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Abstract

The templated grain growth technique was used to synthesize textured 69BFELTIQ
(60:40BFPT). Both Aurivillius (BjTizO12, PbBiTi4O15) and perovskite templates (BaEiO
SrTiOz) were used to prepare 60:40BFPT. Only Bali€@nplates were found to successful
impart a texture to the ceramic matrix. In the case of perovskite templates, ferroelectricity
was evident from saturated polarisation hysteresis loops. Saturated polarisation loops were
achieved due to the substitutionBd&" or SP*, which redgesthe coercive field. SrTiQand

BaTiO; templated ceramics showed remanent polarisation of 30 and 36 {1 &/spectively.
Aurivillius templates did not generate ferroelectric materials. Because of their high chemical
stability in this system, BaTi templates appear to be the best candidate for fabricating

textured BFPT by the reactive templated grain growth method.



1. Introduction

Materials with morphotropic phase boundaries offer the possibility of an electric field induced
phase transition, for example as reported by Park [1]. Single crystals such as
Pb(MaisNb3)Os-PbTiO;  (PMN-PT) and  Pb(ZisNby3)Os-PbTiO; (PZN-PT)  exhibit
considerable electric field induced strg4]. Furthermore, Park showed that this phase
transition occurred via polarisation rotation. Complementary neutron and synchrotron x-ray
diffraction on PMN-30PT and PZN-8PT revealed that this phase transition occurs thnough a
intermediately monoclinic phase[5]. The orientation of the applied field with respect to the

crystal determines the mechanism of rotation of the ferroelectric dipole[6,7].

The solid solution between bismuth ferrite and lead titanate xB{Ee&€)PbTiO; or (BFPT)
possesses a morphotropic phase boundary (MPB) between the rhombohedral and tetragonal
forms at x=0.7, with a spontaneous strain of 18% on the tetragonal side of this p@ndar

12]. The antiferromagnetic Néel temperature drops by approximately 300K on crossing the
MPB from the rhombohedral to the tetragonal side [13,14]. It is of interest to iratestg
influence of field-driven rhombohedral-tetragonal phase transitions across the MPB in th
system, to determine whether correctly oriented BFPT can provide both giant electric field
induced strains and significant coupling with the magnetic sub-structure. A fieldethduc
transition from rhombohedral to tetragonal phases in textured BFPT could unleash strains as

high as the tetragonal spontaneous strain.

Here, we used the template grain growth method (TGG) to synthesis textured BFPT. Both
Aurivillius and perovskite plate-like particles were used templates. The texture of templated

ceramics was determined using high-energy synchrotron.

2. Experimental Procedure



Aurivillius (Bi4TizO12, PbBiTi4O15) and perovskite (SrTigand BaTiQ) plate-like templates

were synthesized using the molten salt method. Details of the molten salt synthesis procedure
can be found in Refs 15-19. Templated 0.6Bi&8@PbTiQ (60:40 BFPT) ceramics were
prepared using the reactive template grain growth method. The casting slurryepasegr

using the BFPT precursor powder plus 10% by weight of temmBai&i{O1,, PbBiLTi4Oss,

SrTiO; and BaTiQ), an azeotropic ratio of solvents, binder, plasticizers and dispersant. The
slurry was casting by using a shear rate of 512Zehieved by a combination of doctor blade
height and speed§, 17 and 20]. After drying, BFPT templated with B§O12, PbBiTi4O;s5,

or SrTiO; were sintered at 1050 °C for 1 hr and BFPT templated with Bav&3 sintered at

1100 °C for 1 hr, respectively. The obtained layers are between 0.8 and 1.2 mm ahick. T
compare the influence of different types of templates on the chemical and physical properties
of the material, 60:40 BFPT, using no template, was synthesized as a reference via tape

casting and was sintered at 1100 °C for 1 hr.

Scanning electron microscopy (SEM, Zeiss Leo FEG-SEM, Carl Zeiss SMT La&gyised to
characterize the grain morphology of templated BFPT. Strain and polarisation measiremen
where measured using a Radiant LC precision ferroelectric characterization instrument.
Dielectric measurements of the sample were carried out using a HP4192A LF impedance
analyzer. Synchrotron diffraction was carried out at beam line 115 at the Ddairight
Source facility (Oxfordshire, UK)sing hard synchrotron radiation (A = 0.216 A). Diffraction

data was measured using a 2D image plate (MAR 345). MeabBubed rings were “caked”

into individual 26-intensity diffraction patterns, at +3¢ between y = 0° and 355°.



3. Resultsand discussion

3.1.Textureanalysis

Table 1. summarizes the dielectric and crystallographic characteristics of 60:40 BFPT
synthesised with different templates. It reveals that among those templates; BaSi@ble
to impose the texture morphology to the matrix, partially. However, there are some

drawbacks, such as reduction in Curie temperatuyea(id c/a ratio.

Table 1. Summary of the crystallographic and dielectric properties of 60:40BFPT made via tape

casting using 10 wt.% templates.

Per mittivity at da Plate-like Templatereaction
Template Composition Te T at IM I—)|/z ratio textured with the matrix
¢ mor phology (Impurities)
BisTizO12 Big & 6Py 35T10.340x 610°C 4500 1.11 - Completely
PbB|4T|40]_5 Blogd:Q)5d3b335Tlo4lox 6050C 1500 1.10 - Partlally
SI’T|03 Blogfa)gdabjﬁroog-rloj_gox 360°C 3400 1.01 - Completely
BaTiO; BigsFa 5Py sBaoslioaOx 574C 6500 1.03 Partially partially

No Template Bio_ezFQ)_5gf)b)_38Tio_4(£)X 590°C 6200 1.10 - -




Chemical compositions in Table 1. have been calculated from average EDX spot scan
analysis on some parts of samples, ignoring the oxygen content. The SEM micrograph of
60:40BFPT templated with BaT¢JFig. 1) shows a dense microstructure, which consists of
both spherical and plate-like regions. The plate-like regions observed in BeEhplated
ceramics were not observed in ceramics templated wiffid8),, PbBiyTi4O15 or SrTiG.

EDX spectra were measured for various points in both the spherical and plate-like regions to
investigate the chemistry of sintered ceramics. Table 2. shows EDX data from different areas
of the sample. An inhomogeneous distribution of all cations was observed, particufédrly Ba
The atomic fraction of B4 changes from 0.044 to 0.144. Areas rich if Barrespond to
locations that formed from reaction between BaTiénd the matrix (semi-dissolved
templates), whereas regions low in“Bauggest regions of the matrix. The EDX data at
location 5, in the case of matrix in with low concentration of'Bauggests a formula of

Bio.sFe 58Py 34Bag 0sTi0.440x Which represents Ba-doped 60:40BFPT.

2pm Mag= 8.01KX Signal A = InLens

EHT = 3.00 kv WD = 4.1 mm Date :6 Dec 2011

Figure 1. SEM micrograph of the tape-cast plane for a 60BH&PbTIQ ceramic templated with

10 wt.% BaTiQ.

Table 2. EDX (atomic fractions) results for 60:40BFPT made from TGG by using 10% £&TiO

template.



Bi Fe Pb Ti Ba

Elements . . . . .

(atomic (atomic (atomic (atomic (atomic

fractions) fractions) fractions) fractions) fractions)

1 0.219 0.215 0.149 0.271 0.144

2 0.247 0.252 0.156 0.244 0.098

3 0.302 0.263 0.167 0.218 0.047

4 0.24 0.232 0.164 0.262 0.099

5 0.285 0.274 0.171 0.224 0.044

6 0.253 0.202 0.172 0.264 0.107

In the case of Bili4Op,c/a ratio of 1.11 can be calculated from the synchrotron pattern (as
mentioned in table 1.) for the tetragonal phase, somewhat lower than that reported by Sai
Sunder et alfor 60:40BFPT =~ 1.16[11]. Note that the c/a ratios they calculated were for
powders rather than bulk material as presented here. Stevenjoapg@ied far lower values

from XRD measurement of bulk pellets, prepared via conventional die-pressing, of 1.09,
which is commensurate with the values presented here. However, thactd ~ 1.033 for

BFPT made from BaTi®is much lower in comparison with 8i;O1, andPbBisTi4Os.

This is the evidence for the reaction of the template with the matrix.

Conventional XRD is often insufficient to probe the crystallographic texture of bulkiosra

due to a material surface being corrupted by (a) reactions with exposed environment and (b)
residual stress [22]. In addition, it is challenging to fully characterize angulandiape of

the crystallographic texture by conventional XRD. Thus, synchrotron diffraction was used, in
order to more effectively probe the texture perpendicular and parallel to the castitigrdirec

Fig. 2 shows the measured synchrotron data for 60:40BFPT made from RTGG method using
10% BaTiQ. The results areompared at about y=0 and 90°, where y=0° is parallel to the

sample normaknd y=90° is parallel to the casting direction. The texture was gauged from the

difference in the in peak intensities between different angles from 0° to 355°. Comparing the



data &y = 0°and 90 shows a degree of texture, as evidenced by an increase in the intensity of

the {00} aty = 0°.
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Figure 2. Comparison of synchrotron XRD patterns for 60:40BFPT made from TGG method using
10% BaTiQfor a scattering vector parallel to the sample norgral{) and parallel to the cast

direction (=90°).

Fig.3 graphs the angular-dependent(§°< 360°) diffraction intensity of the 100/001 and
110/011 tetragonal peaks. Fig.3.a shows a large increase at intensity of the (100) tetragonal
peak around y = 180° and also 0°, normal to the cast direction. Furthermore, two smaller

maxima are observeat y = 90° and 270°, which are attributed to the formation of 90
domains that form upon cooling through a paraelectric/ferroelectric transition. Fig.3.b shows
the maximums for (101) tetragonal peak, which occurs at edqiefiod. As expected (101)

maximum peaks occur at each’pBriod, due to the angle between (001) and (101) planes in



cubic system which is approximately°4Similar behaviour is observed for (111) tetragonal
peak with much less intense maximum peaks at = 55°. Comparison the synchrotron results
versus differenty angles for different templates reveals that BaTy@ the most successful

template.
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Figure 3 Peak intensity at different y angles for a) (100), (001) tetragonal peaks and b) (101), (111)

tetragonal peaks for 60:40 BFPT made from 1B&diOs.
3.2 Ferroelectric measurements

The electromechanical response of templated 60:40 BFPT is compared to BFPT to assess the
effect of texture on the response. Hysteresis loops, as a function of maximum field, measured
at 10Hz for 60:40 BFPT made from different templates, can be seen in Fig. 4. It was not
possible to collect fully saturated hysteresis loops. However, the materials made using the
perovskite templates show strong evidence of ferroelectricity. Remanent polarisatior of 2P

60 uC/criat 9.5 kV/mm and 2P= 72 pCl/cniat 7.5 kV/mm were obtained by using Sr%iO

and BaTiQ as templates, respectively. The high coercive field (15MVmf BFPT
prevented the measurement of polarisation loops for BFPT and BFPT templated with
Aurivillius (Bi4TizO12, PbBuTisO15)[23]. The high coercive fieldncreases the risk of

dielectric breakdown; therefore poling could not be atta|@dyl The substitution of Ba and



Sr into BFPT lowers the coercive field, enabling the measurement of the electromechanical

response.
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Figure 4. Comparisoaf ferroelectric hysteresis loops for 60:40BFPT processed éAgingyillius

and perovskite templates as well as withentplates.

The strain field plots (Fig.5) were used to determine the coercive fig)d taken as the
minimum in strain.There is clear evidence of ferroelectricity for both Baladd SrTiQ
templated systems. The data shows Ec of 3.2 kV/mm, and a maximum strain of 0.15% for
SrTiO; and coercive field of more than 6 kvV/mm and a maximum strain of 0.10% for BaTiO
sample. The use of SrTiQemplates had a profound effect on ferroelectric properties

presumably as a result of?Sdoping into the lattice, indicating a higher level of reaction, or

diffusion, for SF* compared to BA.
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Figure 5. Comparisoaf strain field loops for 60:40BFPT processed with BaTa®d

SrTiOstemplates.

Fig. 6 illustrates the frequency dependence of the permittivity (€) and dielectric loss (8) for the sample
made from 10% BaTi©templates. The permittivity data obtained from the cooling prod&gs

increasing the frequency, permittivity decreases slightly. At high frequethgedielectric dipoles
enable to follow the applied electrical field which results in a lowemjpivity value. At low

frequencies sample becomes conductive.

At frequency of 1MHz, two maxima at 34@ and 574C are observed. Recall from the EDX
of BFPT made from BaTig(Fig.1), that there was a non-homogenous distribution 6f,Ba
suggesting thas compositional gradient is present, or a fraction of the initial BaW&s not
consumed during the sintering process. Note that gl BaTiOs is 130°C, [25 and it is
expected that remnant Bai@ould be evidenced by a maximum in the dielectric response
should occur at 130 °C if BaTgds present. A maximum is not observed, therefore it is
concluded that partial substitution of the A site elements By, Behich could affect the

Curie temperature of the final material.
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Figure 6. Relative permittivity (€,) and dielectric loss () measured at different frequencies from

room temperature to 65C for 60:40BFPT made using 10% Bagitemplates.

Considering the permittivity data (table 1), the obtained maximum permyitfeui both 60:40BFPT

with and without BaTi@ are similar, whereas the c/a ratio in Ba-doped sample dramatically reduced
in doped sample. This could be caused by possible Maxwell-Wanger polarization effect [RB6e29].
existence of conductive phase could considerably influence the permittivity ofategial. Fig.6
reveals the frequency dispersion of the material which could contribute to Nk&Xeueger

polarization effectTo investigate earlier assumption, some complementary technique such as

in-situ TEM is required.



4. Conclusion

Although BiTizO1,, PbBRTisO15 SITiO; have been used several times as template to
synthesis textured ferroelectrics, in this study they did not impose texture on the 60:40BFPT
matrix due to reaction between templates and matrix, as determined using SEM and XRD
methods. However, using BaT{@emplates, some plate-like particles were observed after
sintering. EDX data suggested that those plate-like particles were neither 60:40BFPT or the

original composition, but somewhere in between, suggesting partial reaction.

Furthermore, synchrotron analysis reveals some degree of texture in th&didaped

BFPT. Samples were examined in two different directions, perpendicular and parallel to the
cast direction. Considering the preferred direction of the templates and also casting direction
some differences in intensities were observed. Although BafE@plates introduced Ba-
doped 60:40BFPT, it was successful in generating texture, as determined using synchrotron

measurement.

Using non Aurivillius and Aurivillius templates, generated at change in ferroelectric
response. BFPT made by using non Aurivillius template exhibits a saturated PE loop which
was not observed in ceramics made with Aurivillius templates. The similar story could be
seen for BaTi@ and strain field / polarisation field exhibit the ferroelectricity behaviour.
However, permittivity-temperature measurements suggest that the final pro&aetlaped

60:40BFPT.
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