains in the
sampling area (104 grains). The March-Dollase equation was fit to the 001 pole figure
data averaged from all EBSD scans of the textured sample which resulted in f = 0.85 ±
0.07 and r = 0.24.± 0.02.
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(a)

(c)

(b)

(d)

Figure 4-5: (a) EBSD image quality map of randomly oriented PMN-28PT (335 grains),
(b) inverse pole figure map of the same area using stereographic projections of randomly
oriented PMN-28PT (335 grains), (c) EBSD image quality map of fiber-textured PMN28PT (104 grains), and (d) inverse pole figure map of the same area using stereographic
projections of fiber-textured PMN-28PT (104 grains).
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(a)

(b)

Figure 4-6: 001 EBSD inverse pole figures using stereographic projections of (a)
randomly oriented PMN-28PT (335 grains) and (b) fiber-textured PMN-28PT (104
grains) plotted on a linear intensity scale in arbitrary units.

(a)

(b)
Figure 4-7: 001 and 111 EBSD pole figure plots using stereographic projections of (a)
randomly oriented PMN-28PT (335 grains) and (b) fiber-textured PMN-28PT (104
grains) plotted on a linear intensity scale in arbitrary units.
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Table 4-1 compares the f, r and FWHM values for the different texture analysis
techniques examined in this paper. The collection area from which information for
texture quality was obtained for each technique is also reported in Table 4-1. The 95%
confidence interval for the stereographic analysis and the March-Dollase fit to the XRD
rocking curve and EBSD intensity data is shown for both r and f values.
Table 4-1: Comparison of texture fraction (f), orientation parameter (r), and FWHM in <001>
fiber-oriented PMN-28PT for different texture analysis techniques.
Data
Collection
f
r
2
Area (mm )
Lotgering Method
198.2
0.87 ± 0.02*
XRD Rocking Curve
198.2
0.81 ± 0.01
0.21 ± 0.01
XRD Pole Figure
99.1
-1
EBSD
5.4 x 10
0.85 ± 0.07
0.24 ± 0.02
*For Lotgering analysis, f represents texture quality factor (fL)
Analysis Technique

FWHM

7.6°
12.0°
13.0°

The intensity data from each of the techniques were from surface grains. For
XRD, the penetration depth (≈ 6.6 µm) of 99 % of the X-ray intensity was approximately
the same as the matrix grain size (however, half of these intensity data are retrieved from
the first 1 µm of penetration depth). X-ray penetration depth was calculated from the
mass attenuation coefficient of PMN-28PT (calculated to be 182.1 cm2/g), the theoretical
density of PMN-28PT (≈ 7.9 g/cm3), and the Bragg angle (2θ = 44.87°).19 For EBSD
analysis, diffraction patterns are collected only from the surface grains, since the
maximum penetration depth is ≈ 40 nm.20, 21 Therefore, texture quality information
calculated from these techniques can be directly compared because the intensity data,
although collected over different sized areas, are all primarily collected from the surface
grains.
The FWHM value, which is a measure of the sharpness of the texture, varied from
7.6° to 13° for each of the techniques used. However, the area examined for each of the
techniques varied significantly and was highest for the XRD rocking curve analysis
(which also displayed the lowest FWHM value). Although the XRD pole figure was
collected over a large area (99.1 mm2) the step size used for the XRD pole figure was
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ψ = 3°. This step size should have been decreased for more accurate measurement due
to the increased sharpness of texture of this fiber-oriented PMN-28PT in comparison to
the textured PMN-28PT presented in Appendix A. In other words, for a fixed azimuthal
angle, φ, only six intensity data describe the orientation distribution up to ψ = 15°.
The March-Dollase equation considers the texture of the whole sample as being
due to two populations of grains; a textured fraction, f, with orientation parameter, r, and
a randomly distributed fraction (1-f), where r = 1. EBSD inverse pole figure analysis on
the untextured (matrix) grains in the textured sample Appendix A (Fig. A-6) showed that
the matrix region of the textured sample is indeed randomly oriented. This demonstrated
the usefulness of fitting the March-Dollase equation to intensity data to quantify the two
populations of grains and to characterize the textured fraction with an orientation
parameter.
For EBSD and rocking curve analysis, f is a measure of the volume fraction of
textured material, however for Lotgering analysis fL represents a texture quality factor
and thus cannot be directly compared to the other techniques. The Lotgering factor
achieved in this study (fL = 0.87) is higher than those reported by texturing PMN-PT by a
similar process (fL = 0.69).5 Although no information about the distribution of texture
orientation is obtained from the Lotgering technique, it showed semi-quantitatively that
the material is textured, and the Lotgering analysis was a time efficient technique used to
gauge texture.
In contrast, XRD rocking curve collection and analysis described the texture
quality comprehensively with f, r and FWHM values. In addition, a random ceramic
sample is not needed for this analysis technique. However, this technique also has its
limitations. For samples with a broad orientation distribution, a higher 2θ Bragg peak in
the same orientation as the texture axis is needed to collect a wider range of ω and fit the
March-Dollase equation to the corrected data. In this material, the ω range was limited to
about +/- 20° ω for a rocking curve on the 002 Bragg peak at 2θ = 44.87° using a
standard θ-2θ powder diffractometer. The sample dimensions are also an important
consideration. The scatter in Fig. 4-4 (a) was minimized due to the large sampling area,
but in general ≈ 1 cm2 is necessary for this technique.15, 22 The fit of the March-Dollase
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equation to the data was quite good, with χ2 > 0.99. The f and r values derived from this
fit had very narrow confidence intervals, as seen in Table 4-1 . The XRD rocking curve
data fitted with the March-Dollase equation is the preferred way to quantify texture in the
textured materials of this study due to relative ease of measurement and the amount of
texture data collected from this technique.
A benefit of EBSD analysis is the visualization of the microstructure orientation
through the inverse pole figure maps. The same data (pole figures, rocking curves, etc.)
generated from the other techniques can be obtained from a single EBSD scan. In
contrast to XRD techniques, sample dimensions in EBSD analysis are usually not a
consideration. However, sampling statistics are much lower compared to XRD
techniques due to the difference in area analyzed (sampling area is ≈ 400x greater for
XRD Lotgering and XRD rocking curve analysis), even though multiple scans are used in
the analysis. Scans over larger areas (≈ 1 mm2) have been accomplished in previous
studies on conductive samples in standard EBSD systems and on non-conductive samples
in partial pressure of water vapor to limit charging. Charging is the limit in the area
analyzed in this study due to deterioration in the relative intensity of the Kikuchi bands.14,
20

As a result, the f and r values derived from the fit of the March-Dollase equation to the

EBSD rocking curve data (χ2 = 0.94) had larger confidence intervals, as seen in Table 41. Furthermore, sample preparation and data collection for EBSD analysis can be very

time consuming. However, f and r values for this technique were in good agreement with
the values obtained from fit of March-Dollase equation to intensity data from the XRD
rocking curve.
The orientation parameter, r, for textured PMN-28PT in this study (r = 0.21) is in
agreement with the orientation parameter of highly textured alumina (r = 0.20) and
sodium bismuth titanate ceramics (r = 0.23).12, 13 These textured ceramics were
fabricated by a similar method (tape casting) and suggests the limit in the sharpness of
the orientation distribution is due to template alignment during the tape casting process.
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4.4 Conclusions

Textured PMN-PT prepared by the TGG process has been shown to possess a
significant fraction of the piezoelectric properties of the single crystal. Until recently,
characterization of texture in this material has been limited to Lotgering analysis. In this
study, XRD and EBSD techniques were used to characterize the fiber texture in oriented
PMN-28PT and the intensity data were fit with the March-Dollase equation to describe
the texture in terms of texture fraction (f), and the width of the orientation distribution (r).
EBSD analysis confirmed the <001> orientation of the microstructure, with no
distinguishable randomly oriented, fine grain matrix. Although XRD rocking curve and
EBSD data analysis gave similar f and r values, XRD rocking curve analysis was the
most efficient and gave a complete description of texture fraction and texture orientation
(f = 0.81 and r = 0.21, respectively). XRD rocking curve analysis is the preferred
approach for characterization of the volume of texture and the orientation distribution of
texture in fiber-oriented PMN-PT.
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Chapter 5
Dielectric, Piezoelectric and Electromechanical Properties of <001> Fiber-Textured
PMN-28PT

5.1 Introduction

PZN-PT and PMN-PT single crystals with compositions near the MPB, when cut,
oriented and measured in the [001] direction, demonstrate high saturation strain values,
high piezoelectric coefficients and high longitudinal electromechanical coupling
coefficients. The enhanced properties in these single crystals have been explained by the
domain engineering concept. Rhombohedral single crystals poled along the [001] have
four equivalent polar vectors in the [111], [1̄11], [11̄1], and [1̄1̄1] (54.7º from the [001]
polar direction). As an electric field is applied in the [001], the polar direction inclines
closer to the [001] in each domain, causing a monoclinic distortion. An equal amount of
distortion also occurs in neighboring domains. This results in a stable domain
configuration and a low driving force for domain wall movement. The limited domain
wall mobility is the origin of the low-hysteresis in these [001] cut and poled crystals.1-3
Recently, property enhancement in <001> crystallographically textured PMN32.5PT obtained by the templated grain growth (TGG) process has been shown to possess
a significant fraction of the piezoelectric properties of Bridgman grown single crystals.4-9
Although high texture fractions were achieved, the width of the orientation distribution in
these textured piezoelectrics has ranged from 10 to 20º. These textured ceramics also
displayed significant hysteresis, and the impact of off-axis grains on the hysteresis is
unknown.9 Park and Shrout showed that the strain-field response of PZN-4.5PT single
crystals is strongly dependent on the degree of miscut from the [001], and for a
20º miscut, the strain was halved.2 Textured ceramics with a narrow orientation
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distribution of texture and high volume fraction of <001> fiber-texture have the potential
for high strains and low hysteresis as in <001> oriented rhombohedral single crystals.9
In this work, PMN-28PT ceramics were fiber-textured in the <001> by the TGG
process using a low concentration (5 vol%) of oriented SrTiO3 template crystals. The
objective of this work was to fully characterize the dielectric, piezoelectric and
electromechanical properties for 81 vol% fiber-oriented PMN-28PT (FWHM = 7.6º) and
compare these measurements to single crystal, 69 vol% textured (FMHM = 13.9º) and
random ceramics of the same composition. In addition, the nonlinear contributions to
the dielectric and piezoelectric response were investigated as a function of texture volume
in <001> fiber-oriented PMN-28PT using the Rayleigh approach. In this way, the
hysteresis contribution to the piezoelectric coefficient was quantified for <001> fibertextured PMN-28PT.

5.2 Experimental Procedures

Random ceramic PMN-28PT was fabricated by the experimental procedure
described in Chapter 3. As described in Chapter 3 and Appendix A, 81 and 69 vol%
textured PMN-PT was fabricated by the TGG process, respectively. For most of the
dielectric and piezoelectric properties measurements, TGG samples from 70 tape layers
were laminated and cut after sintering into disks by sonic milling and bars by a slow
speed saw. For the longitudinal and shear resonance experiments, ~500 tape layers were
laminated to form <001> oriented bars.
In addition, 2.7 mm x 2.7 mm x 12.0 mm <001> bar samples of single crystal
PMN-28PT (PMN-PT-28, Morgan Electro Ceramics, Bedford, OH) were obtained for
comparison measurements.
Randomly oriented samples with 5 vol% SrTiO3 templates were also fabricated
for comparison purposes. These samples were fabricated using the same techniques as in
Chapter 3 for fabrication of 81 vol% textured PMN-28PT except for the sintering
process. Samples were wrapped in platinum foil and embedded in a 0 mol% excess PbO
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calcined PMN-28PT coarse powder (aggregate size 50 µm to 100 µm) in a covered
crucible for sintering. Samples were heated in flowing O2 (0.2 L/min) at 15 °C/min to
1150 °C for 1 h. Only samples that had less than 0.5% weight loss after sintering were
used in this study. Lotgering analysis on these samples showed a low degree of texture
(fL < 0.10).
Single crystal PMN-28PT, 81 vol% textured PMN-28PT (5 vol% SrTiO3),
69 vol% textured PMN-28PT (5 vol% SrTiO3), random ceramic PMN-28PT
(5 vol% SrTiO3), and random ceramic PMN-28PT samples were polished to 15 µm
roughness and electroded with a fired on (850°C, 10 min) silver ink (6160 Silver
Conductor, DuPont Microcircuit Materials, Research Triangle Park, NC). The thickness
of these samples was ~ 1.5 mm. The electroded samples were poled at 15 kV/cm at room
temperature (20°C) for 5 min in polydimethylsiloxane (Dow Corning 200® Fluid, Dow
Corning, Midland, MI). All samples were aged 10 days prior to measurement. The poling
direction was parallel to the <001> axis of the single crystal and parallel to the <001>
texture axis in the oriented samples.
The low field (1 V) dielectric constant was measured as a function of frequency
(0.1 to 100 kHz) and temperature (20 to 400ºC) by a multifrequency impedance meter
(HP4284A Precision LCR meter, Agilent Technologies, Inc., Santa Clara, CA) combined
with a furnace. Poled samples were measured on heating and unpoled samples measured
on cooling. The heating and cooling rate was 2ºC/min.
The dielectric polarization versus electric field (P-E hysteresis loops) and strain
versus electric field (strain-field curves) were concurrently measured using a modified
Sawyer-Tower circuit in conjunction with a linear variable differential transducer
(LVDT) driven by a lock-in amplifier (Model SR830, Stanford Research Systems, Inc.,
Sunnyvale, CA) and high-voltage amplifier (609C-6, Trek, Inc., Medina, NY). All
samples were immersed in an insulating fluid (Galden® HT-200, Solvay Solexis S.p.A.,
Bollate (MI), Italy) to prevent arcing. Measurements were traced using a sinusoidal
waveform (bipolar drive) or half of a sinusoidal waveform (unipolar drive) at a frequency
of 0.2 Hz and data were captured after the second full cycle. The high field piezoelectric
coefficients (d33) were estimated from the slope of the decreasing field (< 5 kV/cm) on
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the unipolar strain-field curves. The piezoelectric coefficients were also measured with a
Berlincourt d33 meter (ZJ-2, Institute of Acoustics Academia Sinica, Beijing, China) at
200 Hz.
For piezoelectric and dielectric nonlinearity experiments, all measurements were
traced using a sinusoidal wave form at frequency of 1 Hz and captured after the second
full cycle. The electric field amplitude (E0) was increased after each measurement to
peak field levels below the coercive field, EC.
The electromechanical coupling coefficients (k33, k31, kp, kt, and k15) were
measured in accordance with the IEEE standards for the resonance technique (IEEE
Standard on Piezoelectricity, ANSI/IEEE Std. 176-1978, Revised 1987) using an
impedance/gain phase analyzer (HP4194A, Agilent Technologies, Inc., Santa Clara, CA).
Samples were prepared for five different vibrational modes. From sample dimensions,
density, the series resonance frequency (fs), and parallel resonance frequency (fp), the
compliance and piezoelectric coefficients were also calculated. The fs and fp were
determined from the maximum of the real part of the conductance (G) and the maximum
of the real part of the resistance (R), respectively, in the impedance/frequency scan.

5.3 Results and Discussion

5.3.1 Dielectric Properties of Random Ceramic PMN-28PT, <001> Textured
PMN-28PT, and Single Crystal PMN-28PT

Fig. 5-1 and Fig. 5-2 show the dielectric constant and loss as a function of
temperature for unpoled and poled PMN-28PT samples, respectively. The frequency
dispersion for poled and unpoled random ceramic (0 vol% SrTiO3), 69 vol% textured,
81 vol% textured, and single crystal PMN-28PT samples is shown in Appendix B. All of
the poled samples show a shoulder in the dielectric constant as a function of temperature,
indicating the phase transition from the ferroelectric rhombohedral to ferroelectric
tetragonal state (Tr-t ~ 103 to 105ºC).10-12 The poled samples also show a peak of the
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dielectric constant which is the phase transition from the ferroelectric tetragonal state to
the paraelectric cubic state.10-14 This temperature was designated as the maxima
temperature (Tmax) because the phase transitions are slightly diffuse. The unpoled
samples only show a maximum dielectric constant anomaly at the Tmax, indicative of the
paraelectric to ferroelectric phase transition. The Tmax for the random ceramic PMN-28PT
and single crystal PMN-28PT did not change significantly with the poling state, and was
also the temperature of the maximum dielectric loss. For the textured ceramics, the peak
dielectric constant decreased in magnitude and was broader relative to the random
PMN-28PT ceramic. The maximum of the dielectric loss was used to determine the Tmax
of the textured ceramics, which was 103 and 105ºC for 81 vol% textured and 69 vol%
textured PMN-28PT, respectively. The temperature of the maximum dielectric constant
(T~122ºC) was significantly higher than the temperature of the maximum dielectric loss
(T = 103 to 105ºC) for the textured samples. The trends of the decrease in the Tmax and

εmax with SrTiO3 addition agree with Ko et al. who reported that 1 mol% Sr addition (1
vol% SrTiO3 in PMN-28PT is equivalent to 1.09 mol%) to PMN-30PT and PMN-35PT
results in ~10ºC decrease in Tmax, since the textured ceramics have 5 vol% SrTiO3.15
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(a)

(b)
Figure 5-1: (a) Dielectric constant and (b) loss at 1 kHz as a function of temperature for
unpoled random ceramic (0 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and
single crystal PMN-28PT.
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(a)

(b)
Figure 5-2: (a) Dielectric constant and (b) loss at 1 kHz as a function of temperature for
poled random ceramic (0 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and single
crystal PMN-28PT .
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Table 5-1 compares the dielectric properties of random ceramic (0 vol% SrTiO3),
69 vol% textured, 81 vol% textured, and single crystal PMN-28PT samples. The room
temperature dielectric constant of the textured PMN-28PT samples was significantly
higher than the room temperature dielectric constant of textured PMN-32.5PT (5 vol%
BaTiO3) from previous studies. This may be due to the lack of an intergranular, low
dielectric constant phase and the higher volume of textured grains in the textured
materials of this study. However, the Tmax of the BaTiO3 textured PMN-32.5PT (Tmax =
165°C at 1 kHz, poled) was higher than the Tmax of SrTiO3 textured PMN-28PT of this
study. Interestingly, the room temperature dielectric constant was higher for 69 vol%
textured PMN-28PT than 81 vol% textured PMN-28PT. This difference could be
explained by the relative density differences in these textured ceramics (> 99% TD and
98% TD, respectively). The 81 vol% textured PMN-28PT had intragranular macroscopic
pores observed in the microstructure. The room temperature dielectric loss at 1 kHz
(tan δ = 0.004) of the poled 81 vol% textured PMN-28PT was lower than the room
temperature dielectric loss of textured PMN-32.5PT reported by Kwon et al.
(tan δ = 0.02), lower than the loss of the 69 vol% textured PMN-28PT (tan δ = 0.018),
and lower than the random ceramic PMN-28PT (tan δ = 0.021).8 The poled single crystal
PMN-28PT showed similarly low loss at room temperature (tan δ = 0.004).
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Table 5-1: Dielectric properties of random ceramic (0 vol% SrTiO3), 69 vol% textured,
81 vol% textured, and single crystal PMN-28PT measured at 1 kHz.
Unpoled
Material

Single Crystal
PMN-28PT
δ = 8.0 g/cc
81 vol% textured
PMN-28PT
δ = 7.8 g/cc
69 vol% textured
PMN-28PT
δ = 7.9 g/cc
Random Ceramic
PMN-28PT
δ = 8.0 g/cc

εrt

Tan δrt

εmax

Tan δmax

Tmax (°C)

2440

0.003

58,680

0.059

139

4170

0.018

17,770

0.029

101

4330

0.031

21,250

0.035

99

2420

0.039

51,200

0.062

132

Poled
Material

Single Crystal
PMN-28PT
δ = 8.0 g/cc
81 vol% textured
PMN-28PT
δ = 7.8 g/cc
69 vol% textured
PMN-28PT
δ = 7.9 g/cc
Random Ceramic
PMN-28PT
δ = 8.0 g/cc

εrt

Tan δrt

εmax

Tan δmax

Tmax (°C)

5470

0.004

26,160

0.173

140

4000

0.004

16,950

0.027

103

4100

0.018

19,740

0.027

105

2150

0.021

50,830

0.063
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The Curie-Weiss relationship predicts a linear relationship between the inverse of
the dielectric constant and temperature at a fixed frequency for normal ferroelectrics
above the Curie temperature (TC):
1

χ

=

(T − Tmax )
1
=
ε r −1
C

Eq. 5.1
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where C is the Curie constant and χ is the dielectric susceptibility. Relaxor
ferroelectrics, such as PMN, do not follow Curie-Weiss behavior.16-18 The following
quadratic relationship is used to describe relaxors due to the diffuseness of the
ferroelectric to paraelectric phase transition:
1

εr

=

1

ε max

+

(T − Tmax ) 2
2δ 2 ε max

Eq. 5.2

where ε is the dielectric constant, εmax is the dielectric constant at Tmax, and δ is the
distribution parameter of the degree of the dielectric relaxation over a temperature region.
Eq. 5.2 can be modified to produce an intermediate power law for a mixed Curie-Weiss
behavior and the quadratic law:
1

εr

=

1

ε max

+

(T − Tmax ) γ
C

Eq. 5.3

where C is a constant and γ is the diffuseness exponent. The γ can range from
γ = 1 (normal ferroelectric) and γ = 2 (relaxor ferroelectric). The relative amount of
diffuseness for the ferroelectric can be estimated by the ratio C/εmax (ºCγ).19 Eq. 5.3 was
used to fit the unpoled dielectric constant as a function of temperature data (above Tmax)
from Fig. 5-1 for random ceramic (0 vol% SrTiO3), 69 vol% textured, 81 vol% textured,
and single crystal PMN-28PT. Both γ and C/εmax were calculated from this fit
(R2 > 0.995). The magnitude of γ for single crystal and random ceramic PMN-28PT was
the same (γ = 1.65). The C/εmax was similar for the single crystal and random ceramic
PMN-28PT (C/εmax = 145 and C/εmax = 170, respectively). This ratio was slightly higher
than the diffuseness measured by Sabolsky for PMN-32.5PT random ceramic prepared
with 1 wt% excess PbO (γ = 1.65, C/εmax = 139).20 This result is understandable since the
materials in this study (PMN-28PT) have a higher mol% of PMN (relaxor) than the
materials in Sabolsky’s study (PMN-32.5PT).
The γ increased slightly for the 69 vol% textured and 81 vol% textured ceramics
(γ = 1.68 and γ =1.70, respectively). Similarly, the C/εmax increased for the 69 and
81 vol% textured PMN-28PT (C/εmax = 450 and C/εmax = 500, respectively). This is most
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likely caused by the SrTiO3 templates that form a solid solution with PMN-28PT which
broadens the peak dielectric constant with a depressed maximum.15 In addition,
Vittayakorn et al. reported an increased diffuseness in the ferroelectric phase transition in
PZN-PZT ceramics with Sr doping (0 to 6.0 mol%). 21

5.3.2 Ferroelectric Hysteresis and Piezoelectric Properties from Strain-Field
Measurements of Random Ceramic PMN-28PT and Random Ceramic PMN28PT (5 vol% SrTiO3)

Fig. 5-3 shows the effect of SrTiO3 addition on the dielectric polarization as a
function of the applied electric field measured. Both compositions show well saturated
polarization- electric field (P-E) hysteresis loops. Table 5-2 shows the values of the
coercive field strength (EC), remanant polarization (Pr), and saturation polarization (Psat)
for the two compositions.

Figure 5-3: Polarization-electric field hysteresis for PMN-28PT ceramics containing
0 vol% and 5 vol% SrTiO3 at 0.2 Hz.
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Table 5-2: EC, Pr, and Psat of random ceramic PMN-28PT containing 0 vol% and 5 vol%
SrTiO3 measured from polarization-field measurements under bipolar drive at
E0 = 20 kV/cm at 0.2 Hz.
Material

EC
(kv/cm)

Pr
(µC/cm2)

Psat
(µC/cm2)

4.70

22.8

33.8

3.88

25.2

33.7

Random Ceramic PMN28PT, 5 vol% SrTiO3
Random Ceramic PMN28PT

The addition of the SrTiO3 does not change the saturation polarization but does
significantly increase the coercive field strength in the random ceramics. This could be
due to remnant SrTiO3 particles restricting the movement of domain walls or affecting
the internal electric field distribution since bulk SrTiO3 has a lower room temperature
dielectric constant (εr ~ 310) than ceramic PMN-28PT (εr = 2420).22 Also, the addition
of the SrTiO3 in random ceramic PMN-28PT makes the P-E loop more rounded,
suggesting that SrTiO3 makes the reversal of dipoles more sluggish.23 These results
(increase in EC, decrease in Pr) are also consistent with the trends for Sr modifications
(0 to 6.0 mol% Sr) in PZT-PZN ceramics.21
Fig. 5-4 shows the strain-field behavior in PMN-28PT ceramics with 0 vol% and
5 vol% SrTiO3 under bipolar drive at room temperature. The strain-field behavior
displays the “butterfly loop” characteristic of ferroelectrics.23 The maximum strain
obtained for the same drive field is higher for PMN-28PT ceramics when 5 vol% SrTiO3
is added. The higher strain achieved by the 5 vol% SrTiO3 modified PMN-28PT random
ceramic is also observed under unipolar drive conditions in Fig. 5-5. At E0 = 20 kV/cm
unipolar drive, 0 and 5 vol% SrTiO3 modified PMN-28PT random ceramic attained
strains of 0.117% and 0.128%, respectively. In addition, the piezoelectric coefficient, d33,
measured from the decreasing field line at < 5 kV/cm, was 900 and 1015 pC/N for 0 and
5 vol% SrTiO3 modified PMN-28PT random ceramic, respectively. The relatively higher
strain-field response from the SrTiO3 modified ceramics is likely due to the larger change
in polarization and strain since the remanent polarization is smaller in 5 vol% SrTiO3
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ceramic PMN-28PT. As a result, the addition of SrTiO3 (without crystallographic
texture) increases the strain-field response in PMN-28PT ceramics.

Figure 5-4: Bipolar strain-electric field curves for PMN-28PT ceramics containing 0 vol%
and 5 vol% SrTiO3 at 0.2 Hz.
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Figure 5-5: Unipolar strain-electric field curve for PMN-28PT ceramics containing
0 vol% and 5 vol% SrTiO3 at 0.2 Hz.

5.3.3 Ferroelectric Hysteresis in Random Ceramic PMN-28PT, <001>
Textured PMN-28PT, and Single Crystal PMN-28PT

Fig. 5-6 shows the dielectric polarization as a function of applied electric field
measured for random ceramic (0 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and
single crystal PMN-28PT. Table 5-3 shows the values of the coercive field strength,
remanant polarization, and saturation polarization for the random ceramic, textured
ceramics and single crystal PMN-28PT.
From Fig. 5-3, we know that the addition of the SrTiO3 increases the EC and
decreases the Pr in random ceramics. However, the coercive field strength decreases in
the textured ceramics, approaching the single crystal coercive field strength. In general,
the random ceramic (0 vol% SrTiO3), the 81 vol% textured PMN-28PT ceramic and
single crystal show high remanant polarization (24.8 µC/cm2 < Pr < 26.8 µC/cm2). The
single crystal PMN-28PT shows a very square loop, consistent with P-E behavior for
many ferroelectric single crystals. The 69 vol% textured PMN-28PT value of Pr is
slightly lower (Pr = 22.0 µC/cm2), and the P-E loop less square than 81 vol% textured
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PMN-28PT, indicative of more sluggish domain reversal. The random ceramic and 69
vol% textured PMN-28PT P-E loops are slightly tilted (the δE/δP at the EC is greater than
0), which could be explained by the presence of field inhomogeneities, possibly caused
by the presence of a low dielectric constant phase (such as PbO). Interestingly, in 5 vol%
BaTiO3 textured PMN-32.5PT, the coercive field strength also decreased from the
random PMN-32.5PT ceramic to textured PMN-32.5PT ceramics and the P-E loops
became more square with texture.5

Figure 5-6: Polarization-electric field hysteresis for random ceramic (0 vol% SrTiO3),
69 vol% textured, 81 vol% textured, and single crystal PMN-28PT at 0.2 Hz.

99
Table 5-3: EC, Pr, and Psat of random ceramic (0 vol% SrTiO3), 69 vol% textured,
81 vol% textured, and single crystal PMN-28PT measured from polarization-field
measurements under bipolar drive at E0 = 20 kV/cm at 0.2 Hz.
Material

Single Crystal
PMN-28PT
81 vol% textured
PMN-28PT
69 vol% textured
PMN-28PT
Random Ceramic
PMN-28PT

EC
(kV/cm)

Pr
(µC/cm2)

Psat
(µC/cm2)

2.78

24.8

31.9

3.56

26.8

32.2

3.74

22.0

29.3

3.88

25.2

33.7

5.3.4 Piezoelectric Properties of Random Ceramic PMN-28PT, <001>
Textured PMN-28PT, and Single Crystal PMN-28PT from Berlincourt and
Strain-Field Measurements

Fig. 5-7 shows the strain-field behavior in random ceramic (0 vol% SrTiO3),
69 vol% textured, 81 vol% textured, and single crystal PMN-28PT under bipolar drive at
room temperature. The strain-field loops show the well formed “butterfly” loops for each
of the materials. Single crystal PMN-28PT achieves the largest strain at 20 kV/cm
bipolar drive, followed by 81 vol% textured, 69 vol% textured, and random ceramic
PMN-28PT. The increase in the strain at this drive level of the textured ceramics over
the random ceramic PMN-28PT is significant; as is also the increase in the strain
response of the textured ceramics compared to the strain response in the SrTiO3 modified
random ceramic PMN-28PT (Fig. 5-4). Thus, an increase in <001> texture more
significantly effects the strain response than the addition of SrTiO3.
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Figure 5-7: Bipolar strain-electric field curves for random ceramic (0 vol% SrTiO3),
69 vol% textured, 81 vol% textured, and single crystal PMN-28PT at 0.2 Hz.
Fig. 5-8 (a) and (b) shows the unipolar strain-field behavior for the same
materials. The results show that increasing the <001> texture increased the maximum
strain response in these materials. Single crystal PMN-28PT displayed the largest strain
response (x = 0.088%), however at E0 = 5 kV/cm, 81 vol% textured PMN-28PT reached
68% of the single crystal response. At E0 = 20 kV/cm, 81 vol% textured PMN-28PT
reached 63% of the single crystal response (x = 0.288%). In addition, the strain response
of the 81 vol% textured PMN-28PT is a significant improvement (1.8x) over the random
ceramic PMN-28PT. These results of increased strain-response with texture are in
agreement with Sabolsky et al. and Kwon et al. for <001> fiber-textured PMN-32.5PT
ceramics.4, 8
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(a)

(b)
Figure 5-8: Unipolar strain-electric field curves (a) at E0 = 5 kV/cm and (b) for
E0 = 20 kV/cm for random ceramic (0 vol% SrTiO3), 69 vol% textured, 81 vol% textured,
and single crystal PMN-28PT at 0.2 Hz.
The increase in texture volume to 81 % was also accompanied by a remarkable
decrease in the hysteresis in the strain field curves, as seen in Fig. 5-8 (a) and (b). The
degree of hysteresis, as defined by the maximum opening (at ~ ½ E0) in the strain-field
curves divided by the maximum strain at the electric field amplitude (E0), are compiled in
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Table 5-4.24 The degree of hysteresis is nearly halved from an increase in texture from
69 vol% to 81 vol% in <001> fiber-textured PMN-28PT. This noteworthy decrease in
the degree of hysteresis is most likely attributed to the elimination of the randomly
oriented matrix grains that are still present in the 69 vol% textured PMN-28PT.
Hysteresis in the ceramics may also be attributed to porosity, misaligned grains and
internal stresses that develop during the TGG process.20, 25-27
Also included in Table 5-4 are the d33 coefficients measured from the Berlincourt
meter at 200 Hz for random ceramic (0 vol% SrTiO3), 69 vol% textured, 81 vol%
textured, and single crystal PMN-28PT. Reliable data for each of the materials was
obtained without depoling under the stress of the Berlincourt meter. Sabolsky reported
that the piezoelectric coefficients in highly <001> textured 5 vol% BaTiO3 - PMN32.5PT ceramics could not be accurately measured using this technique due to a
ferroelastic nature in those textured ceramics.20 One possibility for the difference in the
ferroelastic nature of these materials is the composition. The materials of this study have
a composition in the rhombohedral side of the MPB of the phase diagram in the PMN-PT
system. Single crystal PMN-32PT and PMN-30PT starts to depolarize at modest uniaxial
stresses (~10 MPa and 30 MPa, respectively) from a compressive stress induced
rhombohedral to orthorhombic phase transition.28, 29 Textured PMN-28PT ceramics may
have a more stable rhombohedral domain configuration in which higher stresses are
needed to induce an orthorhombic phase transition (and thus depolarization) than in
textured PMN-32.5PT ceramics. In this study, the 81 vol% textured PMN-28PT (d33 =
1020 pC/N) ceramics display 60% of the single crystal response (d33 = 1725 pC/N) and
2.2x the random ceramic (5 vol% SrTiO3) response measured by the Berlincourt meter.
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Table 5-4: Piezoelectric properties of random ceramic (0 vol% SrTiO3), random ceramic
(5 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and single crystal PMN-28PT
measured from strain-field measurements under unipolar drive at E0 = 5 and 20 kV/cm at
0.2 Hz and by Berlincourt d33 meter at 200 Hz.

Material

Single
Crystal
PMN-28PT
81 vol%
textured
PMN-28PT
69 vol%
textured
PMN-28PT
Random
Ceramic
PMN-28PT
(5 vol%
SrTiO3)
Random
Ceramic
PMN-28PT

d33
(pC/N)
Berlincourt
200 Hz

d33
(pC/N)
< 5 kV/cm
E0 = 5
kV/cm

d33 (pC/N)
< 5 kV/cm
E0 = 20
kV/cm

Degree of
Hysteresis
(%)
E0 = 5
kV/cm

Degree of
Hysteresis
(%)
E0 = 20
kV/cm

1725

1750

1785

6.0

4.7

1020

1170

1340

10.7

9.9

700

1050

1185

17.7

18.0

460

820

1015

23.3

18.0

310

550

900

47.8

25.6

Also included in Table 5-4 are the d33 coefficients of these materials measured
from the deceasing field line slope at field levels of E ≤ 5 kV/cm for applied unipolar
electric fields at E0 = 5 kV/cm and E0 = 20 kV/cm. The piezoelectric coefficients
increased from E0 = 5 kV/cm unipolar drive to those measured at E0 = 20 kV/cm for all
of the materials. The increase in the piezoelectric coefficient with field is most
significant for random ceramic PMN-28PT.
The effect of hysteresis on the piezoelectric coefficient is also shown in Fig. 5-9
and Fig. 5-10 where the relationship between the maximum applied unipolar field and the
strain-field curve is observed for random ceramic (0 vol% SrTiO3), 69 vol% textured,
81 vol% textured, and single crystal PMN-28PT.
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(a)

(b)
Figure 5-9: Unipolar strain-electric field curves at E0 = 5 kV/cm to 20 kV/cm for (a)
single crystal PMN-28PT and (b) 81 vol% textured PMN-28PT at 0.2 Hz showing the
opening in the strain-field curves.
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(a)

(b)
Figure 5-10: Unipolar strain-electric field curves at E0 = 5 kV/cm to 20 kV/cm for (a)
69 vol% textured PMN-28PT and (b) random ceramic PMN-28PT (5 vol% SrTiO3) at
0.2 Hz showing the opening in the strain-field curves.
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Figure 5-11: Unipolar strain-electric field curves at E0 = 5 kV/cm to 20 kV/cm for
random ceramic PMN-28PT (0 vol% SrTiO3) at 0.2 Hz showing the opening in the
strain-field curves.
Fig. 5-12 (a) and (b) shows the plot of the piezoelectric coefficient and degree of
hysteresis, respectively, for the materials and unipolar drive fields in Fig. 5-9, Fig. 5-10,
and Fig. 5-11. The piezoelectric coefficients and the degree of hysteresis saturate at
E0 = 10 kV/cm for the random and textured ceramics, while they appear to be saturated at
E0 = 5 kV/cm for single crystal PMN-28PT. The degree of hysteresis is lowest for single
crystal PMN-28PT. The 69 vol% textured and random ceramic PMN-28PT (0 and 5
vol% SrTiO3) displayed significantly more hysteresis than the single crystal and 81 vol%
textured PMN-28PT. The piezoelectric hysteresis observed is related to the contribution
of irreversible domain wall motion to the piezoelectric coefficients. From the strain-field
curves observed in Fig. 5-9 and Fig. 5-10, the lower texture volume (69%) has more
irreversible domain wall contribution to the piezoelectric response than the higher texture
volume (81%) PMN-28PT ceramic.
The single crystal PMN-28PT showed nearly anhysteretic strain-field behavior.
This behavior suggests the extrinsic contribution to the piezoelectric response is
minimized, and that the single crystal displays a stable domain configuration up to the
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field levels tested. This behavior is consistent with single crystals cut, poled and
measured in the [001] by Park and Shrout.1, 2 The 81 vol% textured ceramic did not
display as much hysteresis as 69 vol% textured ceramics, and was somewhat greater than
the single crystal piezoelectric hysteresis. This suggests that it is possible to stabilize the
domain structure in highly textured piezoelectric ceramics. In addition, these highly
textured ceramics (81 vol% textured PMN-28PT) displayed more porosity than the 69
vol% textured PMN-28PT. The origin of the residual hysteresis in the 81 vol% textured
PMN-28PT could be due to porosity, the relatively small volume of misaligned grains,
and/or the random in-plane orientation of grains. The strain-field behavior of the textured
PMN-28PT ceramics suggest that if the texture quality is further improved (from 81 vol%
textured PMN-28PT), textured ceramics may display similarly anhysteretic strain-field
response.
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(a)

(b)
Figure 5-12: (a) High field (≤ 5 kV/cm) piezoelectric coefficients and (b) degree of
hysteresis measured from unipolar strain-field curves of random ceramic (0 vol%
SrTiO3), random ceramic (5 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and
single crystal PMN-28PT measured to maximum unipolar fields between 5 to 20 kV/cm.
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5.3.5 Piezoelectric Properties of Random Ceramic PMN-28PT, <001>
Textured PMN-28PT, and Single Crystal PMN-28PT from IEEE Resonance
Measurements

IEEE resonance measurements were completed on random ceramic (0 vol%
SrTiO3), 69 vol% textured, 81 vol% textured, and single crystal PMN-28PT in order to
investigate the full set of low-field properties. The piezoelectric coefficients, elastic
coefficients, and electromechanical coupling coefficients can be calculated from the
impedance spectra around resonance (fr) and anti-resonance (fa). The series resonance (fs)
and parallel resonance (fp) were determined from the maximum of the real part of the
conductance (G) and the maximum of the real part of the resistance (R), respectively, in
the impedance/frequency scans. Fig. 5-13 shows the geometry of the samples used for
impedance measurements.
The longitudinal coefficients (k33, s33, and d33) were obtained from samples cut to
12.52 x 4.15 x. 4.15 mm. Samples were electroded on the square faces and poled through
the 12.52 mm thickness. It is important to note that longitudinal bars of 81 vol% textured
PMN-28PT were successfully fabricated, cut and poled through the 12.52 mm thickness
after sintering (this thickness corresponds to ~500 tape layers). The transverse mode
coefficients (k13, s11, and d31) were obtained from samples cut to 10 x 2 x.0.5 mm and
impedance measured along the thickness (the poled direction and <001> texture
orientation). The shear coefficients (k15, s55, and d15) were obtained from samples cut to
6 x 1.5 x.0.5 mm and impedance was measured along the thickness ( perpendicular to the
poled direction and <001> texture orientation). For shear samples, the silver electrodes
were removed after poling by grinding and gold electrodes were sputtered on the sample
faces parallel to the poled direction. The coefficients (k13, kp, kt, s11, s12, s13, s66, and d31)
were obtained from disk samples cut to d = 8 mm, t = 0.7 mm and impedance measured
along the thickness (the poled direction and <001> texture orientation).
The relationships below were used to calculate the compliance, piezoelectric and
electromechanical coupling constants.23, 30
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Radial (Disk) Coupling Relationships:
(1 − υ ) J 1 (Φ ) = ΦJ 0 (Φ )

Eq. 5.9

where υ is Poisson’s ratio, J0 is Bessel function of the first kind and zero order, J1 is
Bessel function of first kind and first order and Φ is the lowest positive root of Eq. 5.9.
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Thickness Extensional (Disk) Coupling Relationships:
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k15 = 1 −

ε 11 S
ε 11T

Eq. 5.19

1
= 4⋅ ρ ⋅ f ⋅l2
p
D
s 55

s 55

E

s 55 =

Eq. 5.20

D

Eq. 5.21

2

(1 − k15 )

d15 = k15 ε 11 s 55 E
T

Eq. 5.22

Transverse Coupling Relationships:
k 31

2

1 − k 31

2

=

 π ∆f
⋅ tan ⋅
fs
 2 fs

π fp
2

⋅

1
= 4⋅ ρ ⋅ f ⋅l2
s
E
s
11

D

E

(

s11 = s11 ⋅ 1 − k 31

2

Eq. 5.23
Eq. 5.24

)

d 31 = −k 31 ε 33 s11 E
T





Eq. 5.25
Eq. 5.26

112

Figure 5-13: Sample geometries for IEEE resonance measurements on random ceramic
(0 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and single crystal PMN-28PT.
The superscripts of T, E, and D refer to the property measurement at constant
stress (T), electric field (E), or dielectric displacement (D). Also, l is the length, t is the
disk thickness, ρ is the density of the material, kij is the electromechanical coupling, dij is
the piezoelectric coefficient, εij is the dielectric permittivity, sij the elastic compliance, cij
the stiffness, QM the mechanical quality factor, and |ZM| is the minimum impedance at fs.
Fig. 5-14 shows an impedance spectrum collected on a longitudinal bar sample of 81
vol% textured PMN-28PT. The resonance and anti-resonance show no interference from
other resonance modes. The calculated values for all the samples for the various materials
constants are shown in Table 5-5. The values are averaged over ≥ 4 samples of each
mode (shear, longitudinal, disk (includes radial mode and thickness extensional mode),
and transverse) and composition (random ceramic (0 vol% SrTiO3), 69 vol% textured,
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and 81 vol% textured PMN-28PT). The standard deviations of the data from multiple
sample measurements was less than or equal to 7% of the values listed. In addition the
coefficients obtained from the transverse mode (k13, s11, and d31) were comparable to
those obtained from the radial mode resonance (~ 1 to 6% difference). Only longitudinal
mode data was obtained from single crystal PMN-28PT due to the geometry of the
crystals obtained. Also included in Table 5-5 are data from commercially available
PMN-PT ceramic (TRS HK1 HD, TRS Technologies, State College, PA) and single
crystal PMN-30PT for comparison.31, 32
The values of the 81 vol% textured PMN-28PT show an increase in k33, k31, d33,
d31 and less dielectric loss at room temperature compared to the commercially available
PMN-PT. The commercial PMN-PT in contrast has a higher dielectric constant (K33T)
and a much higher transition temperature (Tmax). The d33/d31 ratio was found to be 1.83,
2.24, and 2.04 for random ceramic (0 vol% SrTiO3), 69 vol% textured, and 81 vol%
textured PMN-28PT, respectively. This is similar to the ratio found in many perovskite
ferroelectric materials (~2.32) and to the commercial PMN-PT shown (2.08).33 The
discrepancy may be due to inefficient poling between the transverse and longitudinal
samples. The random ceramic (0 vol% SrTiO3), 69 vol% textured, and 81 vol% textured
PMN-28PT were poled at the same conditions (15 kV/cm, T = 20°C, and t = 5 min). The
random ceramic had the lowest d33/d31 ratio and the highest EC and thus the discrepancies
could very likely be due to inefficient poling of the longitudinal random ceramic samples.
From the random ceramic to 81 vol% textured PMN-28PT, compliance
coefficients (s11E, s12E, s33E, s13E, s33E, s66E) increase and approach the single crystal
PMN-30PT compliance values. With an increase in texture to 81 vol%, the compliances
in the longitudinal (s33E) and lateral directions (s11E) showed greater anisotropy
(s33E/s11E = 1.16 and 1.27 for 69 and 81 vol% textured PMN-28PT, respectively). In
single crystals of PMN-30PT and PMN-33PT, the compliance ratio s33E/s11E = 1.73 and
1.30, respectively.34 The Poisson’s ratio for the ceramic and textured PMN-28PT is near
the value of other perovskite ferroelectric materials (υ ~ 0.28 to 0.32) and single crystal
PMN-30PT (υ = 0.35).23, 31
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Interestingly, the shear piezoelectric coefficient (d15) of the 81 vol% textured
PMN-28PT is a significant increase over the random ceramic and the single crystal
PMN-30PT. This may be attributed to the <001> fiber-texture, where there was no
control over the orientation in the (hk0) planes. The shear piezoelectric coefficient is
largely dictated by K11T (K11T > 4200 in 81 vol% textured PMN-28PT). In contrast, the
single crystal PMN-30PT shear piezoelectric coefficients (d15 = 190 pC/N) for <001>
poling are much lower than those of the ceramic PMN-28PT (d15 = 540 pC/N) and 81
vol% textured PMN-28PT (d15 = 840 pC/N). The ratio of the compliances
s44E/s66E = 0.93 and 0.95 for single crystal PMN-30PT and single crystal PMN-33PT (for
<001> poling), respectively.34 This ratio is more anisotropic for textured PMN-28PT
ceramics with s44E/s66E = 0.72 and 0.67 for 69 vol% and 81 vol% textured PMN-28PT,
respectively. Higher shear coefficients (d15 > 2000 pC/N and d15 > 4000 pC/N) can be
obtained for single crystals of PMN-PT (27 to 33 mol% PT) by <011> and <111> poling,
respectively. Similarly, higher d31 coefficients (>1200 pC/N) can be obtained for single
crystal PMN-PT also by <011> poling.35

Figure 5-14: Impedance spectra collected on a longitudinal bar sample of 81 vol%
textured PMN-28PT (dimensions 12.52 x 4.15 x 4.15 mm).
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Table 5-5: Dielectric, piezoelectric, electromechanical coupling and compliance
coefficients for commercial PMN-PT ceramic, PMN-28PT ceramics, single crystal PMN28PT, and single crystal PMN-30PT measured by the resonance technique (cut and poled in
<001>).
Single
Crystal
PMN28PT

Single
Crystal
PMN-30PT31

∞m

4mm

4mm

4300

4200

-

3600

2150

4100

3600 - 4000

5470

7800

-360

-130

-250

-450

-

-921

d33

750

295

560

940

1470

1981

d15

-

540

695

840

-

190

15.4

11.4

16.6

26.0

-

52

s12E

-4.6

-3.8

-5.0

-9.04

-

-18.9

s13E

-7.4

-4.7

-8.2

-17.1

-

-31.1

s33E

17.5

12.0

19.2

33.0

53.7

67.7

s44E

-

38.3

31.3

48.0

-

14

s66E

-

30.4

43.3

71.5

-

15.2

ρ (kg/m3)

7950

8010

7900

7800

8000

8040

kp

0.66

0.52

0.59

0.63

-

-

kt

0.5

0.48

0.51

0.58

-

0.62

k31

0.39

0.30

0.35

0.45

-

0.49

k33

0.74

0.60

0.67

0.79

0.91

0.92

k15

-

0.61

0.62

0.63

-

0.29

υ

0.30

0.33

0.34

0.34

-

0.35

QM

-

99

81

74

76

-

Tmax (°C)

150

133

105

103

140

-

TRT (°C)

-

104

105

103

104

-

Tan δ

0.017

0.02

0.018

0.004

0.004

0.019

Value

PMN-PT
(TRS
HK1HD)32

Ceramic
PMN28PT

69 vol%
Textured
PMN28PT

Symmetry

∞m

∞m

∞m

K11T

-

2230

K33T

6000

d31 (pC/N)

s11E (x10-12
m2/N)

81 vol%
Textured
PMN-28PT
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The increase in the d31, d33, k31, k33, s33E and s11E with texture was also observed
by the same technique on transverse and longitudinal textured PMN-32.5PT (with 5 vol%
BaTiO3) samples by Sabolsky et al.7 Pham Thi observed an increase in the planar
coupling (kp) with texture in homoepitaxially textured PMN-PT.36 The d33 coefficients
measured by the resonance technique of the highly textured PMN-28PT (81 vol%
texture) were 3.2x greater than the random ceramic PMN-28PT and ~65% of the single
crystal PMN-28PT response. The difference in the response of textured PMN-28PT in
this work may be due to the relatively higher dielectric constants (K33T > 3600) obtained
from the highly dense, finer grain size (~40 µm) SrTiO3 textured PMN-28PT in this study
compared to BaTiO3 textured PMN-32.5PT with dielectric constant K33T < 3000 by
Sabolsky et al. There was some discrepancies in the measured dielectric constant of
textured ceramics prepared for different geometries, for example radial mode disks and
transverse mode bars had K33T = 3600 while longitudinal mode bars had K33T = 4000. The
calculated piezoelectric coefficients are dictated by the dielectric constant (Eq. 5.7), and
the magnitude of the dielectric response was dominated by the PbO intergranular phase in
BaTiO3 textured PMN-32.5PT.4, 5, 20
In work by Sabolsky et al., the addition of the template particles (BaTiO3)
initially degraded the properties. In this work the random ceramic PMN-28PT with
5 vol% SrTiO3 was not measured by the resonance technique but one can predict that
based on the unipolar strain-field behavior and previous studies on template additions by
Sabolsky et al. that the increase in the piezoelectric properties was not primarily due to
SrTiO3 additions.7 However, in the previous work the addition of BaTiO3 did not affect
the Tmax, and in this work the Tmax is significantly reduced by the presence of SrTiO3
templates. It is important to note that the 81 vol% textured PMN-28PT consistently
displayed strains, piezoelectric coefficients, compliances and electromechanical
coefficients greater than the 69 vol% textured PMN-28PT and ~3 times greater than the
random ceramic PMN-28PT (0 vol% SrTiO3). The 81 vol% textured PMN-28PT
piezoelectric response (d33) was also a significant percentage (~65%) of single crystal
PMN-28PT for resonance measurements on longitudinal bars of the same dimensions
measured under the same conditions. Future studies of textured ceramics using SrTiO3
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templates should include a full comparison of properties to random ceramic of a similar
composition (with SrTiO3).
The full properties dataset of 81 vol% textured PMN-28PT ceramic from Table 55 was added to the materials database in a commercially available finite element

modeling program (ATILA v. 5.2.4, ISEN, Lille, France). The planar disk mode and
longitudinal mode of models assigned to these properties were calculated around the
fundamental resonance and compared to the collected impedance spectra. The impedance
and phase of the models were very close to the measured data for 81 vol% textured
PMN-28PT radial mode disks and longitudinal mode bars. These results can be found in
Appendix C.
The resonance measurements support the strain-field results which showed the
increase in the piezoelectric response for <001> fiber-textured PMN-28PT ceramics. The
difference in the piezoelectric coefficients between the two measurement techniques may
be the result of extrinsic contributions to the piezoelectric coefficient which were seen in
the strain-field unipolar measurements. The d33 values observed from the strain-field
response (< 5 kV/cm) were increased due to domain wall contribution to the response
even though, for example, the single crystal PMN-28PT and 81 vol% textured
PMN-28PT showed minimal hysteresis in the strain-field curves.25, 37-39 The resonance
measurements are a low field technique (< 0.02 kV/cm), and thus the extrinsic
contribution to the piezoelectric response is minimal. The nonlinearity in the dielectric
and piezoelectric response for PMN-28PT will be discussed in more detail in the next
section.

5.3.6 Dielectric and Piezoelectric Nonlinearity in Random Ceramic PMN28PT, <001> Textured PMN-28PT, and Single Crystal PMN-28PT

The linear relationship between strain (x) and field (E0) gives the piezoelectric
coefficient (d). Similarly, the linear relationship between the dielectric displacement (D)
and field (E0) determines the relative dielectric permittivity (εr):
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x = dE0

Eq. 5.27

D = ε0εrE0

Eq. 5.28

These linear descriptions are reasonable estimates of the properties at low levels
of electric field, but become increasingly inaccurate as higher fields are applied. The
dielectric and piezoelectric coefficients show dependencies on the driving field strength
due to domain wall contributions to these properties. For example, the difference in the
piezoelectric coefficient measured for a soft PZT actuator can be greater than 100% when
measured at low (0.5 kV/cm) and high (5.0 kV/cm) externally applied electric fields.40
At low field levels, the reversible domain wall vibrations provide a contribution
to the piezoelectric response. This response is referred to as the intrinsic or volume
response that could be obtained in a single domain, ferroelectric single crystal. The
extrinsic contribution to the piezoelectric response is related to domain wall motion and
phase boundary motion. Both intrinsic and extrinsic responses contribute to the real
component of field-generated dielectric displacement and strain:40

d * = d '− jd "

d ' = d in' + d ex'

d " = d ex''

Eq. 5.29

ε * = ε '− jε "

ε ' = ε in' + ε ex'

ε " = ε ex''

Eq. 5.30

where d* and ε* are the complex piezoelectric coefficient and dielectric constant,
respectively. The extrinsic contributions at room temperature and low field levels can be
quite significant (50-80% of overall response in soft PZT ceramics).40 The extrinsic
contribution is mainly due to the motion of ferroelectric-ferroelastic (non-180º) domain
walls.41, 42 Furthermore, the nonlinearity observed in bulk ferroelectric ceramic is largely
thought to be extrinsic in origin, from irreversible displacement of domain walls.40, 43
Recently, it has been demonstrated that the non-180º domain wall motion
contribution to the dielectric and piezoelectric behavior in ferroelectric bulk ceramics can
be modeled by applying the Rayleigh law (Eq. 5.31 to Eq. 5.36). The Rayleigh law
describes the AC electric field dependence of the dielectric constant and piezoelectric
coefficient in sub-switching fields (the domain wall structure is constant). The Rayleigh
approach predicts that the reversible piezoelectric coefficient (or permittivity) will be
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linearly related to the electric field amplitude, and that this relationship will also be
related to the hysteresis.43-46
d * = (d ' ) 2 + (d " ) 2
d* =

x p− p
2E 0

d ' = d 'init +α d E0
d"=

4
α d E0
3π

d"=

AEM
πE 02

x( E ) = (d ' init +α d E 0 ) E AC ±

αd
2

(complex piezoelectric coefficient)

Eq. 5.31

(complex piezoelectric coefficient)

Eq. 5.32

(real piezoelectric coefficient)

Eq. 5.33

(imaginary piezoelectric coefficient)

Eq. 5.34

2
( E 02 − E AC
)

E AC = E 0 sin(ωt )

(strain)

Eq. 5.35

(AC driving field)

Eq. 5.36

where E0 is the electric field amplitude of the driving field EAC, xp-p is the peak to peak
strain (used to determine the complex piezoelectric coefficient), AEM is the area of the
strain-field loop, and d’init and αd are the reversible and irreversible Rayleigh coefficients.
d’init is the initial reversible piezoelectric coefficient at E0 = 0. A similar set of equations
exists for dielectric nonlinearity and separate Rayleigh parameters are determined (ε’r,init
and αε). Although the original relations were observations on ferromagnetic materials,
Néel has shown that for a ferroelectric material with randomly distributed domain wall
energies that the Rayleigh relations are justified. The reversible Rayleigh coefficients are
due to intrinsic contributions to the response while the irreversible coefficients are due to
interface movement from one potential energy well to another well. The reversible
Rayleigh coefficient may include extrinsic contributions, however these extrinsic
contributions must be caused by a lossless process.45, 47-49
Recently, Bassiri Gharb et al. reported on the nonlinear contributions to the
dielectric and piezoelectric response by applying the Rayleigh analysis in oriented PYNPT thin films.39, 50 However, there has been no investigation into the nonlinear response
and hysteretic contribution to this response in textured bulk ferroelectric ceramics.
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Using the approach of Hall, strain-field loops were collected after the second full
cycle for a short pulse (1 Hz) sinusoidal AC drive on random ceramic (0 vol% SrTiO3),
69 vol% textured, 81 vol% textured, and single crystal PMN-28PT.40 Fig. 5-15 shows
example data for 81 vol% textured PMN-28PT at E0 = 1.2 kV/cm. From the strain-field
loop, the complex piezoelectric coefficient (d*) was calculated from the electric field
amplitude (E0) and peak to peak strain (xp-p), (Eq. 5.32). The loop area is related to the
imaginary piezoelectric coefficient (d”) and the imaginary piezoelectric coefficient is
related to the irreversible Rayleigh parameter (αd), (Eq. 5.34). The real piezoelectric
coefficient is extracted from this analysis using Eq. 5.31 and the analysis is repeated for
loops collected over a range of electric field amplitudes (but not exceeding the coercive
field strength). A similar analysis was performed on the polarization-field loops.
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(a)

(b)
Figure 5-15: Example (a) strain-field loop and (b) polarization-field loop collected at
E0 = 1.2 kV/cm and 1 Hz for 81 vol% textured PMN-28PT. The solid line is the fit to
Rayleigh law using the extracted Rayleigh coefficients from a linear fit of the real
piezoelectric coefficient (or dielectric constant) to the electric field amplitude.
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Fig. 5-16 shows the plot of the real piezoelectric coefficient with electric field
amplitude for 81 vol% textured PMN-28PT. Three main regions exist in this plot: a low
field region (where the d’ is constant), the ‘Rayleigh region’ where d’ increases linearly
with E0, and a high field region where domain switching is evident.40 The Rayleigh
coefficients (d’init and αd ) were extracted from a least squares linear fit of the data in the
‘Rayleigh region’ of the plot (Eq. 5.33). The linear region in the data collected (E0 = 0.9
to 1.7 kV/cm) were consistent with the typical Rayleigh region, which exists at field
levels from 1/3 to 1/2 EC (EC = 3.56 kV/cm for 81 vol% textured PMN-28PT). The same
procedures were used to extract the Rayleigh coefficients for the analysis of the dielectric
nonlinear response.

Figure 5-16: The plot of the real piezoelectric coefficient with electric field amplitude for
81 vol% textured PMN-28PT. The Rayleigh coefficients were extracted from a linear fit
of the data in the ‘Rayleigh Region’ of the plot (Eq. 5.33).
The Rayleigh coefficients were extracted and the Rayleigh relationship in
Eq. 5.35 can be used to describe the strain-field hysteresis. The solid lines in Fig. 5-15
(a) and (b) are the increasing and decreasing strain curves generated by using the
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Rayleigh relationship in Eq. 5.35 that correlate the instantaneous strain with the
instantaneous electric field (EAC) and the Rayleigh parameters (d’init and αd). As seen
from Fig. 5-15, the fit of Rayleigh Law to the collected data is quite good.
Fig. 5-17 (a) and (b) shows the same analysis as described above applied to
random ceramic (0 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and single crystal
PMN-28PT for piezoelectric and dielectric nonlinearity. The Rayleigh (linear) regions
are also shown for each of the datasets and separate Rayleigh coefficients were extracted
for both piezoelectric and dielectric nonlinearity. In general, the data was shown to obey
the fit described by Hall.40 Table 5-6 displays the Rayleigh coefficients extracted from
the analysis described above on the data sets from Fig. 5-17 (a) and (b). 95% confidence
limits were determined from a simple linear regression of the data.
Table 5-6: Rayleigh coefficients for random ceramic (0 vol% SrTiO3), 69 vol% textured,
81 vol% textured, and single crystal PMN-28PT.
Piezoelectric Coefficient
Material

αd 10-15
2

2

(m /V )

Single Crystal
PMN-28PT
81 vol% Textured
PMN-28PT
69 vol% Textured
PMN-28PT
Random Ceramic
PMN-28PT

d’33,init
(pC/N)

αd/d’33,init

10-5 (m/V)

Relative Permittivity
αε/ ε’r,init
αε 10-3
ε’r,init
10-3
(m/V)
(m/V)

1.4 ± 0.2

1066 ±
13

0.13 ± 0.01

8.9 ±
0.7

4178 ±
70

0.21 ± 0.02

1.4 ± 0.1

948 ± 11

0.15 ± 0.01

8.9 ±
0.4

3443 ±
53

0.24 ± 0.01

1.2 ± 0.1

634 ± 10

0.19 ± 0.01

13.7 ±
1.2

3988 ±
127

0.34 ± 0.04

2.1 ± 0.2

323 ± 26

0.65 ± 0.11

17.6 ±
0.8

1359 ±
88

1.29 ± 0.14

124

(a)

(b)
Figure 5-17: (a) The plot of the real piezoelectric coefficient with electric field amplitude
and (b) the plot of the real dielectric constant with electric field amplitude for random
ceramic (0 vol% SrTiO3), 69 vol% textured PMN, 81 vol% textured, and single crystal
PMN-28PT. The linear fit to the Rayleigh region for each of these materials is also
shown.
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The reversible piezoelectric coefficient (d’33,init) was highest for single crystal
PMN-28PT. The ratio of the Rayleigh parameters (αd/d’33,init) gives the relative increase
in piezoelectric coefficient per unit field and is related to the hysteresis. The hysteresis
(αd/d’33,init) is the lowest for single crystal PMN-28PT. The reversible piezoelectric
coefficient increased remarkably with an increase in texture volume (from 323 to 634 to
948 pC/N) for random ceramic, 69 vol% textured, and 81 vol% textured PMN-28PT,
respectively. In addition, the piezoelectric hysteresis decreased substantially (0.65 x10-5
to 0.15 x10-5 m/V) with increasing texture volume, and approached the coefficients
obtained for single crystal PMN-28PT (0.13 x10-5 m/V). This indicates that increasing
the texture volume decreases the extrinsic contribution to the piezoelectric response in
PMN-28PT. The reversible Rayleigh parameter (d’33,init) was also similar in magnitude to
the low field measured piezoelectric coefficients by the IEEE standard resonance method
for each of the materials (for example, d33 = 940 pC/N (resonance method) and d’33,init =
948 pC/N (reversible Rayleigh coefficient for 81 vol% textured PMN-28PT).
Similarly, single crystal PMN-28PT displayed the highest permittivity (ε’r,init) and
the lowest hysteretic contribution to the permittivity (αε/ε’r,init). The reversible
permittivity increased from the random ceramic to the textured ceramics (from

ε’r,init = 1359 to ε’r,init = 3988 and 3443). In addition, the hysteresis decreased
substantially (1.29 x10-5 to 0.24 x10-5 m/V) with increasing texture volume, and
approached the coefficients obtained for single crystal PMN-28PT (0.21 x10-3 m/V).
It would also be advantageous to repeat the same analysis under a DC bias
condition, similar to how these materials would be used in transducer or actuator
conditions. It is expected that under a DC bias, the reversible and irreversible Rayleigh
coefficients would be reduced compared to the coefficients reported above due to
clamping of the polarization. Furthermore, the Rayleigh coefficients can also be
frequency dependent, and for more comprehensive understanding of the nonlinear
response in these materials, the frequency dependence of the coefficients should also be
explored.39, 46, 51, 52 If interface pinning controls the Rayleigh parameters, the Rayleigh
coefficients should display a logarithmic frequency dependence.50, 53 Nevertheless, these
preliminary results show that texturing ferroelectric ceramics increases the reversible
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piezoelectric and dielectric response. In addition, the extrinsic non-180º degree domain
wall motion contribution to the piezoelectric and the dielectric response in textured bulk
ferroelectric ceramics was shown to decrease with increased texture volume under these
bipolar drive conditions.

5.4 Conclusions

PMN-28PT ceramics were fiber-textured in the <001> by the TGG process using
a low concentration (5 vol%) of oriented SrTiO3 template crystals. The dielectric,
piezoelectric and electromechanical properties for random ceramic (0 vol% SrTiO3), 69
vol% textured, 81 vol% textured, and single crystal PMN-28PT were fully characterized
and compared. 81 vol% textured PMN-28PT consistently displayed 60 to 65% of the
single crystal PMN-28PT piezoelectric coefficient, d33, and ~1.5 to 3 times the random
ceramic d33 (measured by Berlincourt meter, unipolar strain-field curves, IEEE standard
resonance method, and Rayleigh analysis). In addition, the nonlinear contributions to the
dielectric and piezoelectric response were investigated as a function of texture volume in
<001> fiber-oriented PMN-28PT using the Rayleigh approach. The reversible
piezoelectric coefficient was found to increase significantly and the hysteretic
contribution to the piezoelectric coefficient decreased significantly with an increase in
texture volume. The decrease in the hysteresis contribution in the piezoelectric response
for textured ceramics is most likely due to the significant decrease in randomly oriented
grains.
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Chapter 6
Application of Textured Piezoelectrics: PMN-28PT Tonpilz Transducer
Fabrication and Characterization

6.1 Introduction

One of the oldest transducer designs incorporates end masses that reduce the
resonance frequency was first reported by Langevin.1 The tonpilz transducer design is an
optimization of the Langevin transducer. Tonpilz, which means “singing mushroom” was
originally designed by Fischer.2 This design incorporates a heavy tail mass (steel or
tungsten), a piezoelectric ceramic stack driven in “33” mode, and a light, flared head
mass (magnesium or aluminum). The entire transducer is put under compression by a
center bolt; therefore during AC drive the compressive stress in the stack is greater than
the peak alternating stress. During AC drive, maximum displacement occurs at the head
mass and the head radiates into the water. The relative masses of the head and tail and
the stiffness of the ceramic stack determine the resonance frequency of the transducer.3
These transducers are used in arrays for active SONAR in underwater vehicles.
Currently, tonpilz transducers for underwater vehicles mainly use PZT ceramics
in the piezoelectric stack section of the transducer. Recently, research on the tonpilz
transducers with PMN-28PT single crystal show higher source levels and wider
bandwidths due to the high piezoelectric coefficient and high electromechanical coupling
of the single crystal.4-7 Textured PMN-32.5PT obtained by the templated grain growth
(TGG) process has been shown to possess a significant percentage of the piezoelectric
properties of the Bridgman grown single crystals with the potential of lower cost.
However, these materials have yet to be tested in a transducer design.7-11
In this work, oriented PMN-28PT ceramics were fiber-textured in the <001> by
the TGG process using a low concentration (5 vol%) of oriented SrTiO3 template
crystals. These textured ceramics (81 vol% textured) were incorporated into an existing
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tonpilz transducer design. The in-water transducer characteristics were compared for
ceramic, 81 vol% textured, and single crystal PMN-28PT tonpilz single elements. In
addition, dynamic testing of single crystal and 81 vol% textured PMN-28PT bars by laser
vibrometry was used to determine stress/strain levels achievable and the effect of drive
level on the elastic compliances in these materials.

6.2 Experimental Procedures

6.2.1 Dynamic Testing Experimental Procedures

As described in Chapter 4, 81 vol% textured PMN-PT was fabricated by the TGG
process. For longitudinal bars for dynamic testing, textured PMN-28PT bars were
fabricated from ~500 laminated tape layers and samples cut after sintering into bars by a
slow speed saw. The final <001> oriented 81 vol% textured bars had dimensions of
4.3 mm x 4.3 mm x 12.52 mm (3:1 aspect ratio). In addition, 2.7 mm x 2.7 mm x
12.0 mm (4.4:1 aspect ratio) <001> bar samples of single crystal PMN-28PT (PMN-PT28, Morgan Electro Ceramics, Bedford, OH) were obtained for comparison
measurements.
Single crystal PMN-28PT and 81 vol% textured PMN-28PT bars were polished to
15 µm roughness and electroded with a fired on (850°C, 10 min) silver ink (6160 Silver
Conductor, DuPont Microcircuit Materials, Research Triangle Park, NC). The electroded
bars were poled at 15 kV/cm at room temperature (20°C) for 5 min in
polydimethylsiloxane (Dow Corning 200® Fluid, Dow Corning, Midland, MI). All
samples were aged 10 days prior to measurement. The poling direction was parallel to the
[001] axis of the single crystal and parallel to the [001] texture axis in the oriented
samples. Teflon coated wires were attached to the electroded faces using a conducting
epoxy (CW2400 Circuitworks Conductive Epoxy, Chemtronics, Kennesaw, GA).
The bar was suspended in air by the lead wires and driven by an electric field in
the longitudinal (polarization) direction. Reflective tape was adhered to the positive end
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of the bar and the bar was aligned with the optical path of the displacement detection
system (Polytec Scanning Vibrometer PSV-400, PolyTec, Inc., Tustin, CA). The laser
vibrometer uses the Doppler principle to measure the back-scattered laser light from the
vibrating bar, from which the vibration velocity and displacement can be calculated. The
displacement of the bar (u) at time t is expressed as a sinusoidal vibration:

u = u 0 sin( 2πft )

Eq. 6.1

The first derivative with respect to time of the displacement, Eq. 6.1, gives the vibration
velocity (v) of the bar at a frequency, f. The peak vibration velocity (or vibration velocity
amplitude), v0, is related to the displacement amplitude by:

v = 2π fu 0 cos (2π ft )

v 0 = 2π fu 0

Eq. 6.2

where u0 is the displacement amplitude at frequency f.
Complex electrical impedance/frequency scan data around the resonance
frequency (fr) (81.60 kHz for 81 vol% textured PMN-28PT bar and 65.40 kHz for the
single crystal PMN-28PT bar) at low field (1 V) was measured using HP 4194A
impedance/gain phase analyzer (HP4194A, Agilent Technologies, Inc., Santa Clara, CA).
These data were used to correct the collected sample electrical impedance data for the
cable impedance.
Longitudinal bars were driven with an ac electric field from EAC = 0.008 kV/cm
to 0.42 kV/cm. For each drive level, the vibration velocity and impedance data was
collected around the fundamental resonance (which shifts to lower frequencies for higher
drive levels). The resonance frequency was determined by the frequency of the peak
vibration velocity. The data acquisition was computer controlled. The displacement,
maximum strain, maximum stress, the compliance coefficient (s33E), and mechanical
quality factor (QM) is calculated for each drive level. In addition, the piezoelectric
coefficient of the longitudinal bars was calculated from a low voltage (10.6 V), low
frequency (1 kHz) measurement of the displacement of the 81 vol% textured PMN-28PT
longitudinal bar.
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6.2.2 Transducer Design, Fabrication and Testing Experimental Procedures

Random ceramic PMN-28PT was fabricated by the experimental procedure
described in Chapter 3. As described in Chapter 4, 81 vol% textured PMN-PT was
fabricated by the TGG process. These processes had to be significantly scaled up to
produce material for the piezoelectric stack section of the transducers. Textured
PMN-28PT blocks of dimensions 12 x 12 x 2 cm3 were fabricated from ~70 laminated
tape layers. Texture was verified using X-ray diffraction on at least one block per
sintering batch (5 total sintering batches for textured materials). For both random ceramic
and textured PMN-28PT, rings were cut after sintering by sonic milling. The final
dimensions of the rings were ~10 mm outer diameter, ~3 mm inner diameter and ~2 mm
thickness. Single crystal PMN-28PT rings of similar dimensions (PMN-PT-28, Morgan
Electro Ceramics, Bedford, OH) were obtained for comparison measurements.
The ceramic and 81 vol% textured PMN-28PT rings were polished to 15 µm
roughness and electroded by screen printing silver ink (6160 Silver Conductor, DuPont
Microcircuit Materials, Research Triangle Park, NC) and subsequent firing (850°C,
10 min). The electroded rings were poled at 15 kV/cm at room temperature (20°C) for
5 min in polydimethylsiloxane (Dow Corning 200® Fluid, Dow Corning, Midland, MI).
The poling direction was parallel to the <001> texture axis in the textured rings (through
the thickness).
The dielectric properties of the ceramic and textured PMN-28PT rings were
measured at 1 kHz with a multifrequency impedance meter (HP4284A Precision LCR
meter, Agilent Technologies, Inc., Santa Clara, CA) after aging 10 days. The effective
coupling of the rings was measured using an impedance/gain phase analyzer (HP4194A,
Agilent Technologies, Inc., Santa Clara, CA) in conjunction with software to obtain 1 Hz
resolution of the series frequency (fs) and parallel resonance frequency (fp) of the rings
(Zelement v.2.0, Applied Research Laboratory, State College, PA). Rings that displayed
similar keff and εr were selected for integration into a tonpilz transducer design.
To aid in the transducer fabrication, models of the tonpilz transducer were created
using a graphical user interface (GID v. 7.4.9b, Magsoft Corporation, Ballston Spa, NY)
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and calculated using ATILA Finite Element Modeling software (ATILA v. 5.2.4, ISEN,
Lille, France). The piezoelectric coefficients, compliances, and dielectric properties of the
models were assigned in the program to ceramic PMN-28PT and 81 vol% textured
PMN-28PT properties dataset located in Table 5-5. The stack length was adjusted in the
model so that the transducer resonance frequency matched closely with the desired
resonance frequency of the tonpilz element.
Identical magnesium head masses, tungsten tail masses, brass shims, and epoxies
were used for all of the transducers in this study. All parts were cleaned with toluene,
ethyl alcohol, and acetone prior to fabrication. Crimped brass electrode shims
(thickness = 0.10 mm) with lead wires were bonded between the piezoelectric rings with
epoxy (Armstrong A-2, Resin Technology Group, Easton, MA). Care was taken during
all bonding steps to prevent air bubbles by placing epoxy in a vacuum before applying.
The rings were stacked on a build bolt such that they shared common ground electrodes
(in other words, alternating the polarization direction of the rings and electrically
connected in parallel). The tabs were alternated such that the ground and hot electrodes
were aligned 180º from one other. The stacked rings were put under a pre-stress of
6.9 MPa by tightening the build bolt and monitoring the voltage output from the stack
with an electrometer (Keithley 614, Keithley Instruments, Inc., Cleveland, OH). The
desired voltage output was estimated by the following equation:

[

V = g 33σ 33tnC nC + C ref

]

Eq. 6.3

where g33 is the piezoelectric voltage coefficient of the rings in Vm/N, σ33 is the desired
preload stress, t is the ring thickness, n is the number of rings, C is the ring capacitance
in nF, and Cref is a parallel reference capacitor in nF (fixed at 17 µF).
The head mass was bonded to the insulating ring (a PZT ceramic of similar
density of the piezoelectric rings) with epoxy (Armstrong A-2, Resin Technology Group,
Easton, MA), separated by a brass shim, on a separate build bolt. The tail mass was
similarly bonded to another insulating PZT ring. The three sections were cured overnight
(18 h) at 60ºC.
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After the cure, three sections were taken off of the build bolts and aligned in a
polycarbonate V-block on one build bolt and bonded together with same A-2 epoxy used
previously. This method allowed for a more uniform alignment of the tonpilz element.
The element was placed in the drying oven for another 18 h at 60ºC. After the final cure,
the lead wires were removed and shielded wires were soldered onto the electrode tabs.
The final bolt was put in the element (using Eq. 6.3) with the final desired preload stress.
The in-air complex electrical impedance of the stack was monitored after each
step in the fabrication using an impedance/gain phase analyzer (HP4194A, Agilent
Technologies, Inc., Santa Clara, CA). The stack capacitance and dielectric loss were
monitored with an impedance analyzer at 1 kHz (HP4284A Precision LCR meter, Agilent
Technologies, Inc., Santa Clara, CA). For the preload experiments, the bolt was tightened
to incrementally increase the preload stress from 0 MPa to 20 MPa. After adjusting the
preload on the element, the element was aged for one day, the capacitance and dielectric
loss were measured, the complex electrical impedance frequency sweeps were collected,
the bolt was removed, and finally the element was repoled (at 15 kV/cm for 5 min, room
temperature).
For the in-water tests on the single elements, the tonpilz elements were preloaded
to either 6.9 MPa (small signal tests) or 17.2 MPa (high drive tests). The voltage output
was monitored on the electrometer while increasing a preload stress of the element
(without the bolt) using a home-built press and calibrated strain gage. The final bolt was
tightened to the same voltage output after the load was removed.
The element was then mounted into a cylindrical housing. First, the depression
from the bolt hole on the head mass was filled with a rapid cure adhesive epoxy (Araldite
2012, Vantico, Inc., Los Angeles, CA). This made the head mass surface area smooth for
bonding. A K-type thermocouple was attached to the outer surface of the piezoelectric
stack on the element using the same rapid cure adhesive. The element was suspended in
the center of a stainless steel housing end cap by packing a thin layer (~ 2 mm) of rubber
around the head mass (now flush with the end cap). Finally, the element head mass and
end cap surfaces were bonded to a neoprene window (of the same area as the end cap)
with an instant adhesive (Loctite 410, Henkel Corporation, Rocky Hill, CT).
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Small signal in water tests on the single elements were performed in the anechoic
water tank at the Applied Research Laboratory at the Pennsylvania State University. The
water tank holds 233 kL of water and measures 5.47 m depth x 5.32 width x 7.90 m
length. The tank is maintained at 22.2ºC. To minimize sound reflections, the tank is
lined with resonant absorber. Prior to measurement, the housing cylinder was evacuated
to check for leaks. The transducer (in the housing cylinder) and the hydrophone (used to
measure the transducer acoustic output) were placed at a depth of 2.43 m. The calibrated
hydrophone and the test transducer were separated in the water by 3.16 m. A sinusoidal
pulse of 2.0 ms duration was used. A vector signal analyzer was used to maximize the
signal to noise ratio and provide precision time gated signal processing (HP89410A,
Agilent Technologies, Inc., Santa Clara, CA). A drive level of 30 dBVRMS was used for
all of the low signal in-water tests. A DC bias was applied to the transducers in the level
of 300 V and 600 V in some experiments. Beam patterns were collected at three
frequencies around the resonance frequency of the transducer by horizontally rotating the
transducer 360º in the water and measurements were taken at approximately every
degree. The data collected (beam patterns and frequency sweeps) were compensated for
the inductance, capacitance, and resistance (LCR) of the test cable.
High drive in-water tests on the 81 vol% textured PMN-28PT single element were
performed in the high pressure water tank at the Applied Research Laboratory at the
Pennsylvania State University. A water pressure of 1.03 MPa was maintained during high
drive tests to prevent cavitation. The water tank holds 7.57 kL of water, measures 4.19 m
depth x 1.52 m diameter, and the water is maintained at 24.5ºC. The transducer (in the
housing, attached to the lid of the high pressure tank) and the hydrophone (located at the
bottom of the tank) were separated by 1.36 m. A sinusoidal pulse of 2.0 ms (0.6 % duty
cycle) duration was used, generated by a digital tone burst timing generator (Dranetz 658,
Dranetz-BMI, Edison, NJ) and amplified by a power amplifier (L-10, Instruments, Inc.,
San Diego, CA). The drive level was incrementally increased from 30 to 55 dBVRMS
(0.2 to 3.7 kV/cm) for the high drive tests. A DC voltage bias of √2VRMS was applied to
the transducers in all high drive experiments. The data collected were compensated for
the LCR of the test cable.. In addition, the frequency sweep data from the small signal
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anechoic water tank measurements were used to calibrate the high pressure tank data for
sound reflections from the walls of the vessel.
Isothermal tests on the 81 vol% textured PMN-28PT single element were also
performed in the high pressure water tank. A sinusoidal pulse of 1.1 ms duration was
used, generated by a digital tone burst timing generator (Dranetz 658, Dranetz-BMI,
Edison, NJ) and amplified by a power amplifier (L-10, Instruments, Inc., San Diego,
CA). The transducer was driven until a steady state condition was reached. The
temperature of the element was maintained at T = 50ºC. The electrical input (drive
voltage and current) and acoustic output (sound pressure level in water at 1 m) were
recorded for duty cycles ranging from 100% to 7.5% once the steady state condition was
attained. A DC voltage bias of √2 VRMS was applied to the transducers in all experiments.
All data were compensated for the LCR of the test cable.

6.3 Results and Discussion

6.3.1 Dynamic Testing of 81 vol% Textured PMN-28PT and Single Crystal
PMN-28PT

The piezoelectric coefficient (d33) was directly measured at 1 kHz and low
voltage. The measured d33 of the 81 vol% longitudinal bar was 915 pC/N by laser
vibrometry. This value is very similar to the d33 measured by the IEEE standard
resonance method on similarly sized longitudinal bar samples (d33 = 940 pC/N, Table 55).

The RMS vibration velocity (1/√2·v0) and displacement (u) as a function of
frequency for the 81 vol% textured PMN-28PT longitudinal bar is shown in Fig. 6-1.
With increasing drive level, the vibration velocity (which is related to the displacement
by Eq. 6.2) increased significantly, reaching a maximum at 1385 mm/s (8.79 µm
displacement) at 0.36 kV/cm (450 VRMS) drive. At a drive level of 0.40 kV/cm (500
VRMS), the bar failed in the center, which is also the point of maximum stress (Fig. 6-2
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(a)). The failed bar is shown in Fig. 6-2 (b). The maximum strain and stress achieved as
a function of frequency are shown in Fig. 6-3. From these figures, the maximum strain
achieved by the 81 vol% textured PMN-28PT bar is 0.08%, compared to the single
crystal PMN-28PT maximum strain of 0.18%. The maximum stress (σ) was calculated
by the following relationship:

ε ij = S ijkl σ kl

and σ 33 = ε 33 ρ (2 f s l )

2

Eq. 6.4

where Sijkl is the elastic compliance, ε is the maximum strain, fs is the resonance
frequency, l is the length of the bar, and ρ is the density of the bar. The maximum stress
before failure in the single crystal PMN-28PT bar was 30.2 MPa, compared to the
maximum stress before failure of 19.2 MPa in the 81 vol% textured PMN-28PT
longitudinal bar.
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(a)

(b)
Figure 6-1: RMS vibration velocity (a) and displacement (b) of 81 vol% textured PMN28PT longitudinal bar of length 12.52 mm as a function of frequency and drive field (in
VRMS) showing increase in displacement with drive level and shift in maximum
displacement with frequency.
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(a)

(b)
Figure 6-2: (a) Finite element model of longitudinal bar showing the displacement during
drive (red = maximum displacement, blue = minimum displacement) and (b) image of the
81 vol% textured PMN-28PT failed bar after measurement at 500 VRMS (0.40 kV/cm).
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(a)

(b)
Figure 6-3: (a) Maximum strain and (b) maximum stress as a function of the drive field
(in kV/cm) for 81 vol% textured PMN-28PT and single crystal PMN-28PT longitudinal
bars showing the higher strain and stress levels attained by the single crystal longitudinal
bar before failure.
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The resonance frequency of the longitudinal bars decreased with increasing drive
levels (as seen by the shift in the peak vibration velocity in Fig. 6-1 (a)). The resonance
frequency is shown as a function of drive field and maximum strain for single crystal and
81 vol% textured PMN-28PT longitudinal bars in Fig. 6-4. For both materials, the
change in the resonance frequency is a strong linear relationship to the maximum strain.
This relationship does not agree with dynamic testing data on PZT and single crystal
PZN-PT and PMN-PT bars reported by Priya, et al., who showed a strong linear
relationship of the resonance frequency with ε2. This relationship suggested the excitation
of a negative third order nonlinear elastic coefficient with increase in drive field
amplitude. However, the measurements by Priya at al. were conducted at much lower
drive field levels (EAC = 0.0025 to 0.04 kV/cm) compared to the drive levels in this study
(EAC = 0.008 kV/cm to 0.42 kV/cm).8, 9 Sebald et al. explained that these nonlinearities
could only be modeled if the resonance peak remains symmetric.10 The peak drive level
for single crystal PMN-PT for fitting elastic nonlinearities determined by the Sebald et al.
study was 0.01 kV/cm (approximately the minimum drive level used in this study).
Fig. 6-5 displays the electrical impedance magnitude with frequency of the textured
PMN-28PT bar. In this plot, the antisymmetric resonance peak is seen even at the lowest
drive level.
Interestingly, the change in the resonance frequency as a function of strain in
Fig. 6-4 is much greater for the textured PMN-28PT than the single crystal PMN-28PT.
The change in resonance frequency with drive field is similarly greater for textured
PMN-28PT (∆f = -13.2%) than the single crystal PMN-28PT (∆f = -9.6%).
The elastic compliance of the longitudinal bars is shown as a function of drive
field and strain in Fig. 6-6. Similarly, the change in the elastic compliance is a strong
linear relationship to the maximum strain for both materials. The elastic compliance
calculated from the 81 vol% textured PMN-28PT bar at the lowest drive level of
0.008 kV/cm (s33E = 33.6 x 10-12 m2/N) was comparable to the elastic compliance
measured using IEEE standard resonance technique (s33E = 33.0 x 10-12 m2/N) in Chapter
5. The change in the elastic compliance as a function of strain is much greater for the

textured PMN-28PT than the single crystal PMN-28PT. However, the change in elastic
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compliance with drive field is similar for both the textured PMN-28PT and the single
crystal PMN-28PT.

(a)

(b)
Figure 6-4: Resonance frequency as a function of (a) drive field and (b) maximum strain
for 81 vol% textured PMN-28PT and single crystal PMN-28PT longitudinal bars
showing the linear dependence of the change in resonance frequency with strain.
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Figure 6-5: Impedance magnitude with frequency of 81 vol% textured PMN-28PT
longitudinal bar showing the shift in the antisymmetric resonance peak with increase in
drive level.
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(a)

(b)
E

Figure 6-6: Elastic compliance (s33 ) as a function of (a) drive field and (b) maximum
strain for 81 vol% textured PMN-28PT and single crystal PMN-28PT longitudinal bars
showing the linear dependence of the change in compliance with strain.
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The mechanical quality factor (QM) of the longitudinal bars is shown as a function
of drive field and strain in Fig. 6-7. The impedance data near the anti-resonance
frequency was not collected, so an alternative equation to Eq. 5.8 was used for the
calculation of mechanical QM:
QM =

fs
f1 − f 2

Eq. 6.5

where fs is the frequency of the maximum of the conductance (G) (also the real part of the
admittance), f1 is the frequency of the minimum of the susceptance (B) (also the
imaginary part of the admittance), and f2 is the frequency of the maximum of the
susceptance (B). The mechanical quality factor calculated for the textured and single
crystal PMN-28PT at the lowest drive level, EAC = 0.008 kV/cm, is QM = 65 and 71,
respectively. These values were comparable to the mechanical quality factor measured at
1 VRMS using IEEE standard resonance technique on longitudinal bars (QM = 74 and 76,
respectively) in Chapter 5. The change in the mechanical quality factor as a function of
electric field was similar for the textured PMN-28PT and the single crystal PMN-28PT.
The QM values decreased dramatically with both drive field and strain for both materials.
The decrease in the QM has been previously attributed to domain wall motion.10 This
phenomena can also be correlated with the increase in the permittivity (and loss) with
electric field for the same materials shown using Rayleigh analysis in 5.3.6. The
exponential decrease in QM with drivel level has been previously shown for single crystal
PMN-PT and PZN-PT.10
The dynamic test results suggest that the shift of the resonance frequency of the
longitudinal mode bars is attributed to the change in the elastic compliance of the
materials. These variations in the compliance are evidence of nonlinear elastic behavior
with driving field in the textured and single crystal PMN-28PT. Furthermore, it was
shown that the textured PMN-28PT bar failed at a lower field (0.40 kV/cm) than the
single crystal PMN-28PT bar (0.42 kV/cm). The poor mechanical quality of the 81 vol%
textured PMN-28PT ceramic bar could be attributed to the presence of large pores and
defects, the relatively coarse grain size, large misoriented grains in the textured PMN28PT bars, (shown previously in 3.3.3 and 4.3) or a surface defect/chip. Optical and
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scanning electron microscopy on the fracture surfaces revealed no visible defects that
might justify an atypical defect. However, a statistical number of bars should be tested to
determine if the failure was in fact due to the stress limit of 81 vol% textured PMN-28PT.

(a)

(b)
Figure 6-7: Mechanical quality factor (QM) as a function of (a) drive field and (b)
maximum strain for 81 vol% textured and single crystal PMN-28PT longitudinal bars.
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6.3.2 Transducer Modeling and Fabrication

The rings used in fabrication of the ceramic and 81 vol% textured PMN-28PT
tonpilz elements were fully characterized prior to incorporation into the devices. The
effective coupling (keff) of the rings was determined from the electrical impedance spectra
of the radial mode resonance of the rings:
 f 2
k eff = 1 −  s 2
f
 p






Eq. 6.6

where fs is the frequency of the maximum of the real part of the conductance (G) and fp is
the frequency of the maximum of the real part of the resistance (R) in the complex
electrical impedance/frequency scan. The dielectric data were collected at room
temperature and 1 kHz. All rings were aged over ten days prior to measurement. Fig. 68 shows the permittivity and electromechanical coupling data for all of the rings that were

fabricated. The outlined data points represent rings that were incorporated into the
tonpilz designs. Table 6-1 outlines the average properties of the piezoelectric rings
fabricated. The mechanical quality factor was calculated using Eq. 6.5 and the radial
mode resonance. In general, the dielectric and electromechanical properties distribution
of the rings fabricated was quite narrow. The piezoelectric coefficient, d33, was measured
with a Berlincourt meter on all rings after aging and was 1035 ± 7 and 315 ± 5 pC/N for
81 vol% textured and random ceramic PMN-28PT, respectively. The d33 is comparable to
the measured properties in Table 5-4 (1020 and 310 pC/N for 81 vol% textured and
random ceramic PMN-28PT, respectively), although the ring geometry is not ideal for
accurate Berlincourt d33 measurement.
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Table 6-1: Electromechanical and dielectric properties of 81 vol% textured and random
ceramic PMN-28PT rings.
Material

81 vol% textured
PMN-28PT
(N = 16)
Random Ceramic
PMN-28PT
(N = 19)

d33
(pC/N)

keff

QM

K

Tan δ

1035 ± 7

0.63 ± 0.005 145 ± 11

3685 ± 57

0.004 ± 0.0002

315 ± 5

0.38 ± 0.005

1850 ± 48

0.022 ± 0.0007

113 ± 4
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(a)

(b)
Figure 6-8: Dielectric constant (at 1 kHz) and piezoelectric coupling of (a) 81 vol%
textured PMN-28PT rings and (b) ceramic PMN-28PT rings. Outlined rings were
incorporated into tonpilz elements. The symbols ◊ and ◊ (shown with 95% confidence
intervals) represent the average dielectric and coupling data for textured and ceramic
rings, respectively. Also shown is an image of a ring after sonic milling and before
application of electrodes.
A model created using the GID graphical interface is shown in Fig. 6-9. Only ¼
of the element was modeled due to the 4-fold symmetry of the transducer. This allowed
for faster computation time of calculating the model with the ATILA FEM software. The
meshed elements were comprised of 5,000 to 6,000 tetrahedral elements and 7,000 to
10,000 nodes (these numbers varied with piezoelectric stack length in the models). In the
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models, the center bolt was partially removed (shown in Fig. 6-9 (b)). For simplicity, the
piezoelectric stack was modeled as one ring. The model does not account for glue joints
and electrodes that add stiffness to the element (and thus shift the resonance frequency of
the actual device to higher frequencies). In addition, the model is also dependent on the
accuracy of the full property data sets for each of the materials in the transducer (head
mass, tail mass, bolt, insulators, and most importantly, the piezoelectric stack). In
general, this is a useful tool that can be used to predict the source level (sound pressure
level in water at 1 m) and electrical impedance as a function of frequency of the
transducer.

(a)

(b)

Figure 6-9: (a) Front view and (b) cross sectional view of the tonpilz model created using GID
graphical interface. Only ¼ of the tonpilz is modeled due to symmetry of the element. The
polarization direction of the stack is shown in (a).
Tonpilz elements fabricated from ceramic and textured PMN-28PT rings are
shown in Fig. 6-10. One tonpilz element with 8 random ceramic PMN-28PT rings was
fabricated. One tonpilz element with 6 textured PMN-28PT rings and two tonpilz
elements with 4 textured PMN-28PT rings were fabricated. Lead wires on the sides of
each element are color coded for ground (black) and hot (red). The thermocouple
attached to the outer surface of the rings is shown on the 6-ring textured PMN-28PT
tonpilz element. For comparison purposes, the small signal data from these elements is
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compared to single crystal PMN-28PT tonpilz element data collected at the Applied
Research Laboratory.

(a)

(b)

(c)

Figure 6-10: Tonpilz elements fabricated from (a) 8 rings of ceramic PMN-28PT, (b)
6 rings of 81 vol% textured PMN-28PT (shown with attached K-type thermocouple), and
(c) 4 rings of 81 vol% textured PMN-28PT. For both materials, the rings are
approximately 10 mm in diameter and 2 mm in thickness.
Comparison of the model electromechanical coupling and resonance frequency
taken from electrical impedance data to the actual measured in-water data is shown in
Table 6-2. The resonance frequencies shown are relative to the measured resonance
frequency of the single crystal PMN-28PT tonpilz element. The textured ceramic
modeled and actual resonance frequencies were very close for both transducer cases.
This suggests that the materials property data used in the model for the textured
PMN-28PT ceramic is quite accurate. The ceramic PMN-28PT and single crystal PMN28PT data sets may not be as accurate due to the discrepancies in the modeled and
measured resonance frequency values. In general, the tonpilz elements fabricated
displayed resonance frequencies in the desired range. In addition, the error in the models
is greater than the measured due to the lower number of frequency data points collected
over the same range for the models.
The model predicts a significantly higher in-water coupling for the textured PMN28PT elements compared to the ceramic PMN-28PT element. However, the
electromechanical coupling is lower for the measured transducers than the model
transducers for all cases. The model does not have a complete set of mechanical,
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piezoelectric and dielectric losses for the piezoelectric stack. This could also be a result
of the pre-stress that is applied in the measured transducers that lowers the effective
coupling (in the case of the textured PMN-28PT transducers). The effect of uniaxial
stress on the electromechanical coupling in the textured PMN-28PT element will be
addressed in the following section.
Table 6-2: Comparison of tonpilz in-water electromechanical coupling and resonance
frequency* of modeled and measured transducers.
*relative to the single crystal PMN-28PT measured resonance frequency (fs-sc)
fs/fs-sc
fs /fs-sc
keff
keff
Element
(measured) (ATILA model) (measured) (ATILA model)
Single Crystal
PMN-28PT
1.00 ± 0.005
0.87 ± 0.03
0.72 ± 0.01
0.80 ± 0.01
(2-ring)
Textured
PMN-28PT
0.73 ± 0.006
0.73 ± 0.03
0.57 ± 0.01
0.74 ± 0.02
(6-ring)
Textured
PMN-28PT
0.87 ± 0.005
0.90 ± 0.03
0.44 ± 0.02
0.68 ± 0.03
(4-ring)
Ceramic
PMN-28PT
0.79 ± 0.006
0.97 ± 0.02
0.36 ± 0.02
0.55 ± 0.03
(8-ring)

6.3.3 Effect of Preload Stress on 81 vol% Textured PMN-28PT Transducer
In-Air Properties

In tonpilz designs, the center bolt applies a compressive force on the element.
The stress is greater than the peak alternating stress, preventing tensile stresses in the
piezoelectric stack section during ac drive.3 For the tonpilz design, the typical preload
stress applied to single crystal PMN-28PT elements is 17.2 MPa (2500 psi). Textured
ceramics used in transducer applications must be operated under a uniaxial compressive
stress as well. In order for textured ceramics to be advantageous, they must retain high
coupling and source levels under a moderate uniaxial compressive stress. In a previous
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study on textured PMN-PT, Sabolsky suggested there was a possible ferroelastic
switching in the textured ceramics resulting in depolarization with applied stress.11
However, recent studies on stress loading of single crystal PMN-32PT suggest that with
no applied bias field, a rhombohedral to orthorhombic phase transition takes place in the
the range of 10 to 20 MPa, resulting in depolarization of the crystal (in the direction of
the stress). With <001> compressive stress, rhombohedral domains are depolarized into
the orthorhombic state which has lower strain in the <001> and spontaneous polarization
perpendicular to the [001] (Fig. 6-11).12

(a)

(b)

Figure 6-11: Possible domain states in [001] single crystal PMN-32PT for (a)
rhombohedral phase (for a small compressive stress and small [001] electric field) and (b)
orthorhombic phase (for a large compressive stress and small [001] electric field)
(McLaughlin et al., 2005).12
The effect of uniaxial stress on the in-air coupling of the textured PMN-28PT
transducer and dielectric properties of the stack was determined by measuring the
electrical impedance spectra of the element at 1 VRMS after a preload was applied. Fig. 612 shows the in-air electrical impedance magnitude and phase angle as a function of

frequency for the textured PMN-28PT 6-ring element at preload stress levels of σ = 0 to
20.7 MPa. Initial application of the preload stress increases the resonance and antiresonance frequencies of the transducer. Above 6.9 MPa, only the resonance frequency
increases with higher preload stress, but the anti-resonance frequency remains
unchanged.
The in-air coupling of the textured PMN-28PT element and the dielectric constant
of the stack is shown in Fig. 6-13. Initially, the element coupling is high, with a
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keff = 0.66 at σ = 0 MPa preload stress. The coupling remains high at keff = 0.63 at

σ = 6.9 MPa. However, the in-air coupling starts decreasing significantly above this
stress value. At σ = 17.1 MPa, the coupling decreases to keff = 0.58. At σ = 20.7 MPa,
the coupling has dropped to keff = 0.46. The element retained high coupling up to the
prestress level desired for this tonpilz design (σ = 17.2 MPa). It should be noted,
however, that there is little room for error in applying the prestress without a phase
transition. Overshooting the value of 17.2 MPa would most likely result in poor element
coupling from depolarization of the textured PMN-28PT stack. In comparison, <001>
single crystal PMN-30PT and random ceramic PMN-30PT materials have shown high
coupling under uniaxial stresses up to 40 MPa and above 60 MPa, respectively.13, 14
The dielectric constant (calculated from capacitance measurements at 1 kHz) of
the stack increases with increasing uniaxial stress, from εr = 3410 at 0 MPa to εr = 5325
at σ = 20.2 MPa. Previous studies in fine grain ceramic PMN-30PT ( average grain
size = 1.72 µm) show a slight decrease in the dielectric constant with uniaxial stress (up
to 230 MPa).15, 16
The above trends could be explained by a rhombohedral to orthorhombic phase
transition which allows for rotation of the polarization vectors under an applied stress.12,
17

This effect could occur at lower compressive stress than single crystal PMN-28PT due

to the presence of Sr2+ in the textured ceramic (which is not present in the single crystal);
Sr2+ is an isovalent substitution for Pb2+ in PZT and PMN ceramics. Similar observations
of domain switching under applied uniaxial stress have been observed in soft PZT
ceramics.18 It should be noted, however, that the above measurements on textured
ceramic element were conducted at low field EAC = 0.0008 kV/cm, 0 kV/cm DC bias,
which is contrary to most data in the literature in which an EAC = 15 kV/cm and DC bias
of 7. 0 kV/cm, which results in higher uniaxial stresses needed to induce domain
switching.13, 14, 17-19 Nevertheless, the results suggest that there are limitations on the
compressive preload stress (and thus the drive levels) for the 81 vol% textured ceramic.
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(a)

(b)
Figure 6-12: In-air (a) electrical impedance magnitude and (b) phase angle as a function
of frequency for 81 vol% textured PMN-28PT 6-ring transducer.
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(a)

(b)
Figure 6-13: (a) In-air element electromechanical coupling of the element and (b)
permittivity of the stack as a function of preload stress on the 81 vol% textured
PMN-28PT tonpilz element

6.3.4 Small Signal In-Water Transducer Characterization

The tonpilz elements were mounted into a housing cylinder for in-water testing in
the anechoic tank at the Applied Research Laboratory, shown in Fig. 6-14. In-water
small signal tests were conducted on four transducers: single crystal PMN-28PT, 81 vol%
textured PMN-28PT 6-ring, 81 vol% textured PMN-28PT 4-ring, and ceramic
PMN-28PT. The relative source levels in water for the four transducer cases is shown in

160
Fig. 6-15. The frequency for each case was normalized for the resonance frequency of
each transducer and the source level was normalized for 1.0 kV/cm in Fig. 6-15. From
this figure, it is clear the advantage in source levels in the water over a wide frequency
range for the textured PMN-28PT transducers over the ceramic PMN-28PT transducers.
As expected, the single crystal PMN-28PT element displayed the highest source levels
over a wide frequency range.

(a)

(b)
Figure 6-14: (a) Housing cylinder for testing of a single element tonpilz transducer and
(b) the anechoic tank test facility at the Applied Research Laboratory.
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Figure 6-15: Source level in water for the four transducer cases normalized at 1.0 kV/cm
measured from small signal (30 dBVRMS) measurements in the anechoic tank.
Frequencies have been normalized to the resonance frequency of each transducer.
The in-water electrical impedance magnitude and phase angle data is shown for
the four transducer cases in Fig. 6-16. Table 6-3 shows the electromechanical coupling
and mechanical quality factor for the same four transducer cases. With an application of a
DC bias, the electromechanical coupling increased and mechanical quality factor
decreased for the textured and ceramic PMN-28PT elements. The textured PMN-28PT
element reached a keff = 0.64 with 4.0 kV/cm DC bias in the low signal in-water tests.
This result was promising as the decrease in electromechanical coupling from the
uniaxial prestress was negated by a modest DC bias field. The DC bias may stabilize the
rhombohedral phase of the ceramic and 81 vol% textured PMN-28PT, increasing the
electromechanical coupling of respective tonpilz elements.12
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(a)

(b)
Figure 6-16: In-water (a) electrical impedance magnitude and (b) phase angle for the four
transducer cases at 30 dBVRMS drive and 0 DC bias.
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Table 6-3: Electromechanical coupling (keff) and mechanical quality factor (QM) for the
four transducer cases at 30 dBVRMS drive under 0, 2.0 and 4.0 kV/cm DC bias field.
Element

Single Crystal
PMN-28PT
(2-ring)
Textured
PMN-28PT
(6-ring)
Textured
PMN-28PT
(4-ring)
Ceramic
PMN-28PT
(8-ring)

0 kV/cm DC Bias
keff
QM

2.0 kV/cm DC Bias
keff
QM

4.0 kV/cm DC Bias
keff
QM

0.72

5.04

-

-

-

-

0.57

5.53

0.61

5.56

0.64

5.73

0.44

5.75

-

-

-

-

0.36

6.64

0.39

6.64

0.44

6.6

The beam patterns of the ceramic and textured PMN-28PT elements are shown in
Fig. 6-17. The directivity index (DI), or the measure of the acoustic beam relative to an
omni-directional source, can be directly calculated from the beam patterns.3 The beam
patterns show the relative acoustic output (normalized to -10 dB) as the transducer is
rotated horizontally 360º. The beam pattern (and thus the DI) are also dependent on
frequency, as shown in Fig. 6-17. The DI of the ceramic PMN-28PT element was
7.41 dB, 6.19 dB and 6.38 dB measured at 0.89, 1.20, and 1.50 f/f0, respectively. The DI
of the textured PMN-28PT element (6-ring) was 7.66 dB, 6.14 dB and 6.59 dB measured
at 1.00, 1.34, and 1.67 f/f0, respectively. These values should be equivalent at the same
frequencies since the DI is only dependent on the radiating area and frequency.3
However, in order to calculate the acoustic output power and efficiency of the transducer
over the entire frequency range the DI at each frequency must be known. The following
expression for a piston source was used to estimate the DI as a function of frequency:20
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 (kr )2 
DI = 10 log 

1 − J 1 (2kr ) 
kr 

v
2π
λ = sw and k =
f
λ

Eq. 6.7

Eq. 6.8

where f is the frequency, vsw is the speed of sound in water (1500 m/s), λ is the
wavelength, r is the effective radius of the head mass, and J1(2kr) is the Bessel function
of the first kind and first order. At low frequencies, this approximation is less accurate
since the wavelength (λ) is greater than the effective radius of the head mass (r).3 The
calculated DI ranges from 4.43 dB to 6.63 dB for f/f0 = 1.00 to 1.67 (relative to the
resonance frequency of the textured PMN-28PT element), respectively, using the above
approximation for a piston source. At higher frequencies, f/f0 ≥ 1.34, the calculated and
measured DI are in very good agreement using the above approximation.
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(a)

(b)

Figure 6-17: Measured beam patterns showing transducer directivity for (a) ceramic
PMN-28PT and (b) textured PMN-28PT (6-ring) transducers. Data in both plots normalized
to -10 dB.
The acoustic intensity (acoustic power output per area of the head mass, PACS/A)
as a function of frequency for the four transducer cases is shown in Fig. 6-18. The
acoustic power (PACS) is calculated from the source level and DI as a function of
frequency:3
SL = 170.9 + 10 log PA CS + DI

Eq. 6.9

where SL is the sound pressure level of the element at 1.0 kV/cm (relative to 1 µPa at
1 m), PACS is the acoustic power output at 1.0 kV/cm and DI is the directivity index.
Both the SL and DI are frequency dependent, and thus the acoustic power output is also
frequency dependent. All four elements were fabricated with the same head mass, thus
the DI was taken to be equal for each transducer case. The acoustic intensity is highest
for the single crystal transducer case, and lowest for the ceramic transducer case. The
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difference in the acoustic intensities for the 6-ring and 4-ring textured PMN-28PT
transducers stems from the differences in the active material volume, resonance
frequency, and DI estimation errors. The 6-ring textured PMN-28PT tonpilz has a
similar active volume to the single crystal transducer, however the resonance frequency is
27% lower. The 4-ring textured PMN-28PT tonpilz has similar resonance frequency as
the single crystal transducer, but has 30% less active volume. The acoustic intensity and
source levels of the textured tonpilz element are a significant improvement over the
ceramic tonpilz element and were not expected to be as high as the single crystal tonpilz
element acoustic intensity and source level. Furthermore, a more accurate comparison of
these materials in the tonpilz design can be made at the array level.

Figure 6-18: Acoustic intensity as a function of frequency for the four transducer cases at
1.0 kV/cm.
A good figure of merit for transducers is the apparent electrical power input (VA)
divided by the acoustic power output (PACS), the so called “transmit system performance”
or TSP. A VA/PACS = 1 would represent 100% efficiency. TSP is used instead of
efficiency (which is the ratio of the acoustic power output over the (real) electrical power
input) because amplifiers have to deliver both real and reactive power; thus, the apparent
electrical power input in the TSP includes both the real and reactive power. The TSP of
the four transducer cases is shown in Fig. 6-19. These TSP values are only estimates due
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to the difficulties in measuring DI and poor radiation loading of single element tonpilz
transducers. The plot shows that the single crystal has the highest estimated TSP over the
largest bandwidth. A dashed line was arbitrarily drawn at VA/PACS = 7 V*A/Watt to show
the relative difference in the bandwidth of these transducers. The bandwidth (relative to
resonance frequency of each transducer) is shown in Table 6-4. The single crystal
element showed the highest bandwidth (100.0%) and the ceramic element the lowest
(31.4%). The textured tonpilz elements showed improvements in bandwidth over the
ceramic PMN-28PT tonpilz element.

Figure 6-19: Efficiency as a function of frequency for the four transducer cases. Intercept
line at drawn at arbitrary value of VA/PACS = 7 VA/Watt shows the relative difference in
bandwidth of the four transducer cases.
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Table 6-4: Bandwidth (BW) comparison for the four transducer cases (calculated at
arbitrary intercept of VA/PACS = 7 V*A/Watt).
Element
Single Crystal PMN-28PT
(2-ring)
Textured PMN-28PT
(6-ring)
Textured PMN-28PT
(4-ring)
CeramicPMN-28PT
(8-ring)

BW (%)

100.0%
66.5%
39.0%
31.4%

6.3.5 High Drive Transducer Characterization

In the previous section, the results were scaled linearly based on low field
measurements. High drive characterization aids in modeling and in the prediction of
device performance. In this section, linearity was tested by increasing the drive level and
monitoring the transducer output. Both the textured PMN-28PT 6-ring and 4-ring
elements were tested under high drive conditions in the high pressure tank at the Applied
Research Laboratory. In the first high drive test, the duty cycle was kept low (0.6%) and
the complex electrical impedance/frequency data were collected at drive levels from
EAC = 0.2 to 3.7 kV/cm with DC bias (EDC) of EDC = √2·EAC. The electrical impedance
and phase angle data for these conditions is shown in Fig. 6-20. The shift in resonance
frequency to lower frequencies is more clearly shown in Fig. 6-21, with a ∆fs of -19% at
3.7 kV/cm drive. This was seen previously on a larger scale in the dynamic
characterization of 81vol% textured PMN-28PT longitudinal bars. This shift is more
evidence of the “soft” behavior of the 81 vol% textured PMN-28PT compared to single
crystal PMN-28PT.
During measurements at all drive levels, the increase in the temperature of the
element was negligible. At EAC = 3.7 kV/cm, the experiment was halted due to current
spikes during data collection. Inspection of the element after testing showed a carbon
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trace on the outside of one of the rings, indicating short circuit conditions from dielectric
breakdown. The element itself was found to be intact and low signal in-air complex
electrical impedance data were identical to the electrical impedance/phase angle data
prior to the high drive tests. Future tests should consider a conformal coating to help
prevent arcing.
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(a)

(b)
Figure 6-20: (a) Electrical impedance magnitude and (b) phase angle data for 6-ring
textured PMN-28PT tonpilz element during high drive conditions (EAC = 0.2 to 3.7
kV/cm and EDC = √2·EAC).
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Figure 6-21: Shift in resonance frequency of the textured PMN-28PT tonpilz element
with drive level.
The electromechanical coupling of the textured PMN-28PT element increases
with drive level and plateaus at keff = 0.69 (Fig. 6-22). The mechanical quality factor
decreases slightly to QM = 4.35 with increase in drive level. The maximum source level
increases with drive level and follow a linear relationship with drive (in dB) for drive
levels up to 2.33 kV/cm. The source level obtained at 1.0 kV/cm (SL = 191.9 dB) was
very close to the source level estimated by the low signal measurements in water, field
normalized to 1.0 kV/cm (SL = 192.8 dB) from Fig. 6-15. At 3.0 kV/cm, the high drive
data deviates slightly from linearity and the maximum source level is SL = 200.2 dB,
compared to SL = 202.3 dB estimated by low signal measurements in water, field
normalized to 3.0 kV/cm. In general, the textured PMN-28PT element shows large scale
linearity in source level with drive level (up to EAC = 2.33 kV/cm) under high drive
conditions.
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(a)

(b)
Figure 6-22: (a) Increase in electromechanical coupling and (b) decrease in mechanical
quality factor of the textured PMN-28PT tonpilz element with increase in drive level.
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(a)

(b)
Figure 6-23: Maximum source level as a function of drive level in (a) kV/cm and (b) dB
(relative to 1 kV/cm) showing large scale linearity (grey line) in source levels with drive
for textured PMN-28PT 6-ring tonpilz element.

The textured PMN-28PT 4-ring element was also tested under high drive
isothermal conditions. The electrical input and acoustical output were recorded for duty
cycles ranging from 100% to 5% to maintain the transducer at steady state, T = 50ºC. At
5% duty cycle, the transducer failed. Inspection of the element after the test revealed
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cracks in the rings in the polarization (thickness) direction. Unfortunately, the receive
signal from these measurements contained an error and could not be analyzed. However,
the electrical input to maintain steady state conditions is shown in Fig. 6-24. The trends
are similar to single crystal PMN-28PT elements under the same test conditions (not
shown). Lower drive levels are required to maintain the textured PMN-28PT element at
50ºC at high duty cycles (Fig. 6-24 (a)). In addition, the average true electrical power
input (V·A cos θ··Duty Cyle) increases with duty cycle. Even though the acoustic power
ouput was not recorded, the efficiency of the transducer can be predicted based on the
average true electrical power and heat dissipation as a function of duty cycle. At steady
state, the heat generated is equivalent to the heat dissipated. The electrical dissipation of
heat is proportional to the square of the electric field. It was established earlier that the
quality mechanical factor decreases with increasing drive. The mechanical dissipation of
heat is proportional to 1/2QM, therefore the mechanical dissipation is also decreasing with
increase in duty cycle. Thus, the relative amount of heat dissipation decreases if the
average true electrical power increases with duty cycle. This suggests that the efficiency
of the transducer increases with increasing duty cycle for isothermal conditions (Fig. 6-24
(b)).
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(a)

(b)
Figure 6-24: (a) Drive level and (b) average electrical power as a function of duty cycle
for textured PMN-28PT 4-ring tonpilz element under high drive, isothermal conditions.
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6.4 Conclusions

In this work, oriented PMN-28PT ceramics were fiber-textured in the <001> by
the TGG process using a low concentration (5 vol%) of oriented SrTiO3 template
crystals. Dynamic testing of single crystal and 81 vol% textured PMN-28PT bars showed
nonlinearities in elastic compliance with drive level for both materials. The 81 vol%
textured PMN-28PT longitudinal bar obtained 44% of the maximum strain of a single
crystal PMN-28PT bar measured under similar conditions. The single crystal PMN-28PT
bar displayed higher strain, higher stress, and less change in resonance frequency at
higher field levels than the textured PMN-28PT bar before failure.
Textured ceramics (81 vol% textured) were incorporated into an existing tonpilz
transducer design. The in-water transducer characterization showed higher source levels
for 81 vol% textured PMN-28PT tonpilz transducers than random ceramic PMN-28PT
tonpilz element. Thus, texturing was shown to improve device performance over the
random ceramic case. High drive tests on the 81 vol% textured PMN-28PT tonpilz
element were performed to predict device performance. The textured PMN-28PT element
showed large scale linearity in source level as a function of drive level under the high
drive conditions (up to 2.33 kV/cm). The maximum electromechanical coupling obtained
by the 81 vol% textured PMN-28PT transducer under high drive conditions was
keff = 0.69.
However, the mechanical strength and stress induced phase transition of 81 vol%
textured PMN-28PT limits the output power of transducers fabricated with this material
due to the stresses generated during AC drive. Thus, transducers made from this textured
ceramic most likely will not be able to overcome the deficit in d33 (compared to single
crystal PMN-28PT) by using higher drive levels than can be achieved with single crystal
PMN-28PT. In addition, a modest DC bias must be used to prevent the stress induced
phase transition from the rhombohedral to orthorhombic phase in 81 vol% textured PMN28PT tonpilz elements.
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Chapter 7
Summary and Future Work

7.1 Summary

7.1.1 Textured PMN-28PT: Materials Development

Random ceramic PMN-28PT fabricated from finely milled precursors displayed a
fine grain size (GS = 3.4 µm), high density, and was phase pure perovskite. These
characteristics indicated that the fine, calcined PMN-28PT was a suitable matrix material
for the templated grain growth (TGG) process. Highly anisotropic (aspect ratio >10)
SrTiO3 template crystals were aligned by tape casting in the PMN-28PT matrix. The
processing conditions used in this study produced higher quality textured PMN-28PT
with a corrected x-ray diffraction (XRD) rocking curve full width at half maximum
(FWHM) of 7.6°. The textured PMN-28PT ceramic had high texture volume (f = 0.81),
narrow orientation distribution (r = 0.21), and high density (7.8 g/cc, 98% TD). This
texture volume and orientation distribution was a significant improvement over textured
PMN-PT in the literature. The width of the texture orientation distribution was proposed
to be limited by the alignment of templates during tape casting.
The development of texture during thermal processing was also investigated. The
higher texture quality fiber-oriented PMN-28PT ceramic was further characterized by
XRD, scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).
During the high temperature anneal, the template particles uniformly diffused into the
microstructure. The microstructure was brick-wall like, with no distinguishable matrix
(unoriented) phase. In addition, large scale porosity was found that may affect the
mechanical integrity of the textured ceramic.
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7.1.2 Texture Characterization of [001] Fiber-Oriented PMN-28PT

Until recently, characterization of texture in fiber-oriented PMN-PT had been
limited to Lotgering analysis. In this study, XRD and electron backscatter diffraction
(EBSD) techniques were used to characterize the fiber texture in oriented PMN-28PT.
The intensity data were fit with the March-Dollase equation (a texture model) to describe
the texture in terms of texture fraction (f), and the width of the orientation distribution (r).
The benefit of using EBSD is in the ability to determine the orientation of each grain in
the microstructure. EBSD analysis confirmed the <001> orientation of the
microstructure, with no distinguishable randomly oriented, fine grain matrix. However,
there were some large (~20 µm), misoriented grains present in the microstructure.
Although XRD rocking curve and EBSD data analysis gave similar f and r values, XRD
rocking curve analysis was the most efficient and gave a complete description of texture
fraction and texture orientation (f = 0.81 and r = 0.21, respectively). XRD rocking curve
analysis was determined to be the preferred approach for characterization of the volume
of texture and the orientation distribution of texture in fiber-oriented PMN-PT.

7.1.3 Dielectric, Piezoelectric and Electromechanical Properties of Textured
PMN-28PT

The dielectric, piezoelectric and electromechanical properties for random ceramic
(0 vol% SrTiO3), 69 vol% textured, 81 vol% textured, and single crystal PMN-28PT were
fully characterized and compared. 81 vol% textured PMN-28PT consistently displayed
60 to 65% of the single crystal PMN-28PT piezoelectric coefficient, d33, and ~1.5 to 3
times the random ceramic d33 (measured by Berlincourt meter, unipolar strain-field
curves, IEEE standard resonance method, and Rayleigh analysis). The full properties
dataset was collected on textured PMN-28PT.
In addition, the nonlinear contributions to the dielectric and piezoelectric response
were investigated as a function of texture volume in <001> fiber-oriented PMN-28PT
using the Rayleigh approach. The reversible piezoelectric coefficient was found to
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increase significantly and the hysteretic contribution to the piezoelectric coefficient
decreased significantly with an increase in texture volume. This result (the reduction in
hysteresis with increase in texture volume) was significant because it showed that highly
textured ceramics may have a future in high power transducer applications.

7.1.4 Application of Textured Piezoelectrics: PMN-28PT Tonpilz
Transducer Fabrication and Characterization

Dynamic testing of single crystal and 81 vol% textured PMN-28PT bars showed
nonlinearities in elastic compliance with drive level for both materials. The 81 vol%
textured PMN-28PT longitudinal bar obtained 44% of the maximum strain of a single
crystal PMN-28PT bar measured under similar conditions. The single crystal PMN-28PT
bar displayed higher strain, higher stress, and less change in resonance frequency at
higher field levels than the textured PMN-28PT bar before failure. This test was
significant as it showed that the mechanical quality factor followed similar trends as the
single crystal PMN-28PT and that highly textured PMN-28PT has lower mechanical
integrity than single crystal PMN-28PT. In other words, the textured ceramics most
likely would not be able to be driven harder in high power applications than single crystal
PMN-28PT to make up the deficit in the piezoelectric coefficient.
Textured ceramics (81 vol% textured) were incorporated into an existing tonpilz
transducer design. The in-water transducer characterization showed higher source levels
for 81 vol% textured PMN-28PT tonpilz transducers than random ceramic PMN-28PT
tonpilz element. Thus, texturing was shown to improve device performance over the
random ceramic case. High drive tests on the 81 vol% textured PMN-28PT tonpilz
element were performed to predict device performance. The textured PMN-28PT element
showed large scale linearity in source level as a function of drive level under the high
drive conditions (up to 2.33 kV/cm). The maximum electromechanical coupling obtained
by the 81 vol% textured PMN-28PT transducer under high drive conditions was
keff = 0.69. However, the mechanical strength and ferroelastic behavior of 81 vol%
textured PMN-28PT limits the output power of transducers fabricated with this material.
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7.2 Future Work

7.2.1 Processing of Textured Piezoelectrics

Many of the issues in the performance on the device level of textured PMN-PT
can be addressed by further optimization of the processing of these textured ceramics.
Specifically, the one of the most pressing issues for incorporation of these materials into
high power applications is the ferroelastic nature in these textured ceramics. This has
been improved upon compared to previous work, possibility from the use of a
rhombohedral PMN-28PT composition in this work. Future studies should compensate
for the composition change from the addition of SrTiO3 templates (from PMN-28PT to
PMN-29.6PT), to further stabilize the rhombohedral domain state. In addition, ceramic
processing could be scaled down by incorporating high energy milling of precursors.1, 2
This could benefit the TGG process significantly by reducing the particle size of the
PMN-PT matrix (and possibly increasing TGG kinetics) and by reducing the number of
processing steps in obtaining TGG ceramics.
Hard behavior could be induced in TGG ceramics by substituting mobile defects.3
Mn doping has been shown to increase the QM in both PMN-PT ceramics and PZN-PT
single crystals.4-6 Recently, Mn doping has shown that Mn doped PZN-PT single crystals
support a higher uniaxial stress before depolarization than those of pure PZN-PT single
crystal.6 Although the piezoelectric coefficients are significantly reduced by Mn doping,
the figure of merit QM·d31 increased significantly. Another beneficial effect is
stabilization of the piezoelectric coefficient over a wider temperature range and a higher
TC (although also accompanied by a lower TRT).6 Routine doping processes used to tailor
ceramic and single crystal piezoelectric properties could easily be applied to textured
ceramics.
Another area of interest is to pursue ferroelectrics in the perovskite family of
other compositions, especially those that display higher Curie temperatures. Recently,
small amounts of <111> texture has been reported in PZT ceramics using Ba6Ti17O40
templates (although it should be noted that 40 vol% templates were used and texture
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characterization was limited to Lotgering analysis). 7 Another system of interest are the
high temperature ferroelectric compositions. Ceramic Mn-doped BiScO3–PbTiO3 is
another recently developed attractive piezoelectric composition. Ceramics with
compositions near the MPB in this system display properties comparable to PZT-5A.8
Mn doping in this system has reduced room temperature dielectric loss and increased the
QM of these materials to ~200. Very recently, flux grown single crystals of BiScO3–
PbTiO3 have been fabricated. These crystals display similarly high TC (>400ºC) and
higher electromechanical coupling (k33 > 0.9) than the ceramic composition.9 Textured
piezoelectrics of these compositions would be extremely advantageous, especially in
compositions where there is no single crystal analog or where a larger scale process has
been developed for single crystal fabrication.
Certainly, one area of continuous interest for texture in the PMN-PT system is
alternative template source. Namely, the deleterious effect of the significant reduction in
Tmax was caused by Sr in the textured PMN-PT ceramics fabricated in this work. An
ideal template should have high shape anisotropy which is extremely important for better
alignment resulting in textured ceramics with a narrow orientation distribution. The
template size is important as well because it determines the final grain size of the textured
ceramic. The template must have a similar crystal structure to the matrix composition.
Although <001> orientated templates were used in this study, other orientations of
template particles should be considered because textured piezoelectrics in these other
orientations can also be advantageous. For example, <110> or <111> oriented single
crystals have high d31 and d15, respectively. Anisotropic, nanosize <111> BaTiO3 has
been fabricated by a hydrothermal route and processing could be tailored to provide
templates of larger size (~20 µm edge length).10
One important result of this study was elimination of unoriented matrix grains in
the microstructure, leading to higher texture volumes. However, even further decrease in
hysteresis and better properties could be attained by better alignment of the templates and
narrowing of the orientation distribution. In all studies in textured ceramics, orientation
parameters are limited to r = 0.2 using tape casting for template alignment.11, 12 The
orientation distribution effect on the elastic coefficients, piezoelectric properties, and
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hysteresis can be predicted with commercial software packages such as popLA (Preferred
Orientation Package -LANL) and OOF (Object-Oriented Finite Elements-NIST). A
decrease of the orientation parameter to r = 0.1 has the potential for a further increase in
piezoelectric properties to 85% of single crystal values (predicted from a modeled
textured PZN-PT ceramic).13 Therefore, to access a higher percentage of single crystal
properties, the orientation parameter in textured ceramics needs to be dramatically
improved.

7.2.2 Texture Characterization

Future work in textured ceramics should incorporate quantitative texture
characterization techniques, such as XRD rocking curve analysis. Textured ceramics are
now at a point where the orientation distribution needs to be addressed in all studies,
especially textured ferroelectrics. Simply reporting a Lotgering factor is not sufficient
enough information in textured ferroelectrics.
The origin of the misoriented grains could be further studied by using EBSD on
samples during different stages of texture development. This could give insight on the
deficiencies of the current template alignment technique. For example, to determine if the
misoriented grain is from coarsening of the matrix (unlikely), a misoriented high aspect
ratio template particle, or a misoriented low aspect ratio template particle. It is possible
that these studies could determine if the alignment technique is the problem, or if it stems
from the template particles. Results from this type of analysis could prove that pursuing
new alignment techniques unnecessary.
More extensive SEM (in conjunction with EBSD) analysis on cross-sections of
green samples could be used to aid in a more quantitative analysis of the template
misorientation. Using this data, a 3-D model could be developed from orientation and
position of the template particles in the matrix that predicts both the texture volume and
orientation parameter of the final textured ceramic. This model could assume that TGG
continues until it consumes the matrix and the textured grains have the same orientation
as the templates. This would be an advantageous tool that would eliminate the need to
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sinter and characterize these ceramics until the desired alignment was achieved.
Orientation distributions and pole figures could be developed based on the modeled data.
The elastic properties (and hence the piezoelectric coefficients) could be predicted
by taking the modeled orientation data or measured XRD pole figure data and inputting
this information into a commercial software package such as popLA or OOF. PopLA
uses raw orientation data from pole figures (preferably collected on a 4-circle
goniometer) of textured materials to predict the anisotropic materials properties. The
popLA data analysis also corrects pole figure data for background and defocus. OOF
predicts piezoelectric response from modeled ceramic microstructures that can be
described by the texture fraction, f, and orientation parameter, r. Using these types of
analysis would aid in predicting properties during texture optimization without the need
to fabricate the different geometries needed for the IEEE standard resonance method. As
a first step, it would be interesting to see how close popLA and OOF predictions correlate
with the measured elastic coefficients in the 81 vol% textured PMN-28PT developed in
this study. Second, as mentioned earlier, the use of these software can predict the
improvements in orientation distribution that are needed to access a specific percentage
of single crystal piezoelectric properties.

7.2.3 Dielectric, Piezoelectric and Electromechanical Properties
Characterization

Characterization of piezoelectric and dielectric nonlinearities in textured PMN-PT
(and comparison to single crystal and ceramic PMN-PT) should be conducted under DC
bias and/or compressive stress conditions, similar to how these materials are used in
transducer applications. This approach would be similar to that described in 5.3.6.
Alternative approaches, such as in situ stroboscopic neutron diffraction have also
quantified the hysteretic contribution to the piezoelectric effect and could be explored.14,
15

Another area of interest is examining the frequency dependence of the dielectric
nonlinearities. Bassiri Gharb et al. showed that <100> oriented PYbN-PT films had a
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higher frequency dependence of the reversible Rayleigh coefficient than <111> oriented
films. In this study, it was suggested that a more narrow time constant distribution along
the [111] was the origin of the anisotropy of the frequency dependence.16, 17 It would be
interesting to compare the frequency dependence of the dielectric constant for randomly
oriented, highly textured and single crystal PMN-PT materials. Furthermore, it would aid
in design and modeling of ceramic, textured and single crystal transducers to be able to
predict the dielectric and piezoelectric response at moderate field levels (up to half the
coercive field) and over a wide frequency range.
It has been recently shown that the motion of 180º domain walls (or only
ferroelectrically active domain walls) contributes to the total strain by the dynamic poling
process.17, 18 A Fourier expansion of Eq. 5.35 (Rayleigh law) reveals that these nonlinear
effects come with only odd order harmonics of strain.18 To confirm this in textured bulk
piezoelectrics, the higher order harmonics of the dielectric and piezoelectric response
could be investigated as function of drive field. All the materials of this study displayed
sharp tips in the hysteresis loops, indicative that higher order harmonics must be used to
describe the Rayleigh relationships.19 Highly textured ceramics in this work displayed
more tilted polarization electric field hysteresis loops than single crystal PMN-28PT,
suggesting less stable domain states in the textured ceramic. The remanent polarization
may be changing in these highly textured ceramics (they may display high second order
harmonics) even with applied DC bias fields, compared to single crystals (that may
display a smaller second order harmonic, due to a more stable domain state).18 The
contribution of higher order harmonics to the dielectric constant as a function of
temperature would also be of interest, especially as the temperature approaches the TRT.
Piezoelectric degradation studies on textured ceramics might give more insight on
how these materials behave in a high power transducer application. Previous work on
textured PMN-32.5PT showed opening of the strain-field hysteresis loop with cycles.20
These experiments could also be conducted under DC bias conditions and realistic field
levels (< 5 kV/cm), similar to how these materials would be used in transducer
applications. Comparison of the hysteresis loops to initial loops would give insight on the
domain stability in textured PMN-PT.
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The electromechanical properties of single crystal and textured PMN-PT should
also be compared on the material level (as opposed to device) under uniaxial stress
conditions. These measurements could be conducted by simultaneous polarization-strain
and strain-field measurements (similar to method described in Chapter 5) in combination
with an applied mechanical load using a pneumatic cylinder.21, 22 For a given field, the
effect of stress on the polarization and strain can be compared for these materials under
various DC bias conditions. In addition, the effect uniaxial stress and drive field
amplitude on the hysteresis in these materials should be examined.
In situ domain observation under small fields (< 5 kV/cm) may also lead to some
insight on domain stability in the textured grains. This could be achieved in a similar way
to work by Sabolsky where macroscopic domain wall movement was observed through
an optical microscope under bipolar electric field. In his study, the residual BaTiO3
template particles pinned domain wall movement. In the current work, there are no
residual template particles (from characterization by SEM). However, there still could be
some internal clamping from stress fields around pores or from misaligned grains. It
would be useful to understand the effect of clamping from misaligned grains (from the
<001>) on surrounding textured grains have on domain switching.

7.2.4 Transducer Fabrication and Characterization

Future single element tests should be conducted on tonpilz elements that have
similar areas for the piezoelectric stack section. In this work, the area of the textured
PMN-28PT rings was reduced for ease of processing of the textured ceramics, thus the
volume of material in the piezoelectric stack section was less than both the ceramic
transducers and the single crystal transducers. This is important because the acoustic
power radiated at resonance is proportional to the volume of the stack.
Since the low signal in-water transducer characteristics followed similar trends as
the ATILA models, the model was adjusted to incorporate a larger volume of textured
PMN-PT material. The area of the piezoelectric stack was adjusted in the model to the
same area as the single crystal element and the stack length adjusted so that the resonance
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frequency of the textured models was the same. In this way, the ATILA model predicts
the effect on element coupling and source level from an increase in the volume of the
stack for textured PMN-28PT elements with the same resonance frequency. Thus, the
total volume of the 81 vol% textured PMN-28PT piezoelectric stack is greater in this new
model. The source level at resonance for the new textured PMN-28PT model increased
by 4.6 dB over the 4-ring textured model (0.9 dB lower than the single crystal model and
2.2 dB higher than textured 6-ring model). The in-water electromechanical coupling
increases in the model from keff = 0.68 to keff = 0.73. Transducers built from this new
design would most likely have improvements in source level and the effective element
electromechanical coupling, especially since thus far the models have accurately
predicted relative performance in 81 vol% textured PMN-28PT.
In future studies, transducers fabricated from textured PMN-PT should continue
to follow the same in-water characterization as single crystal elements. The isotherm tests
should be repeated so that the acoustic output of the transducer can be evaluated and
compared to single crystal data. The next level of testing for these transducers includes a
life test where the duty cycle is incrementally increased while the transducer is driven at
30 dBVrms at resonance. The temperature rise is monitored for 30 minutes (or until
failure). From these results, the amount of heat generation compared to single crystal
elements can be compared.
An array of tonpilz elements must be fabricated and characterized to satisfy
required directivities and source levels for direct replacement of PZT tonpilz arrays.
Array characterization provides statistical transducer data, characterization under proper
load conditions, and have better directivity than a single element. Testing of textured
PMN-PT tonpilz elements on the array level will aid in comparison to single crystal and
PZT tonpilz arrays.
Other applications could also be explored incorporating textured PMN-28PT
ceramics. The scale-up of processing and machinability was demonstrated in this work,
it is now appropriate to explore other device applications for textured PMN-28PT,
especially applications that require significant machining, which may make it more
difficult to incorporate single crystal PMN-28PT. For example, medical ultrasound
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applications such as low frequency (2 to 3 MHz) phased array transducers currently
incorporate single crystal PMN-33PT show significant improvement over PZT
transducers in sensitivity and bandwidth.23-25
Because of the current processing route toward fabrication of TGG ceramics (tape
casting), it is reasonable that multilayer structures could be investigated for textured
PMN-PT ceramics. As device trends are requiring lower driving voltage (and hence
miniaturization of devices) ferroelectric multilayers might become increasingly
important.26 Actuators fabricated from cut and bond techniques require extensive cutting
of sintered ceramics or crystals. However, it is possible that textured PMN-PT ceramics
could be used in low-drive actuating applications and could be fabricated directly from
the tape cast green sheets. Electrodes could be screen printed on the green sheets and
after lamination the green ceramic should be fired and annealed to promote the TGG
process. This type of application incorporating textured PMN-PT could be significant,
because as processing improves the TGG process (and thus the grain size of textured
ceramics decreases), there is increased opportunity for fabrication of thinner layers
(< 100 µm) of textured PMN-PT ceramics in ferroelectric multilayer actuators.
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Texture Measurements in <001> Fiber-Oriented PMN-PT*
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A.1 Abstract

Textured (1-x)(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) ceramics obtained by the
templated grain growth (TGG) process possess a significant fraction of the piezoelectric
properties of Bridgman grown single crystals at a fraction of the cost. However, for
integration of these materials into transducer and actuator designs, a more comprehensive
characterization of texture quality than possible with Lotgering analysis is needed. In this
study, X-ray diffraction and electron backscatter diffraction techniques were used to
characterize the fiber texture in <001> oriented PMN-28PT. The March-Dollase
equation was fitted to the intensity data to describe the texture in terms of the texture
fraction, f, and the degree of texture of the oriented fraction using the March parameter, r.
Although each of the techniques used was quantitatively in agreement, XRD rocking
curve collection and analysis was the most time efficient technique for making a
comprehensive measurement of texture (f = 0.69, r = 0.29, FWHM = 13.9°) for fiberoriented PMN-28PT.
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A.2 Introduction

Single crystals of lead magnesium niobate-lead titanate, (1-x)Pb(Mg1/3Nb2/3)O3 xPbTiO3 (PMN-PT) with compositions near the morphotropic phase boundary, when cut,
oriented and measured in the <001> direction, have demonstrated a high saturation strain,
a high piezoelectric coefficient (d33 > 1500 pC/N) and a high longitudinal
electromechanical coupling coefficient (k33>0.90).1-3 Single crystal PMN-PT shows
higher strain than soft lead zirconate titanate (PZT) and less hysteresis than hard PZT,
making the single crystal ideal for actuator and transducer type applications.3 Currently,
the Bridgman method is used to produce single crystal PMN-PT of appropriate size for
actuator and transducer applications. This method can produce crystals on the order of
30 mm in diameter and 150 mm in length.1, 4 Bridgman grown PMN-PT crystals have a
chemical heterogeneity of Ti+4 along the length of the boule.5 Because of the sensitivity
of the piezoelectric properties to composition, the chemical inhomogeneity renders a
large fraction of the Bridgman grown single crystals unusable.
While Bridgman PMN-PT single crystals are limited by production cost, size, and
compositional uniformity, textured ceramics can be processed by tape casting, a common
cost-effective commercial technique that has high yield. Textured PMN-32.5PT obtained
by the templated grain growth (TGG) process has been shown to possess a significant
fraction of the piezoelectric properties of Bridgman grown single crystals.6-11 The TGG
process allows for the development of crystallographic texture in polycrystalline ceramics
by grain growth of aligned template particles. For example, Sabolsky et al. used BaTiO3
templates to produce fiber textured (anisotropic in the <001> direction) PMN-32.5PT.
Textured samples with 0.82 Lotgering factor (a texture characterization technique that
compares relative X-ray peak intensities) displayed 0.32 % strain at 45 kV/cm and a
unipolar (<10 kV/cm) piezoelectric coefficient (d33) of 1200 pC/N to 1400 pC/N.
Although Sabolsky et al. showed enhanced piezoelectric, electromechanical coupling,
and compliance coefficients, texturing PMN-32.5PT ceramics with large (100 µm to 300
µm) BaTiO3 templates resulted in extremely coarse microstructures (textured grain size >
100 µm) and thus too low strength for most actuator and transducer applications.6, 7, 9
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Kwon et al. results also showed enhanced piezoelectric properties for PMN32.5PT in which fiber texture had been produced using SrTiO3 platelets. Kwon et al.
reported a Lotgering factor ≈ 0.70 in high density PMN-PT. These materials had high
strain (>0.30 % at 50 kV/cm) and high d33 coefficients (>1600 pC/N at <5 kV/cm).10
To accurately evaluate the performance of these materials in device applications,
a more comprehensive characterization of texture quality is needed. This is illustrated by
the impact of misorientation on the piezoelectric response in single crystals. Park and
Shrout showed that for 0.955Pb(Zn1/3Nb2/3)O3-0.045PbTiO3 single crystals, the unipolar
piezoelectric response is halved for a 20° miscut from the <001>.3 Understanding the
degree of misorientation of textured grains can lead to more innovative methods for
processing of textured materials, and thus better piezoelectric response in these materials.
To date, only Lotgering analysis has been used to characterize texture in fiberoriented PMN-PT. The Lotgering method is a comparison of relative X-ray peak
intensities of the 00l reflections to all of the observed reflections in the spectrum, where
random orientation is 0 and fully textured is 1.6-10, 12-14 While the Lotgering factor can be
easily measured, it is only a semi-quantitative estimate of the degree of texture. The
Lotgering method yields no quantitative information about degree of misorientation of
grains or textured volume fraction, but it is a useful quality factor that allows the
development of texture in a series of structurally similar materials to be qualitatively
evaluated. Thus, the Lotgering method is insufficient for the comprehensive
characterization of texture needed for materials incorporated into devices. Furthermore,
there is recent evidence that the texture factor given by the Lotgering method is
dependent on the number of reflections used in the calculation and can be misleading.15
For these reasons, textured materials need to be well characterized by both the fraction of
oriented material and by the degree of orientation.
Other X-ray diffraction (XRD) techniques such as pole figures and rocking curves
give quantitative information about the orientation distribution in textured alumina and in
textured piezoelectric ceramics. The orientation data can be fitted with a texture model
such as the March-Dollase equation to determine the fraction of oriented material (f) and
the degree of orientation (r) of the material.16-18 Recently, electron backscatter diffraction
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(EBSD) has also been utilized for texture characterization in other piezoelectric materials
such as Na0.5Bi0.5TiO3-BaTiO3 and for the analysis of PMN-35PT single crystals grown
by seeded polycrystal conversion.18, 19
In this paper, the XRD Lotgering method, stereographic analysis, rocking curves,
pole figures and EBSD were utilized to characterize the crystallographic texture
orientation distribution in fiber-oriented PMN-28PT. The March-Dollase equation was
used to model the orientation distribution from XDR rocking curve and EBSD data and
texture was quantified in terms of f and r.

A.3 Experimental Procedures

A precursor mixture of 0.72Pb(Mg1/3Nb2/3)O3-0.28PbTiO3 (PMN-28PT) was
prepared using (PbCO3)2Pb(OH)2 (mean particle size of 3.01 µm; Aldrich Chemical Co.,
Milwaukee, WI), MgNb2O6 (mean particle size of 1.91 µm, H.C. Starck, Inc., New
York), and fumed TiO2 (mean particle size of 20 nm, Degussa Hüls, Frankfurt,
Germany). The mean particle sizes of precursors were measured by laser light scattering
and by Field Emission Scanning Electron Microscopy (FESEM).
The precursor powders were ball milled for up to 5 d with high purity ZrO2
milling media (3 mm diameter). After milling, the mean particle size was measured by
laser light scattering. The slurries were dried on a hot plate while stirring and then sieved
to <90 µm (170 mesh). Fine precursor powder (mean particle size 0.60 µm) was calcined
in a crucible for 1 h at 700°C to form the perovskite phase. The calcined powder was
sieved to <90 µm (170 mesh). The precursor was ball milled with toluene, an organic
binder (Ferro 73210, Vista, CA) and modifier (Ferro 1111) for 1 d. 5 percent by volume
fraction tabular SrTiO3 single crystals (NexTech Materials, Ltd., Lewis Center, OH) with
a high aspect ratio (thickness, t = 2 µm to 5 µm and diameter, d = 20 µm to 40 µm) were
added to the slurry by mixing with a magnetic stir bar. The SrTiO3 templates, with
<001> in the thickness direction, were synthesized by a two-step molten salt process
using a KCl flux.20, 21 Tapes were cast at 200 µm doctor blade height and a speed of 60
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cm/min to orient the templates in the PMN-PT matrix with the template <001>
perpendicular to the surface of the tape cast sheet. The tapes were dried, cut, and about
60 tape layers were laminated at 70°C and 200 MPa for 1 h. Samples were cut to
approximately 7.5 mm x 7.5 mm x 3 mm. Samples were heated to 600°C in flowing air
to remove the organic binder followed by cold isostatic pressing (CIP) at 200 MPa for 1
min.
Tape cast samples were wrapped in platinum foil, embedded in a 2.5 % by mole
fraction excess PbO calcined PMN-28PT coarse powder (aggregate size 50 µm to 100
µm) and placed in a covered crucible for sintering. Samples were heated in flowing O2
(0.2 L/min) at 15°C /min to 1150°C for 10 h. The densities of the sintered samples were
measured by Archimedes method.
Random ceramic PMN-28PT samples necessary for pole figure correction and
comparison to textured ceramic EBSD data were prepared by uniaxial pressing of the
calcined matrix powder followed by CIP at 200 MPa for 1 min. Samples were wrapped
in platinum foil, embedded in stoichiometric PMN-28PT powder and sintered at
15°C/min to 1150°C for 1 h in flowing O2 (0.2 L/min).
Textured samples for XRD Lotgering analysis, stereographic analysis, XRD
rocking curve and EBSD analysis were cut perpendicular to the <001> texture axis. All
random and textured samples were polished to at least 6 µm. Samples for stereographic
analysis and EBSD were polished to 0.02 µm with colloidal silica for at least 2 h.
Stereographic analysis was performed on a textured sample that was also
thermally etched (900°C, 30 min) after polishing. ImageJ software (v. 1.32j, National
Institute of Health) was used to determine the area fraction of textured grains. Five
separate areas were analyzed for this calculation and averaged.
XRD pole figures were measured using a four-circle diffractometer (Philips
Analytical, X’Pert Pro Materials Research Diffractometer, Almelo, The Netherlands)
with CuKα radiation. Scans were made using the 002 and 111 Bragg peaks. Pole figures
were measured at 2θ = 45.18° and 2θ = 38.86°, respectively, in increments of ∆ψ = 3°
and ∆φ = 5° in the ranges of 0°≤ ψ ≤69° and 0°≤ φ ≤360°, with a measuring time per
point of 8 s, where ψ is the tilt angle and φ is the azimuthal angle. Data were corrected
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for defocus effects by dividing the textured pole figure data by the normalized intensity
of a similar scan of a randomly oriented PMN-28PT sample.
XRD rocking curves measurements were performed using the 002 Bragg peak
(2θ = 45.18°) of textured PMN-28PT using a standard X-ray diffractometer with Cu Kα
radiation (Scintag, Inc., PAD V, Cupertino, CA). The range of specimen tilt, ω, was –20°
to +20°, the step size was 0.25°, and the count time was 10 s. Rocking curve data were
corrected, using the TexturePlus software program22, to eliminate background, defocus
and absorption effects, and then fitted with the March-Dollase equation. The data
collection consisted of a relatively low noise scan over the Bragg peak from the textured
planes (e.g. 002, typical time about 10 min) followed by a theta scan with the detector set
at the center of the Bragg peak, with a typical duration of 30 to 60 min. The software
analysis with TexturePlus was very brief, and fitting with the March-Dollase equation
was done with a commercial package in a few minutes. For Lotgering analysis, XRD
scans were performed using the same diffractometer with 2θ range from 20° to 50°, step
size of 0.02° and a count time of 0.5 s.
A JSM model scanning electron microscope (JEOL, Tokyo, Japan) at 20 kV was
used as base for EBSD measurements. Charging was minimized by coating the majority
of the sample surface and the surrounding area with conducting silver paint. The EBSD
hardware and software used in this work were from TexSEM Laboratories (Provo, Utah).
The electron beam scans across the sample surface to obtain the orientation information
from the spot where the beam is pointing. The software (OIM v. 2.5) analyzes the
Kikuchi pattern in the digital image at every step and automatically indexes the data to
preset crystal structure and phase information (PMN-28PT phase, m3m cubic structure,
lattice parameter = 0.401 nm). Grain orientation maps, pole figures and rocking curve
data were generated from the collected orientation data. For the EBSD rocking curve
data, orientation data from three separate areas of similar size from the sample surface
were collected and averaged to improve sampling statistics.
The March-Dollase function, Eq. A-1, was used to quantify the texture
distributions from the XRD rocking curve and EBSD data.23 F(f, r, ω), the fiber texture
function in multiples of random distribution (MRD), is given by:
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sin 2 ω 

F ( f , r , ω ) = f  r 2 cos 2 ω +
r 


−

3
2

+ (1 − f )

Eq. A.1

where ω is the angle between the texture axis (sample normal) and the scattering vector, f
is the volume fraction of oriented material, r is the degree of orientation of the oriented
material and (1-f) is the volume fraction of unoriented material with r = 1. The r
parameter characterizes the width of the texture (orientation) distribution. For a random
sample, r = 1 and for a perfectly textured sample of tabular grains r = 0.

A.4 Results

The microstructures of the fully dense textured PMN-28PT polished surface ┴
<001> texture axis (also the surface parallel to the top surface of the tape cast sheet) and
of a fracture surface // <001> texture axis (also the surface perpendicular to the top
surface of the tape cast sheet) are shown in Figs. A-1 (a) and (b), respectively. The
figures show large, textured grains surrounded by finer matrix grains. The size of the
textured grains varies from 25 µm to 50 µm while the matrix grains are 4 µm to 6 µm.
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(a)

(b)
Figure A-1:
Microstructures of fiber-textured PMN-28PT (a) scanning electron
microscope (SEM) image of a polished and etched surface ┴ <001> texture axis (surface
parallel to top surface of the tape cast sheet) and (b) SEM image of a fracture surface //
<001> texture axis (surface perpendicular to top surface of the tape cast sheet).
Pole figures and pole density plots of the (002) and (111) planes from the four
circle diffractometer are shown in Figs. A-2 (a)-(d). Both the (002) and (111) pole
figures are axisymmetric, showing that the material is fiber-textured and there is no inplane preferential orientation. The Full Width at Half Maximum (FWHM) is 14° for the
(002) pole figure. For the (111) pole figure, the intensity is a maximum at about 56° from
the sample normal, which is very close the theoretical angle of 54.7° between (001) and
(111). From the (111) plot it is possible to see the difference in intensity for different
φ values (for ψ ≈ 56°) as the sample is rotated.
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(a)

(b)

(c)

(d)

Figure A-2: (a) XRD pole figure of the 002, (b) XRD pole density plot of the 002, (c)
XRD pole figure of the 111, and (d) XRD pole density plot of the 111 plotted on a linear
intensity scale in arbitrary units.

Fig. A-3 shows the XRD scans of randomly oriented and fiber-oriented PMN28PT. To estimate the <001> texture factor, we use the Lotgering method:24
f L ( 00l ) =
P( 00l ) =

∑I

( 00 l )

I ( hkl )

P ( 00l ) − P 0
1 − P0
and

P0 =

Eq. A.2

∑I

0 ( 00 l )

I 0 ( hkl )

Eq. A.3
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where ∑I(00l) is the summation of the XRD peak intensities of all the 00l peaks (i.e. 001,
002…) in the textured PMN-28PT sample pattern. ∑I(hkl) is the summation of the peak
intensities of all hkl peaks which appear in the XRD pattern. ∑I0(00l) and ∑I0(hkl) are
summations of the XRD peak intensities for a randomly oriented sample. The fL factor
was calculated for a 2θ scan from 20 to 50°. The calculated fL describes the texture
defined by the surface area which was characterized by XRD. The Lotgering factor, fL,
of the textured PMN-28PT was calculated to be 0.74.

Figure A-3: XRD θ-2θ scan of fiber-textured PMN-28PT and randomly oriented PMN28PT.

Stereographic analysis of the polished surface resulted in a calculated texture
fraction (based on area) of 0.68 +/- 0.03. Grains significantly larger than the matrix
grains (i.e., d > 10 µm) were classified as textured grains and their area evaluated.
XRD rocking scan data and the fit of the average of the +ω and –ω intensity data
to the March-Dollase equation are shown in Figs. A-4 (a) and (b), respectively. The
FWHM value is 13.9° for this textured material. Fig. A-4 (b) shows that the fit of the
March-Dollase equation to the rocking curve data is very good; it resulted in f = 0.69 and
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r = 0.29. The FWHM of the rocking curve and the pole figure are quantitatively in
agreement.

(a)

(b)
Figure A-4: (a) Corrected 002 rocking curve data for textured PMN-28PT with FWHM =
13.9° and (b) XRD rocking curve data fit with the March-Dollase equation with f = 0.69
and r = 0.29 .

The EBSD inverse pole figure maps of the textured ceramic and random ceramic
are shown in Figs. A-5 (a) and (b), respectively. These maps of the EBSD data show the
unique orientation of all of the grains in the selected areas of the ceramics. From Fig. A5 (b), it is clearly shown that the larger, textured grains have <001> preferred orientation.

The inverse pole figures of orientation data from a selected area in the random sample, an
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area from the only the matrix grains in the textured sample and a selected area of the
textured sample including matrix and textured grains are shown in Figs. A-6 (a), (b) and
(c), respectively. From these figures, we see that there is no preferred orientation for the
random sample or for the matrix grains of the textured sample (Figs. A-6 (a) and (b)), and
that the <001> is the preferred orientation of the cubic textured sample (Fig. A-6 (c)).
The 001 and 111 pole figures derived from stereographic projections of the EBSD
orientation data also show the random orientation of the untextured sample in Fig. A-7
(a) and the <001> preferred orientation of the textured sample in Fig. A-7 (b). In Fig. A7 (b), the maximum intensity of the 111 pole figure is about 50° from the center, which is

close to the theoretical angle of 54.7°, between 001 and 111. The March-Dollase
equation was fitted to the 001 pole figure data from the textured sample which resulted in
f = 0.60 and r = 0.22.
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(a)

(b)

Figure A-5: EBSD inverse pole figure maps using stereographic projections of (a) a
randomly oriented PMN-28PT (335 grains) and (b) fiber-textured PMN-28PT (1402
grains).
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(a)

(b)

(c)
Figure A-6: 001 EBSD inverse pole figures using stereographic projections of (a)
randomly oriented PMN-28PT (335 grains), (b) matrix grains from fiber-textured PMN28PT (193 grains), and (c) fiber-textured PMN-28PT (1402 grains) plotted on a linear
intensity scale in arbitrary units.
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(a)

(b)

Figure A-7: 001 and 111 EBSD pole figure plots using stereographic projections of (a)
randomly oriented PMN-28PT (335 grains) and (b) fiber-textured PMN-28PT plotted
(1402 grains) plotted on a linear intensity scale in arbitrary units.

A.5 Discussion

Table A-1 compares the f, r and FWHM values for the different texture analysis
techniques examined in this paper. The collection area from which information for
texture quality was obtained for each technique is also reported in Table A-1. The 95%
confidence interval for the stereographic analysis and the March-Dollase fit to the XRD
rocking curve and EBSD intensity data is shown for both r and f values.
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Table A-1: Comparison of texture fraction (f), orientation parameter (r), and FWHM in <001>
fiber-oriented PMN-28PT for different texture analysis techniques.

Analysis Technique

Data
Collection
Area (mm2)

f

Lotgering Method
79.4
0.74*
Stereographic
0.68 +/- 0.03
Analysis
5.0 x 10-2
XRD Rocking Curve
79.4
0.69 +/- 0.02
XRD Pole Figure
39.7
-2
EBSD
10.4 x 10
0.60 +/- 0.11
*For Lotgering analysis, f represents texture quality factor

r

FWHM

-

-

0.29 +/- 0.004
0.22 +/- 0.02

13.9°
14.0°
13.6°

The intensity data from each of the techniques were from surface grains. For
XRD, the penetration depth (≈ 6.7 µm) of 99 % of the X-ray intensity was approximately
the same as the matrix grain size (however, half of these intensity data were retrieved
from the first 1 µm of penetration depth). X-ray penetration depth was calculated from
the mass attenuation coefficient of PMN-28PT (calculated to be 182.1 cm2/g), the
theoretical density of PMN-28PT (≈ 7.9 g/cm3), and the Bragg angle (2θ = 45.18°).25 For
EBSD analysis, diffraction patterns only from the surface grains were collected, since the
maximum penetration depth was ≈ 40 nm.26, 27 Therefore, texture quality information
calculated from these techniques can be directly compared because the intensity data,
although collected over different sized areas, were all collected from the surface grains.
The FWHM value, which measures the sharpness of the texture, was very similar
for each of the techniques used (within 0.4°). This is important because the method with
which the intensity data was collected was very different for each of the techniques, but
the data are all quantitatively in agreement.
The March-Dollase equation considers the texture of the whole sample as being
due to two populations of grains, a textured fraction, f, with orientation parameter, r, and
a randomly distributed fraction (1-f), where r = 1. The fraction of large, textured grains
used for the determination of volume fraction, f, for stereographic analysis was
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quantitatively in agreement with f calculated from the fit of the March-Dollase equation
to the XRD rocking curve and EBSD intensity data. EBSD inverse pole figure analysis
on the untextured (matrix) grains in the textured sample (Fig. A-6 (b)) showed that the
matrix region of the textured sample is indeed randomly oriented. The agreement of
these data demonstrated the usefulness of fitting the March-Dollase equation to intensity
data to quantify the two populations of grains and to characterize the textured fraction
with an orientation parameter.
For EBSD, stereographic analysis and rocking curve analysis, f is a measure of
the volume fraction of textured material, however for Lotgering analysis fL represents a
texture quality factor and thus cannot be directly compared to the other techniques. The
Lotgering factor achieved in this study is similar to those reported by texturing PMN-PT
by a similar process.10 Although no information about the distribution of texture
orientation is obtained from the Lotgering technique, it showed semi-quantitatively that
the material is textured, and Lotgering analysis was a time efficient technique used to
show texture.
In contrast, XRD rocking curve collection and analysis described the texture
quality comprehensively with f, r and FWHM values. However, this technique also has
its limitations. For samples with a wider orientation distribution, a higher 2θ Bragg peak
in the same orientation as the texture axis is needed to collect a wider range of ω and fit
the March-Dollase equation to the corrected data. In this material, the ω range was
limited to about +/- 20° ω for a rocking curve on the 002 Bragg peak at 2θ = 45.18° using
a standard θ-2θ powder diffractometer. The sample dimensions are also an important
consideration. The scatter in Fig. A-4 (a) could be decreased with a larger sampling area,
but in general ≈ 1 cm2 is necessary for this technique.22, 28 Despite the scatter in the
rocking curve data, the fit of the March-Dollase equation to the data was quite good, with
a χ2 = 0.99. The f and r values derived from this fit had very narrow confidence
intervals, as seen in Table A-1. The XRD rocking curve data fitted with the MarchDollase equation is the preferred way to measure texture in the textured materials of this
study due to relative ease of measurement and the amount of texture quantification data
collected from this technique.
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A benefit of EBSD analysis is the visualization of the microstructure orientation
through the inverse pole figure maps. The same data (pole figures, rocking curves, etc.)
generated from the other techniques can be obtained from a single EBSD scan. In
contrast to XRD techniques, sample dimensions in EBSD analysis are usually not a
consideration. However, sampling statistics are much lower compared to XRD
techniques due to the difference in area analyzed (sampling area is ≈ 800x greater for
XRD Lotgering and XRD rocking curve analysis), even though multiple scans are used in
the analysis. Scans over larger areas (≈ 1 mm2) have been accomplished in previous
studies on conductive samples in standard EBSD systems and on non-conductive samples
in partial pressure of water vapor to limit charging, which is the limit to the area analyzed
in this study.19, 26 As a result, the f and r values derived from the fit of the March-Dollase
equation to the EBSD rocking curve data (χ2 = 0.96) had more broad confidence
intervals, as seen in Table A-1. This might also account for the lower f and r values for
this technique. Furthermore, sample preparation and data collection for EBSD analysis
can be very time consuming.

A.6 Summary

Textured PMN-PT prepared by the TGG process has been shown to possess a
significant fraction of the piezoelectric properties of the single crystal. Until recently,
characterization of texture in this material has been limited to Lotgering analysis. In this
study, XRD and EBSD techniques were used to characterize the fiber texture in oriented
PMN-28PT and the intensity data were fit with the March-Dollase equation to describe
the texture in terms of texture fraction (f), and the width of the orientation distribution (r).
Although XRD rocking curve, XRD pole figure and EBSD data analysis gave similar f, r
and FWHM values, XRD rocking curve analysis was the most efficient and gave a
complete description of texture fraction and texture orientation. XRD rocking curve
analysis is the preferred approach for comprehensive texture characterization in fiberoriented PMN-PT.
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A.7 Disclaimer

The identification of any commercial product or trade name is for information
only and does not imply endorsement or recommendation by the National Institute of
Standards and Technology.
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Appendix B
Dielectric Constant and Loss as a Function of Temperature and Frequency

Dielectric constant and loss data is shown as a function of temperature (30 to
400°C) and frequency (0.1 to 100 kHz) for single crystal PMN-28PT (Fig. B-1 and Fig.
B-2), 81 vol% textured PMN-28PT (Fig. B-3 and Fig. B-4)), 69 vol% textured PMN-

28PT (Fig. B-5 and Fig. B-6), and random ceramic PMN-28PT (Fig. B-7 and Fig. B-8).
Samples were prepared and measured according to the experimental procedures in
Chapter 5.
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(a)

(b)
Figure B-1: (a) Dielectric constant and (b) loss as a function of temperature for unpoled
single crystal PMN-28PT.
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(a)

(b)
Figure B-2: (a) Dielectric constant and (b) loss as a function of temperature for poled
single crystal PMN-28PT.
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(a)

(b)
Figure B-3: (a) Dielectric constant and (b) loss as a function of temperature for unpoled
81 vol% textured PMN-28PT (5 vol% SrTiO3).
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(a)

(b)
Figure B-4: (a) Dielectric constant and (b) loss as a function of temperature for poled
81 vol% textured PMN-28PT (5 vol% SrTiO3).
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(a)

(b)
Figure B-5: (a) Dielectric constant and (b) loss as a function of temperature for unpoled
69 vol% textured PMN-28PT (5 vol% SrTiO3).
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(a)

(b)
Figure B-6: (a) Dielectric constant and (b) loss as a function of temperature for poled
69 vol% textured PMN-28PT (5 vol% SrTiO3).
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(a)

(b)
Figure B-7: (a) Dielectric constant and (b) loss as a function of temperature for unpoled
random ceramic PMN-28PT
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(a)

(b)
Figure B-8: (a) Dielectric constant and (b) loss as a function of temperature for poled
random ceramic PMN-28PT.

Appendix C
Longitudinal and Disk Mode Resonance of 81 vol% Textured PMN-28PT Ceramic

The full properties dataset for 81 vol% textured PMN-28PT is located in Chapter
5 and were measured in accordance with the IEEE standards for the resonance technique

(IEEE Standard on Piezoelectricity, ANSI/IEEE Std. 176-1978, Revised 1987) using a
HP 4194a impedance/gain phase analyzer . The measured impedance sweeps of the
longitudinal mode resonance (Fig. C-1) and of the radial disk mode resonance (Fig. C-2)
are compared to calculated models of longitudinal and planar disk mode models using
piezoelectric finite element modeling. The models were created using a graphical user
interface (GID v. 7.4.9b, Magsoft Corporation, Ballston Spa, NY) and calculated using
ATILA Finite Element Modeling software (ATILA v. 5.2.4, ISEN, Lille, France). The
piezoelectric coefficients, compliances, and dielectric properties of the models were
assigned in the program to the 81 vol% textured PMN-28PT properties dataset located in
Table 5-5.
The impedance and phase of the models were very close to the measured data for
81 vol% textured PMN-28PT disks and longitudinal bars. This confirms the accuracy of
that the values of the dielectric, piezoelectric and compliance coefficients (derived from
longitudinal mode and planar disk mode resonance) in Table 5-5 for 81 vol% textured
PMN-28PT.
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(a)

(b)
Figure C-1: (a) The longitudinal mode meshed model (mesh size = 1.5 mm) and (b)
complex electrical impedance as function of frequency near resonance of 81 vol% textured
PMN-28PT (black lines are ATILA model).
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(a)

(b)
Figure C-2: (a) The radial disk mode meshed model (mesh size = 1.0 mm) and (b)
complex electrical impedance as function of frequency near resonance of 81 vol%
textured PMN-28PT (black lines are ATILA model).
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