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Texture-engineered ceramics enable access to a vast array of novel texture-property relations
leading to property values ranging between those of single crystals and isotropic bulk ceramics.
Recently developed templated grain growth and magnetic alignment texturing methods yield high
quality crystallographic texture, and thus significant advances in achievable texture-engineered
properties in magnetic, piezoelectric, electronic, optical, thermoelectric, and structural ceramics. In
this paper, we outline the fundamental basis for these texture-engineered properties and review
recent contributions to the field of texture-engineered ceramics with an update on the properties of
textured lead-free and lead-based piezoelectrics. We propose that further property improvements
can be realized through development of processes that improve crystallographic alignment of the
grain structure, create biaxial texture, and explore a wider array of crystallographic orientations.
There is a critical need to model the physics of texture-engineered ceramics, and more
comprehensively characterize texture, thus enabling testing of texture orientation-property
relations and materials performance. We believe that in sifu measurements of texture evolution
can lead to a more fundamental and comprehensive understanding of the mechanisms of texture

development.

I. INTRODUCTION

The properties of ceramics are governed by a combi-
nation of intrinsic crystallographic and extrinsic micro-
structural characteristics. Many applications require the
directional properties of single crystals, whereas others
require the averaged isotropic properties of polycrystal-
line ceramics. Crystallographic texture is widely used to
enhance the performance of anisotropic polycrystalline
materials, especially when the use of single crystals is
impractical or impossible. Single crystals are limited in
most applications because they lack the mechanical
integrity of polycrystalline ceramics and are often expen-
sive, time-consuming to produce, and limited in size,
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geometry, and compositional range. In contrast poly-
crystalline ceramics are mechanically robust, can be
produced over an extensive range of compositions, and
functional properties can be tailored more readily with
a range of dopants. Textured polycrystalline ceramics
possess directional, single crystal-like properties as well
as mechanical reliability and compositional versatility.

In this review, the term texture describes the preferred
crystallographic orientation of grains in a polycrystalline
material. Our objective is to demonstrate how a variety of
directional ceramic properties can be accessed with
control of crystallography in bulk polycrystalline
ceramics. Morphological texture seen in thermal barrier
coatings or patterned grinding surfaces is not addressed in
this review. While thin film processes yield extraordinary
orientation control, this paper focuses on the opportuni-
ties and challenges associated with textured bulk
ceramics.

Crystallographic texture enables access to a wide
variety of anisotropic ceramic properties. As reviewed
below, texturing has been used extensively to tailor the
performance of magnetic, ferroelectric, thermoelectric,
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and superconducting ceramics.'™ For example, electrical
properties can be enhanced by the elimination of high
angle grain boundaries in materials with directional
electronic or ionic conduction. Likewise, mechanical
compliance and related properties, such as piezoelectricity,
can be improved by limiting mechanical clamping caused
by the misalignment of neighboring grains.2 Continuity of
properties across grain boundaries is the primary goal of
crystallographic texture in noncubic optical ceramics
because the alignment of optic axes of each grain
eliminates Mie scattering of photons at grain boundaries.”
Fracture toughness of ceramic materials is often enhanced
in layered or fibrous microstructures obtained by crystal-
lographic texture.® Alternately, crystallographic texture
can be used to create microstructural anisotropy, such as
columnar or tabular grains. Such anisotropic microstruc-
tures are useful for controlling electrical conductivity or
dielectric properties in ceramics, since these properties
strongly depend on grain boundary effects.’

Although texture describes any nonrandom grain
alignment in a polycrystalline material, only specific
symmetry patterns, such as fiber or sheet (biaxial) texture
symmetries, result in enhanced or single crystal-like
properties.” In fiber texture, a single crystallographic
direction in each grain is preferentially aligned along
a global texture axis, but grains are oriented randomly
perpendicular to that axis. In sheet texture, grains are
preferentially aligned in all three axes. These texture
symmetries are illustrated in Fig. 1 with associated
stereographic projections. In most textured materials,
the property of interest is maximized along a single
crystallographic direction, and fiber texture is sufficient to
obtain enhanced single crystal-like properties. Sheet
texture is substantially more difficult to produce as it
requires simultaneous or sequential alignment of two
crystallographic directions.

Crystallographic texture in ceramics is generally more
difficult to produce than in metallic systems, where
texture can be induced, or modified, via plastic
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FIG. 1. Schematic illustrations and stereographic projections of fiber
and sheet textures in a hypothetical biaxial (e.g., orthorhombic)
ceramic.

deformation at lower temperatures than required for
sintering and grain growth of ceramics. Some ceramics
can be textured using high-temperature forging methods,
but the temperatures required (e.g., 1750-1950 °C in
Al,O5) make these methods impractical.®® During most
ceramic fabrication processes, particles with aspect ratios
other than unity are physically aligned. This incidental
alignment persists during sintering and is often observed
in ceramics fabricated by uniaxial pressing processes like
die pressing, hot pressing, and spark plasma sintering.
Subsequent sintering and grain growth lead to low quality
(e.g., <20% texture fraction) crystallographic texture in
these cases. Texture-engineered ceramics discussed in
this paper are purposely textured by aligning crystalline
powders before the sintering process and thus lead to
texture fractions >90% in most cases.

The first widely studied texture-engineered ceramics
were the magnetic hexaferrites, MeO-6Fe,O; (Me = Ba,
Sr) developed in the 1950s.! In the decade preceding this
development, BaFe ;0,9 single crystals were shown to
have ideal magnetic properties along [001] (the c-axis),
making these materials interesting as permanent magnets.
In comparison, hexaferrite ceramics showed poor perfor-
mance relative to single crystals since only a small
fraction of grains were c-axis oriented.'® In 1952,
Rathenau et al. produced textured BaFe ,O;9 ceramics
by applying a magnetic field along the pressing axis
during the powder compaction process to develop a strong
[001] orientation parallel to the direction of the applied
field as a result of magnetic alignment (MA) of the plate-
like BaFe ;0,9 particles.1 This texture resulted in single
crystal-like magnetic properties along the pressing di-
rection. Because of the ease of the magnetic alignment
process, [001] textured hexaferrite ceramics became the
first widely studied and commercialized texture-
engineered ceramic materials.

A large number of powder or sol-gel processing
techniques are available for producing texture in
ceramics. These processing methods are categorized by
mechanical, electromagnetic, or thermal driving forces
for particle alignment (Fig. 2). While all of these methods
result in texture, it is noted that temperature is a scalar
and cannot break symmetry (unlike mechanical and
electromagnetic forces, which are vectors). As a result,
uniformly applied heating alone cannot create texture, but
enhances pre-existing textures via preferential growth of
aligned grains. In contrast, thermal gradients may create
primary texture, as seen in directional solidification.

Four general techniques have been developed in the last
few decades to achieve ceramics with a high texture
fraction (e.g., >90% of the material volume is textured),
including the Rolling Assisted Biaxially Textured Sub-
strates process (RABITS, Fig. 3),!' powder-in-tube (PIT),"?
templated grain growth (TGG) and reaction templated
grain growth (RTGG),"*'* and strong (7-14 T) magnetic
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field alignment (MA) of particles.'> The RABITS process
is shown in Fig. 3 and is included here because it leads to
biaxial texture, which is an important objective for texture-
engineered bulk ceramics.

The TGG process for producing crystallographically
textured ceramics was first reported in 1997.'® This
process develops crystallographic texture by first orient-
ing a minority (e.g., 5 vol%) of micrometer scale
anisotropic particles (e.g., platelets or whiskers) in
a dispersion of submicrometer equiaxed particles. As
seen in Fig. 2, anisotropic particles can be oriented by
a number of methods. Most commonly, fiber texture is
produced by aligning plate-like particles via tape casting
a high viscosity dispersion under the shear field of a doctor
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FIG. 2. Electromagnetic, mechanical and thermal processing methods
utilized to produce grain alignment in ceramic materials. Most
commonly used processing methods are shown in bold.
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FIG. 3. Schematic of the RABITS process. Reproduced with permis-
sion from Ref. 11.

blade. During subsequent sintering and heat treatment, the
larger oriented particles serve as templates for epitaxial
nucleation of similarly oriented grains, which grow via an
Ostwald ripening process after densification (Fig. 4). The
texture produced by TGG provides access to property
anisotropy approaching that of the corresponding single
crystal while also possessing the mechanical robustness of
polycrystalline ceramics. Variations of this process include
alternative means for aligning the template particles,
simultaneous alignment in multiple directions to produce
sheet textures or the use of a precursor matrix powder that
subsequently crystallizes to the desired phase by reactive
RTGG. The template particles can be identical in crystal
structure to the host (homoepitaxial) or may differ sub-
stantially in lattice parameter or space group (heteroepi-
taxial). As shown in Fig. 4 the template may also form in
situ by topochemical conversion.'* Since TGG—type pro-
cesses utilize standard ceramic powder processing techni-
ques, textured ceramics are potentially less expensive to
produce than single crystals.

Sakka’s group was the first to show that textured
ceramics can be produced by orienting weakly magnetic
(diamagnetic or paramagnetic) particles in a suspension
using a strong magnetic field of 7-14 T.'*> Subsequent
sintering of the oriented particles results in a high texture
fraction. Under MA, particles in a suspension experience
an alignment torque based on the intrinsic magneto-
crystalline anisotropy (MCA)'”:

VB?
T =—Aysin20 1
o (1)

where B is the applied field, V is the particle volume, Ll is
the permeability of free space, and Ay is the para- or
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FIG. 4. Schematic of the TGG and reactive TGG process. The in situ
topochemical conversion texturing process was first reported by
Tani,'® whereas the oriented seeding of a phase transformation
texturing process was developed by Yilmaz et al'
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diamagnetic anisotropy of the aligned material. The
alignment torque is opposed by viscous resistance of
the surrounding fluid. MA of particles is not dependent
on particle morphology, and the factors controlling
alignment (field strength, particle size, viscosity) are
easier to experimentally control than particle aspect ratio.
As with all colloidal dispersions, steady state alignment
in MA systems is opposed by the randomizing effect of
Brownian motion.

Il. TEXTURE MEASUREMENTS

Developing fundamental relations between crystallo-
graphic orientation and properties requires measurements
to determine not only the texture fraction but also the
quality of grain alignment. Texture analysis iS most
commonly conducted by X-ray diffraction, but electron
and neutron diffraction may also be used depending on the
type of sample being analyzed. Electron and X-ray
diffraction have less bulk penetrating capabilities than
neutrons, so for materials that impede X-rays (e.g., lead-
containing ceramics), neutron diffraction is an attractive
choice.'® Scans of 20 by these methods can be analyzed
using the intensities of specific peak heights of interest
normalized to those of the untextured sample. This method
is widely favored and results in the Lotgering factor (LF or
f(o(),)).lg For example, the LF of the 00! orientation is:

Poory — Po
f(OOl) = ﬁ
v 2)
21(001) Zlo(ooz)
P(OOI) = nd Py =

Zl (k) a Zlo(hm )

where Y "Iy is the summation of the peak intensities of all
00! peaks (i.e., 001, 002...) in the textured sample pattern.
> I is the summation of the peak intensities of all
hkl peaks which appear in the XRD pattern. » " Iooo; and
> Ioguy are summations of the XRD peak intensities for an
untextured sample. The Lotgering factor scales between
0 and 1 and the value is often expressed as a percentage.

It should be noted that while the Lotgering factor is
a measure of the oriented material, it does not accurately
account for how well the grains are aligned.'® Unfortu-
nately, due to the ease of measurement and calculation, the
LF is most often the only measure of texture reported. For
some of the properties discussed below, it is apparent that
more quantitative and comprehensive texture measures are
necessary to provide fundamental insights into how texture
fraction and grain alignment affect properties.

Similar analysis of the 20 scans from X-ray or neutron
diffraction was conducted by Jones et al.,'® which uses the
integrated intensity of the peaks, thereby producing more
quantitative comparisons between samples. The method
for texture analysis of a material with both tetragonal and
orthorhombic phases is shown in Eq. (3), where 1§, is the
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integrated intensity for a randomly oriented sample and
oo, and I are from the textured sample.

100/1/ 150}1
IOOh/I§Oh + 211100/1500
IhOU/ IIIEOO
IhOO/ Iflfoo + 210h0/ Igho

(3)

The orientation distribution function (ODF) of the
grains, which represents the probability of a given crystal
orientation relative to a randomly oriented material,'® can
be measured by rocking curves and pole figures which
are obtained by X-ray, electron, or neutron diffraction.
The ODF of the individual grain orientation can be
evaluated by stereology on micrographs when the grain
shape is anisotropic, or the data can be automatically
obtained from electron backscatter diffraction (EBSD).
Brosnan et al. showed that while XRD rocking curve,
XRD pole figure, and EBSD data yielded similar f, r, and
FWHM values for [001] textured PMN-PT, the XRD
rocking curve analysis was the most efficient method and
gave a more complete description of texture fraction and
texture orientation since it sampled a larger fraction of the
material during analysis.”® The data generated by these
analysis methods is shown in Fig. 5.

The March-Dollase equation was developed to quan-
tify both texture fraction and quality of orientation. In this
equation, the ODF [F(f, r, ®)] is given by:

Tetragonal : foo; (mrd) = 3

Orthorhombic : figo(mrd) = 2

sin‘®) 2

>g+(1—f) @

F(f,r,w) :f(rzcosz(x) +

where o is the angle between the texture (orientation) axis
and the scattering vector, fis the volume fraction of oriented
material, r is the degree of orientation of the oriented
material, and (I — f) is the volume fraction of randomly
oriented material. Note that the f value obtained from the
March—Dollase fit is not equal to the fo, calculated from
the Lotgering factor equation. The r parameter characterizes
the width of the texture (orientation) distribution. For an
untextured sample » = 1 and for a perfectly aligned sample
of tabular grains 7 = 0.%! The March-Dollase equation can
be simplified to the multiples of random distribution (MRD)
by assuming f = 1 (a completely textured sample), thus
allowing for the texture equation to be a function of only
two variables, r and ®. The form of the MRD is given by:

N
MRD(r, w) = (rzcoszw +20 0)) . (5)
r

Equation (5) is graphed in Fig. 6 to illustrate the effect
of r on the shape and FWHM of the March—Dollase fit.
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FIG. 5. Evaluation of texture by (a) X-ray diffraction analysis using the Lotgering factor, (b) full-width at half-maximum peak analysis, (c) pole
figure analysis and (d) EBSD for [001] textured PMN-28PT. Reproduced with permission from Ref. 20.

lll. TEXTURED MAGNETIC CERAMICS

The majority of commercially produced magnetic
ceramics, or ferrites, contain chemical combinations of
some magnetic species, typically iron. As previously
discussed, the first commercial textured ceramics were
[001] textured BaFe;,0,9. Magnetic properties exhibit
a pronounced crystallographic directional dependence, or
MCA. MCA in magnetic materials originates primarily
from spin—orbit interaction of electrons. Since electron
orbits are determined by crystal structure, different
crystallographic directions, planes (ferroplana), or cones
result in different propensities for electron alignment.** In
a practical sense, specific crystallographic directions are
commonly referred to as “easy” axes because magneti-
zation in these directions requires less energy, and the
opposite is true for “hard” axes. Crystal systems often
have easy planes and cones, which have a lower energy
barrier for magnetization.23

The majority of ferrite compounds are classified as
cubic ferrites or hexagonal ferrites (hexaferrites).* Crys-
tal systems with an axis of high symmetry exhibit
uniaxial anisotropy, and the crystallographic easy axes
switch at specific temperatures making temperature an
important consideration when aligning magnetic materi-
als. For instance, in the Bas;Co,Fe,4O4; hexaferrite
system, the preferred direction for magnetization above
207 °C is the c-axis. Below 207 °C, the basal plane
(ferroplana) becomes the easy magnetization plane, and
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FIG. 6. MRD functions for different r values where each line
represents a hypothetical March—Dollase fit for a particular quality of
texture.

below —53 °C a cone encapsulating the c-axis is easier to
magnetize.>* It is also worth mentioning that lattice strain
results in abnormal lattice parameters that affect the
magnetization direction dependence slightly.>*

Within crystalline materials, electron alignment exists
in coherent localized regions called domains that usually
align with the easy axes. One grain may contain multiple
domains or one domain may contain multiple grains,
depending on grain and domain sizes.”> Domains align
under an applied magnetic field, and the amount of
energy required is called the coercivity or H..>> The
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coercivity value is largely determined by crystallographic
defects such as grain boundary misorientation, disloca-
tions, or impurities which can pin domain movement.
Furthermore, total material magnetization (when all the
domains are aligned) is referred to as magnetic saturation
M,. After the external field is removed, the domains
reorient themselves with the easy axes, and the residual
magnetization is called remanence or M,.**

In a ferrite, the degree of crystallographic orientation,
with respect to the easy and hard axes, corresponds
greatly to the magnetic remanence and slightly to the
magnetic coercivity. Typically, M, approaches M; as
texture quality improves, and the coercivity decreases
slightly with increasing orientation as the grain boundary
coherency improves. Greater coherency weakens the
domain wall pinning mechanism.*?

The effect of crystallographic alignment on magnetic
properties was first observed for a textured BaFe ;09 M-
type hexaferrite fabricated by magnetic alignment of
a high solids content slurry of BaFe,0,¢ particles within
an 11,000 Oe magnetic field. Textured BaFe;,O;9 ce-
ramic had a magnetic remanence of 0.37 T and coercivity
of 1200 Oe parallel to the basal plane while untextured
BaFe ;09 had a magnetic remanence of 0.205 T and
coercivity of 2600 Oe. Additionally, the magnetic prop-
erties were measured in different crystallographic direc-
tions (Fig. 7). While the texture fraction and degree of
crystal orientation were not mentioned, this study effec-
tively showed an avenue by which magnetic properties
could be tailored using crystallographic orientation.

There is surprisingly little literature about textured bulk
magnetic ceramics since the Rathenau study. In recent
years, the advent of techniques for substantially improved
texture quality such as TGG and RTGG, and high
magnetic field alignment has renewed interest in oriented
ferrites. In 2011, Chen et al. uniaxially pressed Ba;Co,.
Fe,4,04; Z-type ferrites in a rotating in-plane magnetic
field* and sintered them for 2-16 h in air at 1200~
1280 °C. This process resulted in Lotgering factors
(fooory) of 0.3-0.5 with high magnetic remanence and
low coercivity relative to untextured BazCo,Fe 404 BIn
2014, Jian et al. aligned needle-shaped a-FeOOH tem-
plate particles in CoO and Fe,O; powders to produce
[001] textured CoFe,O, ferrites with foo1y of 0.81 by
RTGG.* Magnetic properties of untextured and textured
CoFe,04 samples are compared in Fig. 8. The textured
ceramic had higher saturation and remnant magnetization
of 355 emu/cm’ and 90 emu/cm’ in plane, respectively,
and 260 emu/cm® and 15 emu/cm® out of plane, re-
spectively. By comparison, the untextured ceramic had an
M, of 320 emu/cm® and M, of 87 emu/cm>.?® Chang et al.
used RTGG to create textured BazCo,Fe 404, by tape
casting BaFe ;0,9 platelets in a Ba,Co,Fe ,0,, hexa-
ferrite powder matrix.”’ While the fo1) was only 0.39,
the textured ceramic had increased magnetic permeability
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FIG. 7. Hysteresis loops (upper half only) of an isotropic Ferroxdure
sample sintered at a high temperature measured parallel and perpendicular
to the preferred direction (c-axis). The magnetic texture closely resembles
that of a single crystal. Reproduced with permission from Ref. 24.

relative to the untextured sample, and reduced coercivity
was observed perpendicular to the c-axis.”’

IV. TEXTURED SUPERCONDUCTORS

Superconductors are a unique class of materials that
display zero resistance to the flow of electricity below
a critical temperature (T.),>® making these materials
attractive choices for advanced electrical conductors and
powerful magnets. In 1986, high temperature supercon-
ducting (HTS) cuprate-based ceramics, including
YBa,Cu30;_5 (YBCO), were discovered to exhibit super-
conducting properties below 93 K. The development of
materials with 7, higher than the boiling temperature of N,
(77 K) was a significant achievement because it resulted in
easier and less expensive cooling for superconductivity. A
variety of other HTS materials have been discovered, such
as the Bi—Sr—Ca—Cu—O (BSCCO) family.*’

In power transmission lines, YBCO-coated tapes and
power cables with very high critical current density, J, of
10°-107 A/em? in zero-field were fabricated using the
RABITS process.”*>! The RABITS process was devel-
oped by Goyal et al.’* to produce biaxially textured
superconducting wires and tapes. The RABITS process
achieves biaxial or sheet texture by taking advantage of
the biaxial texture produced in rolled cubic metals and
FCC and BCC alloys after recrystallization. Ni and Ni—
W-Cr alloys are the most commonly used metals for the
RABITS process. The texture of the crystallized metal
strip (e.g., 1 cm wide by 10 m in length) consists of
a {100} cube plane parallel to the plane of the strip and
a cube edge parallel to the rolling direction. Buffer layers,
such as YSZ, are deposited on the metal strip by a number
of thin film processes to mediate diffusion of the metal
into the superconducting layer (~1 pm thick).
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FIG. 8. Room temperature magnetic hysteresis loops of CoFe,Oy4
ceramics after sintering at 1150 °C for 4 h: (a) untextured and
(b) textured along the [001] direction. Reproduced with permission
from Ref. 26.
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FIG. 9. The critical current density as a function of total grain
boundary misorientation angle for both YBa,Cu3;O;_, (YBCO)
films deposited on SrTiO; bicrystal substrates and polycrystalline
YBCO wires. The solid line is a fit to the bicrystal data. The data
were taken at 77 K and self-field. Reproduced with permission from
Ref. 31.

Additionally, the use of a buffer layer(s) minimizes both
lattice mismatch and thermal expansion differences
between the metal substrate and deposited superconduct-
ing layer. The process has not been applied to bulk
ceramics.

The PIT process is another technique for fabrication of
superconducting tapes and wires, primarily for ferropnic-
tides and BSCCO materials. A silver tube is filled with
superconductor powder and then the tube is cold worked,
flat rolled, and groove rolled to produce wires of various
thicknesses and diameters. The process controls crystallo-
graphic orientation at low temperature while maintaining
very small grain sizes. Susner et al. fabricated super-
conducting PIT MgB, wires.*® They reported no anisotropy
in current density at zero field, but as the applied magnetic
field (applied perpendicular to the wire axis) increased, they
measured an increasing anisotropy. At 8 T, the critical
current density parallel to the wire axis was J, ~ 10*
Alem?, while perpendicular to the axis, J. ~ 10° A/-cm>.
Texture was reported as a function of particle aspect ratio,
but no quantitative texture analysis was performed.

The critical current density is highly dependent on grain
to grain connectivity and alignment. It has been shown that
critical current density decreases exponentially above 2-3°
of misorientation in the a—b plane even with a high degree
of [001] orientation (Fig. 9).>* The strong dependence of J,
on the misorientation angle has led to research to minimize
crystallographic misorientation, and to further improve
current carrying capacities of HTS.

Untextured HTS ceramics have poor J. ~ 10-10% A/em?
as a result of weak-link coupling of misaligned poly-
crystalline grains.?” Thus, bulk HTS production has been
limited primarily to single crystal growth. However, the
excellent properties of HTS single crystals is a strong
motivation for research on fabrication of bulk textured
HTS ceramics.>>® The fabrication of bulk textured HTSs
by slip casting,’” tape casting,*®* and extrusion®® has
been explored. The shear forces generated using these
techniques contribute to grain alignment of anisotropic
grains and J. is improved to ~10* A/em®. Using a sharp
thermal gradient, geometric constraint of thin samples, or
casting onto textured substrates, grain alignment has been
increased to yield J, of ~10* A/em?.4**!

V. TEXTURED ION CONDUCTORS

Ceramics with high rates of either anion or cation
conduction form an important class of materials that are
finding applications as ion conducting membranes in fuel
cells, and as high temperature, e.g. Na—S, battery electro-
lytes. Beta alumina has a hexagonal crystal structure and
refers to all types of B and B” aluminas incorporating
Na*, K", NH,", or H;O". The Na® ion can be
exchanged for K*, NH,*, or H;0". Na-p and Na-p”
aluminas, stabilized by the addition of Mg or Li™, are
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two of the most extensively used cationic conductors in
high temperature batteries. These materials consist of
alumina spinel layers separated by 2-dimensional con-
duction planes. In the conduction planes oxygen ions
form bridges between two adjacent alumina spinel layers
and sodium ions sit in specific crystallographic positions
in the conduction planes, known as Beevers—Ross sites.
The ionic conduction in beta alumina occurs by the
migration or hopping of sodium ions between Beevers—
Ross sites and anti-Beevers—Ross sites.**** Beta alumina
batteries must be operated at 300 °C to achieve suffi-
ciently high ionic conductivity. Ionic conduction through
beta alumina grains occurs only along the conduction
planes perpendicular to the c-axis.

In polycrystalline beta alumina, current carrying ions
travel across the grain boundaries from the conduction
plane of one grain to the conduction plane of another
grain. The ionic conductivity of the grain boundary
depends on the misorientation angle between the grains,
i.e., low misorientation angles between the crystal lattices
of the adjacent grains have a lower resistance than high
misorientation angles.”*>™*® The ionic conductivity of
untextured polycrystalline beta alumina is 3-5 times
lower than the ionic conductivity of a beta alumina single
crystal measured parallel to the conduction plane.** The
increased conductivity of textured beta alumina parallel
to the conduction planes is attributed to reduced mis-
orientation angles between gr.e1ins,7’47’50’51 in addition to
less tortuous and shorter conduction pathways.7’47’48’50

Fabrication of textured beta aluminas with preferred
crystallographic orientations using uniaxial dry press-
ing,**-20275% hot pressing,”**>>>" spark plasma sinter-
ing,’® microwave sintering,”® and slip casting under
a magnetic field has been reported.GO’61 However, the
number of systematic studies on how the degree of
misorientation and quality of texture in beta aluminas
affects the ionic conductivity is scant. Some authors
report textured microstructures based on qualitative
microscopy,s“’55 while others compare relative X-ray
diffraction peak heights,so’57’61 or report orientation or
texture coefficients, >*®° Thus, it is difficult to evaluate
and compare the quality and degree of texture of these
materials.

Lotgering factors (fipo1)) of 0.30-0.43 were reported by
Koganai et al.>® and Asaoka et al.,56 and Kishimoto*®
obtained for, values of up to 0.58 for oriented beta
aluminas. Even with low texture qualities, they observed
up to an order of magnitude higher ionic conductivities
along the texture direction compared to the ionic conduc-
tivity perpendicular to the texture direction.>® It would be
worthwhile to investigate how much the ionic conductivity
can be increased by improving texture quality of textured
beta alumina, since increased ionic conductivity may
improve the efficiency of beta alumina high temperature
batteries and reduce operation temperatures.

Proton and anion conductors are of interest for solid
oxide fuel cells, gas sensors, and gas separation mem-
branes. Materials of interest for such applications include
Aurivillius phases, perovskite- and Brownmillerite-like
phases derived from Ba,In,Os, and Si- and Ge-based
apatite structures. BiyV,0y, for example, is an Aurivil-
lius phase that consists of alternating (Bi202)2Jr and
perovskite-like (VO3_5)27 layers with oxygen vacancies
in the VO3 5*~ layers. Oxygen is conducted by a vacancy
mechanism through the 2-dimensional oxygen deficient
perovskite layers.62’64 Ba,In,05, and derivatives thereof,
have been explored as oxygen and proton conduc-
tors, 626465 Ba,In,05 consists of alternating layers of
corner sharing InOg octahedra and layers of InO,
tetrahedra. The perovskite layers are oxygen deficient,
and the vacancies are ordered along the [010] direction
forming one-dimensional paths for oxygen ion or proton
diffusion in the tetrahedral layers. In apatite structures
such as Lag 33(S104)60;, isolated SiOy, tetrahedra align to
form channels parallel to the c-axis with a row of oxygen
ions in the center.®*%*%° It is apparent that the discussed
anion and proton conductors possess significant anisot-
ropy in ionic conductivity and a substantial improvement
in the ionic conductivity could be achieved by texturing,
as indicated by the work of Fukuda et al.®’

VI. TEXTURED THERMOELECTRICS

Textured thermoelectric (TE) ceramics have recently
emerged as an important application for texture-
engineering. Thermoelectric devices require a combina-
tion of a high electrical conductivity and low thermal
conductivity to maximize the thermoelectric conversion
efficiency. The thermoelectric figure of merit is ZT =
S%cT/k where S is the Seebeck coefficient, o the electrical
conductivity and k is the thermal conductivity. Recent
interest in ceramics for TEs has increased as researchers
develop new means to recover lost heat from automobile
exhaust and power plants. For the best thermoelectric
materials today ZT = 1 and scientists are searching for
ways to further increase Z7. The reader is directed to
Medlin and Snyder’s review of the processing and
properties of conventional TEs like PbTe and Bi,Te;.%®
There are many reports in this review about how to
increase TE performance through crystallographic tex-
ture, reduction of grain size, and utilization of nano-
structuring  strategies. Interestingly, the texturing
approaches used for ceramics have yet to be explored
for these systems.

Oxide ceramics are of special interest since they are
stable in air and can operate at elevated temperatures
where conventional TEs oxidize. Ceramic TEs have been
extensively studied since the late 90s when a variety of
cobaltites were proposed as potentially good thermo-
electrics.®””’! Hejtmanek et al. predicted that Na,CoO,
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and Ca3zCo409 single crystals and thin films would have
a 4x lower electrical resistivity in the ab plane and thus
these materials should have a theoretical ZT of 4.”* Tani
developed the RTGG process to texture a variety of these
layered structure materials since anisotropic electric
conductivity is important for TE applications, similar to
Bi;Te,."* He developed a process in which the template
is consumed during the process and thus there is no relic
of the template grains in the textured ceramic [see Fig. 4
1.7 As an example, platelike B-Co(OH), particles
were aligned in a matrix powder of CaCOj3. Upon heating
the materials underwent phase changes until [001]
textured [Ca;Co03]y62[Co0,] formed. The properties
were anisotropic with the electrical conductivity being
60% of the single crystal value. He showed that the
electrical conductivity was strongly dependent on
the FWHM of the oriented grain structure and pointed
out the importance of ‘ultimate’ texture for application of
textured thermoelectric ceramics.'>

More recently, Koumoto et al. reviewed the status of
thermoelectric ceramics.”* They compared the behavior
of Ca3Co0409 ceramics textured by RTGG, magnetic
alignment and SPS.”>82 Although well-oriented ceramics
with high texture fraction were produced, the ZT values
were lower than predicted for single crystals. They also
showed that while the electrical conductivity and thermal
conductivity of [001] textured CazCo4O9 are strongly
orientation dependent, the Seebeck coefficient is nearly
temperature independent and the same for the untextured,
c-axis and ab-plane oriented samples.®

Lee et al. recently reported that non-stoichiometric
Sr,Ba;_,Nb,Og single crystals are promising n-type ther-
moelectrics.** In a subsequent paper they textured SBN by
RTGG using rod-shaped particles of Ba,N aNb5015.85 The
c-axis textured ceramic resulted in higher thermopower
and electrical conductivity than the untextured ceramic.
The above results show that TE applications of textured
ceramics require both a high texture fraction and a narrow
distribution of grain alignment due to the importance of
electrical conductivity.

Electrode

Electrode

|

Electrode

(a) single crystal (b)

VIl. TEXTURED PIEZOELECTRICS

Piezoelectricity describes the ability of non-centro-
symmetric materials to develop an electric polarization
proportional to an applied mechanical stress (direct
piezoelectric effect), or to develop a mechanical strain
(deformation) proportional to an applied electric field
(converse piezoelectric effect). Piezoelectrics are essen-
tial components in a wide range of applications,
including ultrasonic transducers, sensors, and actuators.
The next generation of piezoelectric applications
requires a significant increase in typical figure of
merit coefficients (e.g., piezoelectric coefficient dj,
electromechanical coupling coefficient k; and mechan-
ical quality factor Q.

The large piezoelectric effect exhibited for domain-
engineered single crystals represents a significant ad-
vance in piezoelectric materials. By controlling grain
orientation, textured piezoelectric ceramics have emerged
as an alternative to single crystals. In this case the
textured piezoelectrics can be domain-engineered like
single crystals but at the grain by grain level (Fig. 10).

The most commonly used piezoelectrics are perov-
skites (general formula ABOs;), tungsten-bronze struc-
tures, Aurivillius phases (or bismuth-layered structures),
and perovskite layer structures. Tables I, II, SI and SII
summarize the data since the 2004 review of textured
piezoelectric ceramics® as a function of crystal class
showing the piezoelectric coefficients of different types
of textured ceramics as a function of template type and
texture fraction.

A. Textured perovskite piezoelectrics

Lead-based ceramics such as Pb(Zr,Ti)Os; (PZT),
Pb(Mg1/3Nb2/3)O3—PbTiO3 (PMN—PT), and Pb(In1/2Nb1/2)
O3—Pb(Mg 1/3Nb2/3)03—PbTiO3 (PIN—PMN—PT), as well as
lead-free ceramics like (K,Na)NbOs (KNN), Bi;»Na;»TiO3
(BNT), and BaTiO; (BT) ceramics belong to the large
family of perovskite ceramics. They are of greatest interest
because of their exceptional piezoelectric properties.

-

0] | 'I|:T|'J|
lEh|n| V

texture ceramic

Aol
(c)

]l

FIG. 10. Schematic diagram of (a) a single crystal piezoelectric device with [001], [110] or [111] orientations, (b) a textured polycrystalline
ceramic with the same orientation, and (c) some domain-engineered states such as “4R”, “40”, “2T”, and “3T".
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TABLE 1. Piezoelectric coefficients (ds3) of [001] textured lead-based
ceramics and isotropic ceramics.

TABLE II. Piezoelectric coefficients (d33) of [001] textured lead-free
ceramics and isotropic ceramics.

Lotgering Piezoelectric Lotgering  Piezoelectric
factor coefficient Degree of factor coefficient Degree of
Composition Template (foon) (pC/N) enhancement Composition Template (foon) (pC/N) enhancement
Pb(Zr, Ti)O,;%¢ 0.77 ks = 0.44 1.3% KNLNTS'™ NN 0.91 dy; = 416 1.6x
PMN-32.5PT%’ BT 090  di3* = 1150 1.6x KNNS'% NN 0.97 dy3 = 208 1.4x
PMN-32PT®® BT 0.99 dy5* = 878 1.8x KNLN'"’ NN 0.98 dyz = 192 1.7%
PMN-32.5PT%° BT 098  da* = 1000 2% KNNT!?? NN 0.80 ds3 = 390 1.2x
PMN-28PT*° ST 0.86 d33 = 940 0.64x 1% CuO- NN 0.96 dss = 123 1.4x
(single crystal) KNN'%8
PMN-32.5PT°!  PMN-PT 0.78  dy3* = 1000 1% CuO- KN 0.40 dy; = 68 Slightly
PMN-28PT** NBT-PT 0.92 dy; = 1016 3.4x KNN'!10 decreased
[111]-PMN- [111]-BT**  0.95 dy3 = 270 1.3 x KNN!!! KNN 0.86 dy3* = 282 1.5%
40PT"? 0.5%CuO— NN 0.93 dsz = 133 1.3x
pT% NBT-PT 0.95 dyy = 127 2.4x KNN!!2
PIN-PMN- BT 0.93 ds3 = 820 2% NBT-ST115 ST 0.82  dy* = 557 1.4%
32PT% NBT-KBT- B4TO 0.60 dy3 = 254 1.4x
PIN-PMN- BT 0.95 ds3 = 780 2% BT!!¢
34PT%® BNT-BKT'" B4TO 0.61 dy; = 134
PYN-PMN- BT 0.91 ds3* = 1340 1.6x BNT!!® HTO 0.95 dyz* = 100 1.4x
38PTY’ BNT-BKT'" NN 0.91 dyy = 217 1.4%
PMN-PZT*® BT 0.90 ds3 = 1100 4.8x BNT-BKT'* Al O 0.70
[111]-PMN- [111]-BT**  0.72 dis = 940 2.6x BNT-BT'? BNT 0.92 dyz = 322 2%
pZT* KBT-BT- BNT 0.93 dsz = 192 1.7x
NBT124
d33* calculated from the slope of the decreasing field on the strain-electric BNT-BT- BNT 0.71 dy3* = 766 1.8x
field curve. AN!?
**We replaced (hkl) with [hkl] because it more accurately represents the BNT-BT-— BNT 0.83 S = 0.226% 1.5%
measured property. KNN'2¢
BT!?’ BT 0.97 dyz = 274 1.5%
[110]-BT'* [110]-BT* 0.85 ds; = 788
B. Lead-based piezoelectrics [111]-BT"  [001]-NN** 0.95
Lead-based piezoelectrics have dominated the piezo- gé;ﬁgf ! [“1]];T3T** 8’22 4 o 470 13X
electric market since 1950s due to the high dielectric and g, 1i34 ST ~0.90 d;‘l — 975 3%
piezoelectric properties achieved with compositions close BCZT135 BT 0.70 dyz = 462 1.1x
to the morphotrophic phase boundary (MPB). Highly = BCTI38 BT 0.96  dy =207 L4x
[001]. oriented compositionally modified Pb(Zr,Ti)O;  BCTI37 BT + CT 083  dy =170 12x

(PZT) ceramics were successfully fabricated by slip
casting in a high magnetic field.3® A high k3, value of
0.44 (1.3 times higher than that of its untextured oriented
counterpart) was achieved in the [001], oriented ceramics
with a Lotgering factor (figo1,) of 0.77.

Textured relaxor ferroelectric Pb(Mg;,3Nb,/3)O5—
PbTiO; (PMN-PT) ceramics have attracted attention
due to the much higher piezoelectric properties than
PZT-based ceramics. BaTiO; (BT),**° SrTiO5 (ST),”°
PMN-PT,”' and (Na,;,Bi,;»)TiO;-PbTiO; (NBT-PT)">
templates have been used to texture [001]. oriented
rhombohedral PMN-PT ceramics with compositions near
the MPB by TGG. Ninety percent textured PMN-PT
ceramics were initially produced by Sabolsky et al. using
coarse (75-150 pm) tabular BaTiO3 templaltes.87 The
measured d33* and T, values were 1150 pC/N and
164 °C, respectively, but the resulting large grain sizes
reduced the mechanical properties of the textured
ceramics.

Subsequent work on textured PMN-PT ceramics
focused largely on developing smaller templates with
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ds33* calculated from the slope of the decreasing field on the strain-electric
field curve.

**We replaced (hkl) with [hkl] because it more accurately represents the
measured property.

high aspect ratios to produce smaller grain sizes, higher
texture qualities, and improved properties. Highly [001],
oriented PMN-PT ceramics with figo1) ~ 0.94-0.99 were
produced by Richter et al.®® using 5 vol% fine BT
templates (~10 pm), and a dsj3* value of 877 pm/V
was obtained. Yan et al.* textured PMN-PT with Joon
of 0.98 using 1 vol% fine BT templates. A static d3; of
1000 pC/N and a T, of 162 °C were achieved. BT
template particles do not react with the PMN-PT matrix
and thus remain as residual inclusions in the textured
ceramics, and, as a result, reduce both the strain response
of the ceramics via mechanical clamping, and the di-
electric properties via a composite effect. Brosnan et al.”
found that using SrTiO; templates can eliminate this
problem and yield higher piezoelectric response (static
dz3 = 940 pC/N), as the SrTiO5; templates dissolve into
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bulk PMN-PT. However, Sr*" lowers the Curie temper-
ature of PMN—PT to 103 °C. Amorin et al.”’ showed that
PMN-PT particles can be used as templates in PMN—PT
to avoid both of these issues, but the templates were low
aspect ratio and thus could not be efficiently aligned
during fabrication. Recently, 5-15 pum NBT-PT platelets
were used to template PMN-PT.” Since these templates
form a solid solution with PMN-PT, they result in high
density and fine grain size (~10 pm) ceramics with
excellent texture quality (foo; ~0.92), high piezoelectric-
ity (d33 = 1016 pC/N) and a Curie temperature of
129 °C.

[001], textured rhombohedral PMN-PT near the MPB
showed high piezoelectric properties, but the low rhom-
bohedral to tetragonal phase transition temperature (7,_,)
and low Curie temperature (7¢, ~90-170 °C) limit the
working temperature. Tetragonal PMN-PT compositions
distant from the MPB have higher Curie temperatures
than rhombohedral PMN-PTs and thus there is no
intermediate ferroelectric—ferroelectric phase transition.
[111] oriented BT templates were used to texture tetrag-
onal PMN—40PT ceramics, with an f(;,;) of 0.95.”° The
textured PMN—4O0OPT ceramics exhibited excellent piezo-
electric properties between room temperature and the
Curie temperature (205 °C).

Extensive effort has focused on texturing new systems
with higher T, and T, including modified PT,”* PIN—
PMN-PT,”>*®  Pb(Yb,,,Nb;/2)O3-Pb(Mg;,3Nby/3)03-
PleO3 (PYN—PMN—PT),97 and Pb(Mg1/3Nb2/3)O3—Pb
(Zr,Ti)O5 (PMN-PZT).”®% [001]. oriented Sm- and Mn-
modified PbTiO3 ceramics textured to figo1, = 0.95 with
5 wt% NBT-PT were shown to have a T, of 364 °C, a ds;
of 127 pC/N and an large g33 (115 x 10> Vm N H.*
The authors hypothesized that self-polarization due to
grain orientation along the spontaneous polarization di-
rection plays an important role in achieving a large
piezoelectric response in domain motion-confined mate-
rials. High piezoelectric properties (static d33 of 824 and
780 pC/N) and substantially improved phase transition
temperatures (~20-70 °C greater than PMN-PT) were
demonstrated for [001]. textured PIN-PMN-PT (f(o0;) of
0.90),”>%° templated with 5 vol% BT templates. Textured
PIN-PMN-PT showed significantly improved strain
versus field behavior relative to equiaxed ceramic and
approach those of the single crystal (Fig. 1 1).1% Also, the
coercive field of 8.3 kV/cm is much higher than that
obtained with binary PMN—-PT ceramics. Similar to PIN—
PMN-PT, [001]. textured PIN-PMN-PT ceramics with
Jwoon of 0.91 show a high level of strain (0.33%) and
a higher T, of 214 °C.°’ Yan et al. fabricated textured
PMN-PZT ceramics with f(OOl) of 0.90 and ﬁlll) of 0.72
using (001) and (111) BT templates, respectively.g&99 In
addition to the higher 7, of 204 °C, [001]. textured
PMN-PT possessed a very high energy density of d, =
59,000 x 10~"> m*N, which is comparable to that of the

1 0.28PIN-0.40PMN-0.32PT

Single crystal

Textured ceramic

Strain (%)

Random ceramic

o 5 10 15 20 25
Electric Field (kV/cm)

FIG. 11. Comparison of the high field response of [001]. textured
0.28PIN-0.40PMN-0.32PT ceramic with untextured ceramic and
single crystal.100

single crystal counterpart and 359% higher than that of
the best commercial ceramics. [111] textured ceramics
exhibited much higher piezoelectric anisotropic factor
dys/dsz of 8.5 (versus 2.0 in the untextured counterpart),
indicating “rotator” ferroelectric characteristics wherein
the large shear piezoelectric response contributes longi-
tudinal piezoelectric response in the non-polar direction
(d33 = 1100 pC/N in [001] textured ceramics versus
d3z = 112 pC/N in [111] textured ceramics).”®

C. Lead-free piezoelectrics

For environmental reasons, there is tremendous interest
in the development of lead-free piezoelectric ceramics as
replacements for lead-based ceramics. Texture control is
an important approach to enhance piezoelectric properties
in lead-free ceramics. (K,Na)NbOs-based, Bi;,»Na,,»,TiO5-
based and BaTiOs-based ceramics are the primary lead-
free textured piezoelectric ceramics under investigation
owing to higher piezoelectric properties relative to other
compositions.

D. Textured (K,Na)NbO3-based piezoelectrics

The (K,Na)NbOs-based system is considered to be
a very promising candidate for lead-free piezoelectrics
due to the high Curie temperatures and ferroelectric
properties. Since the pioneering work of Saito et al., this
system has become one of the most investigated textured
piezoelectrics of the last decade.'®' They reported that the
combination of texture-engineering through RTGG and
compositional design (Li", Ta’>", and Sb>" co-
substitutions) results in a high piezoelectric coefficient
of 416 pC/N, comparable to untextured commercial PZT
ceramics. The Li*, Ta>", and Sb" co-substitutions alter
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the phase structure of KNN and shift the polymorphic
phase transition (PPT) temperature from about 200 °C to
near room temperature.'®>'% This PPT shift not only
enhances the room temperature piezoelectric response of
the ceramics, but also results in a substantial increase in
the temperature dependence of the piezoelectric proper-
ties. Since many applications require a stable piezoelec-
tric response over a wide temperature range, subsequent
studies focused on texturing KNN-based systems with
a PPT far above room temperature. Low concentrations
of CuO dopants, or Li+, Ta’ +, and Sb>" substitutions,
were added to KNN to aid in densification and texture
development, and the ceramics were fabricated by TGG
or RTGG with fgo1) as high as 0.97.19112 The modified
ceramics show ds3 of ~146-218 pC/N, with a PPT above
150 °C. Tutuncu et al.''? used in situ X-ray diffraction to
observe nucleation, texture development, and phase
equilibria during TGG of Li" doped KNN. Table II
summarizes the piezoelectric properties of this class of
textured ceramics as a function of texturing approach and
texture fraction.

E. Textured Bi;Na4,,TiOs-based piezoelectrics

BiuzNﬁ]/zTiO:; (BNT) and Bi]/zK]/zTiO:; (BKT) are
important end members of a variety of piezoelectric solid
solution compositions. These ceramics, such as BNT-
BKT, BNT-BT, BKT-BT, and BNT-BKT-BT, form
MPBs with enhanced piezoelectric properties relative to
the end members. Various templates, such as
KSr,NbsO;5 (KSNO), SrTiO; (ST), BisTizOy, (B4TO),
H1_07Tilh7304-nH20 (HTO), NaNbO3 (NN), SI'Bi4Ti4015
(SBTO), Al,O5; and TiO,, were used to texture [001].
oriented BNT and BKT-based ceramics.''*'?? Although
highly textured BNT-based ceramics were fabricated,
significant improvements in piezoelectric properties were
precluded because of residual templates with little or no
piezoelectric activity. Later, researchers synthesized BNT
platelets to texture BNT-based ceramics.'>*'?° The
piezoelectric response increased substantially with in-
creasing texture and the textured ceramic had a ds3 of 322
pC/N, or ~200% higher than untextured ceramics.
However, the depolarization temperature of the ceramics
was not substantially reduced.'*'%*

F. Textured BaTiOs-based piezoelectrics

BaTiO;, with a Curie temperature of ~120 °C and
a ds3 coefficient of ~190 pC/N, is also a very promising
lead-free candidate. TGG, RTGG and magnetic align-
ment have been used to fabricate [001], [110]. and [111],
oriented BT. Recent studies are summarized in Table II.
Vriami et al.'?” and Fu et al.'*® fabricated [001], textured
BT ceramics with [001] BT templates, and found that
samples with an figg;) of 0.97 have a ds3 of 274 pC/N. For
a [110] grain oriented BaTiOs,'*® the piezoelectric

constant d3; was unchanged at 50 pC/N, while the ds;
was 788 pC/N at f(110) = 0.85. [111] oriented BT ceramics
with f111y of ~0.66 and fgo, of 0.95 were fabricated with
[111] BT and [001] NaNbO; templates,
respectively. >3

A and B site substituted BT such as (Ba,Ca)TiOs
(BCT), Ba(Zr,Ti)O; (BZT), (Ba,Ca)(Zr,Ti)O; (BCZT)
and (Ba,Ca)(Ti, Sn)O3; (BCST) have received much
attention since Ren et al.!*! reported that a d33 of about
620 pC/N can be achieved in untextured BCZT ceramics.
Texturing of substituted BT-based ceramics did show some
improvements in piezoelectric properties, possibly being
facilitated by enhanced polarization switching.'**™"*” How-
ever, their ds3 values are still lower than that achieved in
randomly oriented BCZT ceramics. Ye et al."*® suggested
that this can be caused by the lower sintered density due to
the introduction of BT or CT templates.

G. Textured bismuth-layered piezoelectrics

Bismuth-layered ceramics are of interest for high
temperature and high power piezoelectric applications
because they possess a high T, and Q,."°° The
bismuth-layered structure, also known as the Aurivil-
lius structure, is a class of materials composed of layers
of pseudo-perovskite unit cells of (Ap—1BmOsms1)*™
layers separated by (Bi,0,)> " layers oriented in the a—b
plane. The term m represents the number of octahedral
B-sites that lie along the [001] direction between
the (Bi,0,)*" layers.'*® A number of bismuth-
layered structure ceramics, such as BiyTi;O;, (BIT),
StBisTi4O;s (SBT),'*' SrBi,Nb,Oy (SBN), and
CaBiyTi40;5 (CBT),'** have been textured by TGG
and spark plasma sintering.'**'** To date these materi-
als have significantly lower piezoelectric properties
than lead-based and other lead-free textured piezo-
electrics (Table SI).!3147

H. Textured tungsten-bronze piezoelectrics

Tungsten-bronze  type  materials, such as
Ba,NaNbsO,5 (BNN),'*® KSr,NbsO;5 (KSN), 149 and
Sto sBag sNb,Og (SBN),' have ds; values that are up
to an order of magnitude higher than in textured
Aurivillius phase materials. Efforts to texture-engineer
tetragonal  tungsten-bronze  ceramics, including
Ba,NaNbsO,5 (BNN)'** and KSr,NbsO,5 (KSN) take
advantage of the acicular morphology of BNN, KSN
and KNN templates that form during molten salt
synthesis."”® In all cases, high degrees of template
alignment were achieved by extrusion, gated doctor
blading and magnetic alignment. In most cases, there
were significant gains in ds3 relative to untextured
ceramics, but the piezoelectric properties are signifi-
cantly less than lead-based and other lead-free textured
piezoelectrics (Table SII).MS’155
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VIll. TEXTURED CERAMICS FOR OPTICAL
APPLICATIONS

Most optical applications require materials that are
transparent, or at least translucent. Transparency in
ceramics is achieved by limiting sources of scattering,
absorption, and reflection of photons. Cubic ceramics
like spinel (MgAl,O4) and yttrium aluminum garnet
(Y3Al50;5, YAG) can achieve high transparency in
a randomly oriented polycrystalline state, since there
is no refraction when light passes from one grain to
another (i.e., the refractive index in cubic materials is
isotropic) regardless of the crystallographic orientation
change from one grain to the other. The same is not true
of non-cubic materials (e.g., alumina) and refraction at
grain boundaries has a significant effect on reduced
transparency due to refractive index anisotropy in
different crystallographic directions. For this reason,
efforts have been made to fabricate textured optical
ceramics such that the grains are oriented in the trans-
mission direction.

It should be noted that the optical transmission, Ty,, of
anisotropic ceramics can be improved by limiting the
grain size to =200 nm (the short wave length end of the
visible light spectrum).'*® For example, 0.8 mm thick
alumina plates with an average grain size of 300 nm had
83% Ty, at a wave length of 620 nm. Further improve-
ments require texture-engineered ceramics, in which the
alignment of the crystalline orientation minimizes or
eliminates scattering due to crystallographic misalign-
ment (i.e., refractive index differences) between grains.

Magnetic alignment of alumina at 12 T, yielded 60—
65% transmission at 600 nm for textured alumina with
grain sizes in the tens of microns and a f(go1) of 0.45.31%7
The highest reported in-line transmission of 91%Ty, was
reported for a textured alumina with a grain size of 100—
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FIG. 12. Transmittance data for (a) textured ceramic and (b) untextured
ceramic SBN60 relative to a SBN60 single crystal. Reproduced with
permission from Ref. 159.

500 nm, but the degree of crystallographic texture was
not measured.'>®

Tetragonal strontium barium niobate, Sty ¢Bag 4Nb,Og
(SBN60) was textured by Tanaka et al. using magnetic
alignment to enhance the electro-optical properties rela-
tive to untextured ceramics.'>” Similar compositions have
been textured using TGG, but not to transparency. The
Tanaka et al. paper is the first report of a highly trans-
lucent textured polycrystalline SBN60 (58%Ty,).
Figure 12 illustrates the significant improvement in
optical transmittance achieved by texturing SBN60. The
authors measured an apparent electro-optic coefficient of
342 pm/V for the textured material, or ~95% of the value
for single crystal SBN60, and thirteen orders of magni-
tude higher than untextured SBN ceramics.

Rare earth-doped fluorapatite (RE:Ca;g(POg4)sF, or
RE:FAP), with a hexagonal crystal structure, has the
potential to yield higher power lasers at room tempera-
ture, which is a great advantage over RE-YAG gain
media which operate at cryogenic temperatures.'®® The
rare earth dopants (e.g., Nd° ", Yb>") necessary for lasing
fortuitously enhance the magnetic anisotropy of these
materials and thus particles can be aligned at <2 T,
which is much closer to a manufacturing reality because
rare earth magnets can be used for processing. Textured
Nd:FAP,'°%1°! and Yb:FAP'®? were both demonstrated
to be laser grade, but texture quality was not measured or
analyzed in these materials. The application of textured
ceramics in such a demanding application is considered
to be a major advance for laser media ceramics.

An interesting phenomenon with regard to Nd:YAG
ceramic materials is thermal birefringence-induced de-
polarization. Even though YAG is optically isotropic
under ambient conditions, a slight birefringence occurs in
laser gain media during use, reducing the lasing effi-
ciency of the material.'®® Similar losses occur in single
crystal media cut in the [111] direction. The losses due to
anisotropic dependence of lasing efficiency on crystallo-
graphic orientation were reduced by more than 90% by
cutting the crystals in the [110] direction.'®* This
suggests that the lasing efficiency of YAG ceramics

TABLE III. Optical transmission and texture quality of magnetically
oriented textured ceramics.

Transmission/thickness Lotgering Magnetic
Material (%Ty, at 600 nm/mm) factor (foor) field (T)
AlO;3 (Ref. 5) 64/0.8 * 10
AlLO;5 (Ref. 157) 60/1 0.45 12
ALO;" (Ref. 158) 91/0.8 * 10
Sro.6B0.4NbyOg 58/1 0.85 10

(Ref. 159)

Nd:FAP'®! #/0.47 0.96 1.4
Yb:FAP'® /0.6 0.90 1.7

*—Not reported, ~—grain size 100-500 nm.
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could be improved by [110] texturing. A unique process
for orienting YAG reported by Arakawa et al.,'® takes
advantage of the phase reactions between Y,O; and
Al;O3 to produce textured YAG. The process involves
spin coating a sol—gel yttria precursor onto either (0001)
or (1120) sapphire with a subsequent heat treatment at
~1600 °C to achieve a pure YAG film with a Lotgering
factor of up to 0.57 on (0001) sapphire and 0.23 on
(1120) sapphire. The [211] direction was parallel to the
growth direction of the YAG film on the (0001) sapphire
crystal, with an epitaxial relationship between the sub-
strate and film, while no epitaxial relationship was seen in
the film grown on the (1120) sapphire crystal. While this
technique is still in the early stages of development and
has only been reported for a relatively large single crystal
sapphire substrate, it opens the door to RTGG of YAG
using alumina platelets and an yttria/alumina mixture
matrix. The transmittance and texture quality data for the
materials described above are summarized in Table IIL.

IX. TEXTURED THERMAL CONDUCTORS

In ceramics, heat is transported by phonons and the
thermal conductivity of ceramics is determined by crystal-
lographic factors such as bond strength, atomic weight,
atomic coordination, and complexity of the unit cell.'%®'¢7
Materials with strong (covalent) bonds, low atomic
weights, tetrahedral coordination of the atoms, and simple
crystal structures are typically good phonon conductors
and have high thermal conductivities. Therefore, inexpen-
sive non-oxide ceramics, such as SiC, AIN, and SizN4
(alpha and beta) are used in commercial applications, for
example as heat sinks in the electronics industry.

SiC, AIN, and SizN,4 have anisotropic crystal structures,
which result in anisotropic thermal conductivities. For AIN
and SiC this crystallographic anisotropy is small, i.e., the
ratio of thermal conductivity along the c-axis and along the
alb-axes is about 1.5, which suggests that little improve-
ment is expected through texturing. For textured AIN with
a Lotgering factor of 0.76, only a small anisotropy in
thermal conductivity of 164.7 W/(K m) parallel and
154.6 W/(K m) perpendicular to the direction of alignment

(@)

FIG. 13. SEM micrographs of polished and plasma etched surfaces of textured -SizN4. Reproduced with permission from Ref. 172.

was observed.'®® Others reported similar trends with Lotger-
ing factors between 0.6 and 0.97 and measured thermal
conductivities of 86.3 W/(K m) parallel and 83.7 W/(K m)
perpendicular to the direction of alignment.'®

In contrast, B-SisN,4 consists of a network of corner-
shared Si—Ny, tetrahedra that form channels parallel to the
c-axis. Molecular dynamics calculations predict thermal
conductivities of 450 W/(m K) and 170 W/(m K) along
the ¢- and a-axes, respectively, in single crystals.'®’
Measured thermal conductivities of B-Si;N4 single crys-
tals of 180 W/(m K) along the c-axis and 69 W/(m K)
along the ag-axis were reponed.166’170 The experimental
values are lower than the predicted single crystal values
because of defects such as impurities, vacancies and
dislocations.

Textured B-Si3N4 was produced by slip casting under
a magnetic field,'”""'"? tape casting,'’”!'”® and extru-
sion."”* The highest degree of texture, with an fio;) of
0.98, was obtained by slip casting at 12 T (Fig. 13),'"?
resulting in a thermal conductivity of 176 W/(m K) along
and 62 W/(m K) perpendicular to the grain alignment
direction, whereas the thermal conductivity of untextured
B-SizNy is ~115 W/(m K).

X. TEXTURED STRUCTURAL CERAMICS

Structural ceramics exhibit high elastic moduli, high
hardness and wear resistance. However, brittleness (i.e.,
low resistance to the propagation of cracks) and strength
variability (due to extrinsic defects in the material)
compromise their use. The brittle fracture in ceramics is
associated with low energy dissipation during fracture.
Improvements in the fracture resistance can be ascribed to
morphological phenomena such as grain bridging, in-
terfacial bonding, as well as energy dissipating mecha-
nisms acting during crack propagation (e.g., crack
deflection, delamination).

A primary motivation for texturing structural ceramics
is to enhance wear resistance by increasing the material’s
hardness. There is a significant difference in the hardness
of single crystals compared to polycrystalline ceramics.
For example, Vicker’s hardness perpendicular to the
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basal surface (0001) in single crystal alumina is
23.0 GPa, while polycrystalline alumina samples com-
monly exhibit a hardness of 19.0 GPa, as reported by
McColm.'”” To date the data on hardness of single
crystal sapphire and textured ceramics is quite variable;
a problem associated with proper measurements of
hardness. For example, Carisey et al. showed that the
hardness of textured alumina perpendicular to the [0001]
texture direction is 16.5 GPa compared to 16 GPa for
untextured alumina.'’®

The hardness of single crystal B-Si3N4 is 34.4 GPa
perpendicular to the (0001) surface.'”” Nakamura et al.'®*
studied the hardness anisotropy in textured [-Si3Ny4
fabricated by extrusion and reported hardnesses of
17.0 GPa perpendicular to the (0001) surface and
12.6 GPa parallel to this surface. In this same work the
hardness of untextured B-SizN, polycrystalline material
was 15.6 GPa.

Single crystal silicon carbide exhibits a hardness of 33.0
GPa perpendicular to the (0001) surface, while untextured
polycrystalline SiC has an isotropic hardness of 19.3
GPa.'” Work by Lee et al. on hot-forged SiC found the
hardness on the (0001) surface to be 24.4 GPa while the
hardness perpendicular [0001] direction was 26.8 GPa.'”’

Residual microstresses generated in the ceramic during
cooling after sintering are affected by the anisotropic
coefficient of thermal expansion and orientation of the
grains. For instance, the thermal expansion anisotropy of
single crystal Al,O3 is 7.2 x 107° °C™" in the [0001]
direction and 6.3 x 107® °C™" in the [1210] direction.
Residual stresses can be reduced in textured materials by
aligning grains. For example, Vedula et al. predicted
residual stresses (maximum principal stresses, G;) after
sintering to be ~530 MPa for untextured alumina
compared to ~415 MPa in [0001] textured alumina.'”®

Regarding the fracture behavior of single crystal
alumina, toughness anisotropy depends on the different
cleavage energy of crystallographic planes. According to
Salem et al., the basal (0001) plane of an alumina single
crystal showed a 45% higher resistance toward cleavage
than the prism planes of the crystal structure, measured
using the chevron notch method.'”® Interestingly, mag-
netic field [001]-oriented 3 mol% yttria stabilized tetrag-
onal zirconia had an indentation fracture toughness in
[001] direction that was 54% higher than in the perpen-
dicular direction, and 49% higher than that of untextured
zirconia.'® These findings suggest that texturing micro-
structures in polycrystalline ceramics can be effective if
properly oriented with respect to the applied load.
Nevertheless, not only the crystallographic texture but
also the morphology of the textured microstructures (e.g.,
elongated grains with high aspect ratio) may influence the
fracture behavior of polycrystalline ceramics. For exam-
ple, Pavlacka and Messing textured alumina by TGG,
obtaining a [0001]-fiber textured material (Fig. 1).'%7

They reported indentation-strength effective toughness
values of 4.58 MPa m"? when measured parallel to the
basal surface of [0001] oriented alumina and 2.55 MPa m'”?
when measured perpendicular to the basal surface. In this
work, the property anisotropy is due to the of crack
propagation behavior. In each crack mode, the crack is
macroscopically straight, which indicates that there is no
difference in the tortuosity of the crack path. The
difference between the two crack modes, and thus the
origin of this property anisotropy, is the ability of the
crack to travel through an oriented grain. As discussed
above, the hardness of alumina is higher parallel to the
basal surface than perpendicular to it. Therefore the crack
is more likely to travel through grains when toughness is
measured perpendicular to the basal surface than when it
is measured parallel to the basal surface. This finding
indicates that texturing structural ceramics using TGG
can also increase the fracture energy of the material, thus
enhancing the damage tolerance of the final ceramic part.

In an untextured polycrystalline ceramic, crack prop-
agation usually follows a path perpendicular to the
applied stress field (mode I fracture). In contrast, textured
ceramics, such as textured o-alumina, can affect the
direction of crack propagation due to the relatively low
fracture energy of the interfaces between templated
grains, thus promoting delamination.'®'~'*® The compe-
tition between crack penetration and delamination in
a textured material can be described by the energy-
based model illustrated in Fig. 14(a), which is based
upon the He and Hutchinson criterion for cracks propa-
gating in bimaterials.'®® In this figure, regions for
penetration through the textured grain or deflection along
the interfaces between oriented tabular grains are sche-
matically illustrated. Figure 14(a) shows the two modes
of crack propagation possible between “brick-like” tex-
tured grains. The curve G4/G, represents the ratio
between the critical energy release rate of the potential
deflected crack (Gy4) and the critical energy release rate of
the potential penetrating crack (Gp). In monolithic struc-
tural ceramics there is, in general, little mismatch in the
Young’s moduli between grains (o0 ~ 0) and the crack
deflects if the interfacial fracture resistance (I';) is less
than 25% of the fracture resistance of the grain (G,) (i.e.,
I'/G. = 0.25). Both G, and T'; can be influenced by the
anisotropy of the crystal.'®""'82 Measurements of interfa-
cial fracture toughness, I';, of textured alumina compared
to the fracture energy in untextured alumina, G, resulted
in ~1/3 [represented in Fig. 14(a) by the solid symbol],
showing the potential of texturing for favoring delami-
nation, and thus enhanced energy dissipation.'®!

To increase the capability of a textured microstructure
to deflect a propagating crack a novel approach was
proposed using layered ceramics with compressive re-
sidual stresses.'® This concept was demonstrated in an
alumina-based layered ceramic with textured layers
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FIG. 14. (a) Model to predict crack deflection or penetration in textured microstructures with and without residual stresses. The curve G4¢/G,,
represents the ratio between the critical energy release rate of the potential deflected crack (Gy) and the critical energy release rate of the potential
penetrating crack (Gp). The large dot on the y axis is the ratio of interfacial fracture resistance between two templates and the fracture resistance of
the grain, i.e., ['y/G.. (b) SEM micrograph showing the crack path (delamination) within a textured layer under compressive stress. Reproduced with

permission from Ref. 181.

embedded between layers of equiaxed alumina. The
textured layers consist of alumina grains aligned parallel
to the layer plane. Due to the different coefficients of
thermal expansion of the layers, tensile and compressive
residual stresses develop in the equiaxed and textured
layers, respectively. According to He and Hutchinson, the
incorporation of compressive residual stresses shifts the
G4/G,, curve upwards, thus promoting delamination [see
Fig. 14(a)]. Figure 14(b) shows a typical crack path within
the textured layer designed with compressive stresses. It is
demonstrated that the combination of compressive residual
stresses in textured layers together with the relatively low
interfacial energy between the basal planes of the oriented
alumina grains favor delamination, thus increasing the
overall toughness of the system.

MAX phases are ternary nitrides and carbides with the
general formula M,,; AX,,, where M is an early transition
metal, A is an A group element (columns 13—16 in the
periodic table), and X is carbon or nitrogen, with n = 1-3.
MAX phases have received a lot of attention due to
their unique combination of high elastic constants of
178-340 GPa, high hardnesses of 1.4-8 GPa, compressive
strengths of up to 1.9 GPa, and a fracture toughnesses of
4.5-16 MPa m'2.'%8 MAX phases even show some degree
of plasticity, which makes them machinable and resistant
to thermal shock. MAX phases have a layered hexagonal
crystal structure (space group P6s/mmc) and consist of
alternate near-close-packed layers of edge sharing M¢X
octahedra and layers of A atoms in between those
layers.'®®

MAX phase crystals grow preferentially along the
basal plane to form platelets, which suggests that a sig-
nificant improvement of properties can be expected by
texturing. Ti,AlC, Ti3SiC,, TizAlC,, and NbsAlIC;3 have
been textured by hot pressing,'® slip casting under
a magnetic field,"”*'® electrophoretic deposition,'®
and spark plasma sintering.'®”'*® Spark plasma sintering,

hot pressing, and electrophoretic deposition under a mag-
netic field produce textures with Lotgering factors (fioo1))
of 0.69-0.75 and the mechanical properties of the
samples are somewhat improved compared to untextured
ceramics.'””'?® Highly textured MAX phases produced
by slip casting under a magnetic field have a f(go;) of
0.95-0.97 and significantly improved propel“[ies.lgo’195
For high Lotgering factors of 0.97, the bending strength
and fracture toughness of Nb,AlC; was improved to
1219 MPa and 17.9 MPa m'?, respectively.'”® It is
interesting to note that the mechanical properties im-
proved both parallel and perpendicular to the orientation
direction, e.g., the flexural strength of isotropic poly-
crystalline TizAlC, is 320 MPa, but textured TizAlC,
with an f(oo;) of 0.69 has a flexural strength of 1261 MPa
parallel and 1005 MPa perpendicular to the texturing
direction.'® A significant improvement of the fracture
toughness from 6.9 MPa m'’? for isotropic TizAlC,
ceramics to 13.1 MPa m"? parallel and 14.6 MPa m'”
perpendicular to the texturing direction was also
reported.'®’

XIl. FUTURE DIRECTIONS IN TEXTURE-
ENGINEERED CERAMICS

There have been major advances in tailoring the
piezoelectric and thermoelectric properties of bulk
ceramics through crystallographic texturing and thus
some of the materials discussed above are promising
candidates for future commercialization. A few papers
demonstrate that there are enormous opportunities for
enhanced properties in textured optical, ionic conducting,
structural and thermal ceramics. There is surprisingly
little fundamental research on the physics of texture-
property relations which points to a need for basic
research to understand how fundamental material prop-
erties correlate with texture quality.
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The texture fractions resulting from most fabrication
techniques are >95%, and thus texture fraction is not
believed to be the property-limiting factor. However, the
alignment of the grains is problematic because the degree of
misorientation in the orientation distribution function limits
the property values that can be achieved. For example, as
predicted for piezoelectric materials, a misalignment of 10°
reduces the ds3 by >25% compared to the single crystal
values.'” Current research on texture-engineered ceramics
demonstrates that there is considerable room for improve-
ment in the uniaxial alignment by TGG and magnetic
alignment. This is especially evident when the FWHM of
textured bulk ceramics is compared to the <1° FWHM
achieved by various thin film growth processes and the
RABITS process. In contrast, the best orientation achieved
by TGG ranges from 5 to 20° FWHM.'*** Recently, we
showed that combining magnetic alignment of template
particles and TGG resulted in a FWHM of 5°.%°! High field
magnetic alignment alone yields a FWHM of §8-12°.

FIG. 15. Microstructures of laminar alumina composites prepared by
altering the direction of the electric field relative to the magnetic field
during electrophoretic deposition in a strong magnetic field. Repro-
duced with permission from Ref. 17.

J. Mater. Res., Vol. 32, No. 17, Sep 14, 2017

Most of the fabrication techniques reported in the
literature result in fiber-textured ceramics. Processing
methods that produce biaxially-textured ceramics with
orientation distributions similar to that of thin films would
be a major advance in the field of texture-engineered
ceramics. We expect that the properties of biaxially
textured ceramics with a narrow orientation distribution
would approach those of single crystals. Additionally,
novel orientation patterns, such as seen in Fig. 15, have the
potential to yield properties that are not seen in single
crystals or traditionally textured materials.'” Further study
of texturing ceramics with [111] and [011] textures would
likewise advance the potential of textured ceramics.

Current magnetic alignment and TGG processes are
still batch processes. In the case of magnetic alignment,
the use of a high field (10 T) is problematic. While TGG-
type processes build on existing tape casting, and other
scalable powder processes, lack of commercial sources of
anisotropic templates by design (e.g., size, composition,
aspect ratio and crystallographic orientation) have slowed
commercialization. Clearly, there is a need to engineer
these processes and to develop new methods to overcome
the limitations of existing textured ceramics fabrication
processes.

An important challenge in future texture-engineered
ceramics research is to determine how to quantify texture
fraction and the orientation distribution so that properties
can be better correlated with texture. As reported by
Jones et al., the Lotgering factor, texture fraction, and
orientation parameters from the March—Dollase equation
are insufficient for establishing accurate and comprehen-
sive correlations of texture quality and properties.”’> A
coupled issue is how to utilize the enormous data sets
obtained with various texture analysis tools. Such chal-
lenges need to be overcome so that we can test theory and
establish new structure—property relations for textured
ceramics.

Finally, there is little fundamental understanding about
texture evolution as a function of template—matrix inter-
actions, grain growth, and interactions between growing
grains. A comprehensive analysis of texture evolution by
in situ techniques would provide valuable insights into
how process parameters can be used to obtain high
quality textured ceramics. Finally, we believe that
texture-engineered ceramics hold much promise and that
their development will expand the commercial applica-
tions of ceramic materials and facilitate greater under-
standing of the link between grain orientation and
properties.
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