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Pb(Mg;,3Nb;/3)O3-PbTiO3 is used as a model system of
perovskite solid solutions with very high piezoelectric response
at tailored morphotropic phase boundaries to demonstrate the
processing of textured ceramics by ceramic-only technology. A
novel homogeneous templated grain growth approach that uses
conventional ceramic procedures and a single-source nanocrys-
talline powder for the matrix and also for obtaining the tem-
plates is described. Two batches of (100) faceted cube-shaped
microcrystals with average sizes of 27 and 10 pm were success-
fully used as templates, and aligned by tape casting for the
processing of <001>-textured Pb(Mg;;3Nb;;3)O3-PbTiO3
piezoelectric ceramics. Materials with effective piezoelectric
coefficients up to 1000 pC/N and ferroelectric properties
approaching those of single crystals are obtained.

I. Introduction

ERAMIC texturing of ferroelectric perovskite oxides is the

key to the development of novel high-sensitivity piezo-
electrics technologies, such as energy harvesters'> and com-
posite magnetoelectric devices.** Tt must also enable
enhanced sensitivity and power in mature technologies such
as sensors, actuators, smart systems, underwater acoustics,
and ultrasound generation and sensing for nondestructive
testing and medical applications.’

Efforts are concentrated in perovskite solid solutions with
specific ferroelectric morphotropic phase boundaries in their
phase diagram (MPBs), for materials at these phase instabili-
ties show the highest known piezoelectric coefficients.® This is
the case of Pb(Zr,Ti)O3z (PZT), on which commercial high-
sensitivity piezoelectric ceramics are based. Large piezoelec-
tric activity is obtained at the MPB between rhombohedral
R3m and tetragonal P4mm polymorphs, associated with the
existence of an intermediate monoclinic Cm phase,” and of
an enhanced transverse dielectric permittivity and thus, shear
piezoelectric coefficient at the phase boundaries.® This mech-
anism for high piezoelectricity that involves the rotation of
the spontaneous polarization® is the same one responsible of
the ultrahigh piezoelectric response of Pb(Zn,;3Nby)
Og*PleO; and Pb(Mgl/3Nb2/f3)03*PbTiO3 single crystals
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along the <100> direction.” These crystals can show effective
ds3 piezoelectric coefficients exceeding 2500 pC/N that has to
be compared with about 600 pC/N for soft (chemically engi-
neered) PZT piezoelectric ceramics.

Nevertheless, and though commercial ultrahigh piezoelec-
tric crystals are already available, and ongoing research is
intensive,'" crystal growth is complex and time-consuming
(typically several days), and crystals are fragile, so a major
challenge is the processing of textured ceramics with proper-
ties approaching those of single crystals.

In 2001, a pioneering work reported the successful pro-
cessing of <001>-oriented Pb(Mg;;3Nb,/3)O5-PbTiO;3 ceram-
ics with an effective d3; in excess of 1200 pC/N.'> A
templated grain growth (TGG) technique was used. In this
process, ceramic texture develops as a result of the growth of
an ensemble of well-aligned templates into a submicrometer-
sized matrix.!* Templates are usually micrometer-sized single
crystal particles, and orient during the green body forming
under a shear stress gradient, similar to that present in tape
casting. Anisometric particles with high aspect ratios are thus
preferred. They are easily obtained in the case of phases with
highly anisotropic crystal growth habits, but not in the case
of perovskite oxides. This was the reason that in this first
attempt, and basically in all that followed, templates were
not Pb(Mg;;3Nb,/3)O3-PbTiO3; microcrystals, but isostructur-
al particles of simple perovskites such as BaTiOz or SrTiO;
instead."*"""

Best results have been obtained with high aspect ratio plate-
lets obtained by topochemical conversions of Aurivillius parti-
cles, and highly textured ceramics have been processed from
them b}/ a careful tailoring of the densification and TGG
stages.'*!7 However, two-step molten salt processes are required
for obtaining the templates, and scalability is not straightfor-
ward. Also, and notwithstanding the very good piezoelectric
properties reported in the latter works with high-field effective
sz of 1500 pC/N and low-field values in resonance of 850 pC/
N, the use of low piezoelectric or nonferroelectric templates
limits performance.

We have succeeded in processing MPB Pb(Mg, 5Nb,/3)O3—
PbTiO; textured ceramics by a novel TGG procedure that
involves ceramic-only technology and a single-source powder,
which is used for the matrix and also for preparing the tem-
plates. These are Pb(Mg;;3Nby3)O3-PbTiO; micrometer-
sized cubes that are obtained with a range of sizes, either by
exaggerated grain growth (EGG) of the nanocrystalline
powder, or by TGG of the previous templates in the same
powder.”® We report here main aspects of the processing,
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along with the microstructure, quantitative preferred orienta-
tion, and properties of the materials that show high-field
effective piezoelectric coefficients up to 1000 pC/N. This
demonstrates the feasibility of obtaining high piezoelectric
response in textured ceramics of MPB materials by this novel
approach.

II. Experimental Procedure

Powder was  nanocrystalline  0.675Pb(Mg,3Nb,/3)O3—
0.325PbTiO; with a 2 wt% excess of PbO obtained by mech-
anochemical activation of the binary oxides in a high-energy
planetary mill using tungsten carbide milling media. PbO
(99.9%, Aldrich, Steinheim, Germany), MgO (98%, Aldrich),
TiO, (99.8%, Alfa Aesar, Karlsruhe, Germany), and Nb,Os
(99.9%, Aldrich) were used as starting reagents. Details of
the procedure and of the mechanisms takin% place during the
mechanosynthesis were reported elsewhere.'® This is a power-
ful technique for the preparation of functional nanocrystal-
line materials, which allows most known relevant
ferroelectric perovskites to be mechanosynthesized.?’>* Mill-
ing conditions were tailored to prepare batches (200 g) with
contamination below 50 and 600 ppm of Co and W, respec-
tively.!” Powder after activation consisted of tight agglomer-
ates of primary nanoparticles, so a deagglomeration
treatment was carried out to decrease effective particle size
down to the submicrometer range.

Pb(Mg, 5Nb,/3)O3—PbTiO;5 cubic grains of 10 pm average
size were obtained by conventional sintering of the nanocrys-
talline powder at 1250°C for 1 h in a PbO-oversaturated
atmosphere, conditions at which extensive EGG and a
degraded microstructure resulted.?® This was done by placing
samples on top of a Pt foil buried in PbZrO; powder (99%,
Aldrich) inside a closed arrangement of two alumina cruci-
bles. Weight losses during this sintering step were about 3 wt
%. Cubic grains were separated by leaching the ceramic in
acetic acid for 5 min, followed by rinsing in deionised water
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and high-power ultrasonic processing (Sonics VCX 750;
Sonics & Materials Inc., Newtown, CT) in ethanol with a
tapered microtip, which resulted in the complete disaggrega-
tion of the ceramic grains. The isolated microcrystals were
dried and sieved to pass through a 20-pm-mesh sieve. The
yield of this template synthesis procedure was 80% of the
starting material.

Larger cubes up to 27 um average size were obtained by
TGG processes of the same powder with a 5 wt% of the pre-
vious templates under the same extreme conditions (targeting
not only full growth, but also microstructure degradation),
and separated in the same way described above.” The iso-
lated templates were dried and sieved to pass through a 40-
pm-mesh sieve while retained on a 20-um-mesh sieve. The
yield of template synthesis procedure in this case was reduced
to 50% of the starting material. Optical images of the tem-
plates and their size distributions are shown in Fig. 1. Quan-
titative image analysis was carried out with a computerized
system (MIP45; Digital Image Systems S.L., Barcelona,
Spain). All thermal treatments were typical ceramic proce-
dures carried out in conventional box furnaces. In addition,
cube-shaped microcrystals of 50 um average size, obtained in
this case by crystal growth in PbO flux at high temperatures,
were used to validate specific experimental procedures. These
have been shown to be suitable for the processing of highly
textured ceramics by TGG.**

Tape casting was used to obtain green bodies with the
cuboidal templates oriented within the matrix. An ethanol-
based slurry was developed to avoid the use of highly
toxic toluene-based solvents,”> unlike most of previous
works.'>1%2* This formulation allowed solid loadings up to
30 vol% in the suspensions with Hypermer KD6 (Unigema,
Wirrall, UK) dispersant (1.5 wt%). Poly(vinyl butyral)
(Aldrich, St. Louis, MO) binder (5 wt%) and benzylbutyl
phthalate (Merck-Schuchardt, Hohenbrunn, Germany) plasti-
cizer (5 wt%) were added, and slurries were obtained after
high-energy ball milling for 2 h. Templates (5 wt% on a dry
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Fig. 1. Optical images of the cubic microcrystals used as templates with (a) 10 um and (b) 27 um average sizes and their size distributions.



422 Journal of the American Ceramic Society—Amorin et al.

powder basis) were finally added and stirred for 1 h previous
to the tape casting onto silicone-coated Mylar™ (R. E. Mis-
tler, Inc., Yardley, PA). A doctor blade height of 0.1 mm
and a casting speed of 2.5 cm/s were selected to obtain a
high shear rate of 250 s™!, and thus template alignment
within the tapes. After drying for 24 h, tapes with thickness
of 35 pum resulted, from which thicker green bodies were pre-
pared by stacking and lamination at room temperature using
a uniaxial pressure of 10 MPa. Organics were burned out at
500°C for 2 h, with heating/cooling rates of 0.5°C/min,
which are slow enough to prevent cracking and delamina-
tion.

Fully dense ceramics (above 99% densification) with sub-
micrometer grain sizes and the templates embedded were
obtained by hot-pressing at 850°C for 1 h in air using an alu-
mina die and a uniaxial pressure of 60 MPa. Finally, TGG
processes for texture development are triggered with a ther-
mal treatment in a conventional furnace at 1150°C for 10 h
with heating/cooling rates of +5°C/min, also in a PbO-over-
saturated atmosphere. In this case, samples were also placed
on top of a Pt foil and buried in a coarse particle Pb(Mg; 3
Nb,/3)O3—PbTiO; powder with a 7 wt% excess of PbO,
inside the closed arrangement of alumina crucibles. Weight
losses after this annealing step were lower than 0.5 wt%.
Final density was measured by the Archimedes method.

Conventional (6/20 geometry) X-ray diffraction (XRD)
experiments were carried out using a Siemens D500
(Munich, Germany) diffractometer and CukK, radiation. A
20 range from 20° to 70°, in steps of 0.05° with counting
time of 5 s/step was scanned, and the Lotgering factor cor-
responding to the <001>-crystallographic orientation was
calculated with the integrated peak intensities. Pole figures
were obtained using a Huber 4-circle goniometer (Rimsting,
Germany) mounted on a X-ray generator (Cuk, radiation)
and equipped with a curved position-sensitive detector
(Model CPS-120; Inel, Artenay, France), covering an angle
of 120° range in 20 (angular resolution of 0.03°) for the
quantitative texture analysis. X-ray diagrams at different
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sample orientations were measured varying the tilt angle (y)
between 0° and 60° in steps of 1°, with integration times of
150 s/step.

Ceramic microstructures were characterized with a field-
emission gun scanning electron microscope, FEG-SEM
(Nova NanoSEM 230 microscope; FEI Company, Hillsboro,
OR) on cross sections perpendicular to the casting plane.
Sample was prepared by polishing with Al,O; suspensions to
0.1 um, and by thermal etching at 800°C for 20 min.

Silver electrodes were sintered on the ceramic plates for
the electrical and electromechanical characterizations. The
temperature dependence of the dielectric permittivity was
measured on heating at 1.5°C/min and several frequencies
between 100 Hz and 1 MHz using a HP4284A precision
inductance-capacitance-resistance Meter (Agilent, Palo Alto,
CA). Ferroelectric hysteresis loops were characterized at
room temperature by current integration under high-voltage
sine waves (0.1 Hz), using a synthesizer/function generator
(Model HP3325B; Hewlett-Packard Inc., Palo Alto, CA) and
a high-voltage amplifier (Trek Model 10/40A, Medina, NY),
whereas charge was measured with a homebuilt charge to
voltage converter. Poling was carried out in an oil bath at
150°C under an electric field of 3 kV/mm for 15 min. Strain
under the electric field was characterized up to fields of
1 kV/mm. Low-frequency (0.1 Hz) biased (to obtain unipolar
driving) sine waves of increasing amplitude were applied.

III. Results and Discussion

Densification and TGG stages were deliberately separated by
using a two-step sintering process. It is known that TGG
requires a threshold densification to be triggered, and that
matrix grain sizes as small as possible are also advanta-
geous.'® Therefore, the combination of hot pressing and the
nanocrystalline powder obtained by mechanosynthesis is
especially suitable for obtaining an optimum initial micro-
structure for the TGG process, that is, ceramics with 99%
densification and an average matrix grain size of 150 nm

Fig. 2. Field-emission gun scanning electron microscope images of cross sections perpendicular to the casting plane for (a) initial microstructure
after hot pressing, (b) partial growth from initial 10 pm templates, (c) full growth from initial 10 pm templates, and (d) full growth from initial

27 um templates.
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were obtained.?® Figure 2(a) shows the FEG-SEM image of
a cross sections perpendicular to the casting plane after hot-
pressing stage, in which the templates aligned within a
submicrometer-sized matrix, prior triggering TGG phenom-
ena, can be observed.

Texture finally develops during the thermal treatment
under controlled PbO atmosphere. Full template growth as
well as intermediate states with partial growth were achieved
by tailoring the processing parameters with all 10, 27, and
50 pum initial size templates, while maintaining in all cases a
high densification (between 96% and 98%). FEG-SEM
images of cross sections perpendicular to the casting plane of
selected materials are shown in Fig. 2. Templated grains and
remnant coarsened matrix can be distinguished for the mate-
rial arrested at an intermediate stage of the TGG process, as
shown in Fig. 2(b) for the ceramic with 10 pm initial size
templates. After its completion, a homogeneous microstruc-
ture of templated grains results [see Fig. 2(c)] with a final
average grain size of 25 um, determined by quantitative
image analysis of more than 100 grown templates. A homo-
geneous microstructure of large blocky grains was also
obtained for the ceramic with the 27 pum initial size tem-
plates, as shown in Fig. 2(d), resulting in a final average
grain size of 68 pum, also determined by quantitative analysis.
Average grain sizes here obtained are comparable to results
(i.e., smallest grain size) for textured ceramics obtained using
high aspect ratio platelets.'*'7 Even finer microstructures
could be achieved by increasing the volume fraction of tem-
plates (here only a 5 wt% was used), a strategy that is facili-
tated by their processing with ceramic-only technologies.

Corresponding XRD diffraction patterns are shown in
Fig. 3(a). Note the progressive increase in the intensity of the
perovskite (100) and (200) peaks relative to the (110) and
(111) ones as the TGG process advances, illustrating the
development of texture for the case of the 10 pum initial size
templates. Note also the increase in (100) preferred orienta-
tion with the size of templates for full-grown materials: the
Lotgering factor increases from 0.35 to 0.72 and 0.78 with
using initial templates of 10, 27, and 50 pm, respectively.
This not only confirms texture development with <001>-pre-
ferred orientation perpendicular to the casting plane but also
indicates an effect of the template size on their initial orienta-
tion during tape casting.

The orientation degree of fully grown materials was fur-
ther studied by quantitative texture analysis. Pole figures
were measured for the 002 Bragg peak, which clearly indi-
cated fiber-type texture perpendicular to the casting plane for
all ceramics as expected. Figure 3(b) shows the variation in
the diffraction integrated intensity (with the maximum inten-
sity in multiples of a random distribution (MRD) normalized
to 1) at increasing tilt angles (y-scan) for fully grown materi-
als obtained with templates of increasing size. Maximum
MRD decreases from 75 to 25, and then to only 2 MRD
when using initial templates of 50, 27, and 10 pm, respec-
tively.

It must be noted that y-scans study the evolution of the
integrated intensity of the diffraction peaks at fixed incidence
angle; therefore, the same family of crystallographic planes is
analyzed. The use of y-scan is more appropriate than con-
ventional rocking curves for the study of complex diffraction
peaks with several contributions, as it is the case for perov-
skite MPB materials.”” A March-Dollase texture model was
used to fit the measured data using the following equation®:
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Strength of the preferred orientation is quantified by the r
parameter (0 < r < 1), which approaches to zero (r — 0) for
fully oriented materials, whereas f stands for the volume
fraction of oriented material. The texture parameters
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Fig. 3. (a) X-ray diffraction patterns for the randomly oriented and
textured ceramics with full and partial growth using initial 10 and

27 um templates (Ts). (b) y-scans measurements and fits to the
March-Dollase texture model.

obtained for the ceramic processed with 10 pm initial size
templates (r = 0.81, /= 0.93) indicate full growth, but poor
preferential orientation defined by the high r value in agree-
ment with the low Lotgering factor. Results for the textured
ceramics obtained with 27 pm (r = 0.32, /= 0.83) and 50 pm
initial size templates (r = 0.21, f'= 0.70) indicate high degree
of preferred orientation in these latter cases. Indeed, the tex-
ture parameters obtained are in the range of best reported
for ceramics processed with anisometric templates.'*™”

The high degree of preferred orientation achieved with
cuboidal templates is somewhat surprising and does not fol-
low from simple mathematical models of shear alignment. It
cannot be said at this point whether templates align under
the shear gradient or they simply settled in the suspension
with flat <001> faces in contact with the casting surface.
However, results show that the initial template size is crucial
on their initial orientation after the tape casting, and experi-
ments (not shown here) with blade height of 0.2 mm and
maintaining the same shear rate results in lower degrees of
orientation with all templates. This suggest that a given rela-
tion between template size and blade height seems to be
required to achieve high degree of preferred orientation when
cuboidal templates are used, indicating a role of the shear
gradient.

The temperature dependence of the relative dielectric per-
mittivity at several frequencies is shown in Fig. 4. Results for
textured ceramics obtained with the initial 10 and 27 um
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Fig. 4. Temperature dependence of the dielectric permittivity at
several frequencies (arrows indicate transition temperature) for the
(a) conventional ceramic, (b) fully grown ceramic with initial 10 pm
templates, and (c) fully grown ceramic with initial 27 pm templates.

templates (Figs. 4(b) and (c), respectively), and thus with
increasing degree of texture are compared with those for a
conventional coarse grained, nonoriented material [Fig. 4(a)].
This system, and specifically this composition at MPB pre-
sents a relaxor to ferroelectric phase transition, and thus the
dispersive maximum is rather associated with the dynamics
of the relaxor state than with the phase transition itself,”’
which takes place at the inflection point marked with an
arrow in the figure. Note the transition to occur at practi-
cally the same temperature; Tc ~ 165°C, for the textured
materials and for the randomly oriented ceramic. Nonnegligi-
ble transition shifts toward room temperature have been
reported for textured ceramics obtained using SrTiOz or Nay,
»>Bi; s TiOs—PbTiO; templates with a significant impact in the
properties.'*'7 Note also the high value of the maximum
permittivity up to 35.000 for the textured ceramics. This
favorably compares with previous results for textured ceram-
ics using isostructural templates with maximum permittivity
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piezoelectric coefficients for fully grown ceramics with initial 10 and
27 um templates and partially grown ceramic with initial 10 pm
templates.

below 25.000, and highlights the advantages of using Pb
(Mg;/3Nb,/3)O3-PbTiO3 templates instead of high aspect
ratio particles of simple perovskites. Indeed, permittivity data
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for the ceramic obtained with the initial 27 pm templates clo-
sely resembles that for (001)-cut single crystals of the same
composition.®® It is also remarkable the sharpness of the
dielectric anomaly associated with the rhombohedral to
tetragonal phase transition at Tr_t ~ 67°C.

Ferroelectric hysteresis loops are given in Fig. 5. The
squareness of the loop with very high remnant polarization
(P: ~ 30 pC/em?) and low coercitivity (E. ~ 0.5 kV/mm) for
the textured ceramic obtained with the initial 27 pm tem-
plates are comparable to that of single crystals.’® Therefore,
it can be concluded that textured ceramics with electrical
properties approaching those of single crystals have been
successfully processed by the novel approach.

Finally, the electromechanical properties are summarized in
Fig. 6. Strain under increasing electric fields is shown in
Fig. 6(a) for the fully textured ceramic obtained with initial
27 um templates as an example. Results for the different
materials are compared in Fig. 6(b), where the effective ds3 pie-
zoelectric coefficient is given as a function of the applied elec-
tric field. There is a clear effect of the degree of texture on the
maximum strain, and thus on the effective d3; that increases up
to a value that approaches 1000 pC/N (to 1 kV/mm). This
effective ds3 is comparable to those previously reported for Pb
(Mg;3Nb,/3)O5-PbTiO; textured ceramics when an excess of
PbO was introduced for promoting TGG; for example,
990 pC/N (to 1 kV/mm) for a material with Lotgering factor
of 0.75, processed with high aspect ratio (above 5) SrTiO;
platelets, which grow in the presence of a 3 wt% excess of
PbO,'"* or 880 pC/N (to 3 kV/mm) for 0.68PMN-0.32PT
textured ceramics with a Lotgering factor as high as 0.99,
this time prepared with analogous BaTiO3 templates and a
1.5 wt% excess of PbO."?

Further research must be directed toward removing the
hot-pressing step in a first stage and the excess of PbO in the
matrix in a second one. These objectives have already been
achieved with platelets prepared by topochemical reactions.
Full densification (above 99%) with limited grain growth
prior to TGG was obtained by carrying out a presintering
step under a controlled PbO-deficient atmosphere.'” Also, an
excess of PbO in the matrix can be avoided by carrying out
the following TGG thermal treatment in a PbO-oversaturat-
ed atmosphere under tailored conditions. The liquid phase in
this case is provided by the PbO vapor by condensation and
permeation across the ceramic. Textured ceramics with a
densification level above 99% and a Lotgering factor of 0.87
were recently reported by this processing.!” Although the sin-
tering and TGG behaviors of the nanocrystalline powder
obtained by mechanosynthesis are different, similar results
could be expected by its tailoring.

IV. Conclusions

This study demonstrates the feasibility of processing Pb(Mg; 3
Nb,/3)O3-PbTiO; textured ceramics from cuboidal templates
of the same phase, by using a single-source nanocrystalline
powder and ceramic-only technologies. The materials present
high density and a homogenous microstructure with an aver-
age grain size that can be controlled with the template size
down to a value of 25 um. High degree of preferred orienta-
tion was achieved with cuboidal templates of 27 pum initial
sizes. Ferroelectric properties approaching those of single crys-
tals and effective ds3 up to 1000 pC/N have been obtained, fig-
ures that are liable of improvement by tailoring the TGG
process. This demonstrates the feasibility of obtaining high
piezoelectric response textured ceramics by this novel TGG
approach, a main line of research in piezoelectric ceramics.
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