UNIVERSITY OF LEEDS

This is a repository copy of Large Electrostrictive Strain in (Bio.sNao.s)
TiOs-BaTiOs-( Sro.7Bio.2) TiO3 Solid Solutions.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/82880/

Version: Accepted Version

Article:

Shi, J, Fan, H, Liu, X et al. (1 more author) (2014) Large Electrostrictive Strain in
(Bio.sNao.s) TiO3-BaTiOs-( Sro.7Bio.2) TiOs Solid Solutions. Journal of the American
Ceramic Society, 97 (3). pp. 848-853. ISSN 0002-7820

https://doi.org/10.1111/jace.12712

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

L arge Electrostrictive Strain in (BiosNaos)TiOz>-BaTiOs—
(Sro7Bio2) TiO3 Solid Solutions
Jing Shit Huiging Fan;” Xiao Liu, and Andrew J. Bell
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Abstract: Relaxor ferroelectrics, (0.94-X)(®Nay.s)TiO3-0.06BaTiQ-X(Sto./Bio.200.1)TiO3
(BNT-BT-xSBT) (0<x<0.5), were prepared by a solid state reaction process, and their structures
were characterized by the transmission electron microscopy and Raman spectroscopy. The BNT-
BT-0.3SBT has a very high electrostrictive strain S=0.152% with hysteresis-fragadoeimach
more than the reported S in other ferroelestri®~F profiles perfectly follow the quadratic
relation, which indicas a purely electrostrictive effect with a high electrostrictive coeifit
(Qu) of 0.0297 rfC2. Even, its @ keeps at a high level in the temperature range from ambient
temperature to 180C. The field-induced large electrostrictive strain of BBM-0.3SBT was

attributed to the existence of ferroelectric nanodomains.
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I. Introduction

Electromechanical actuators directly transform input electrical energymethanical
energy. Of the many types of actuator materials including magnetostriphetostrictive, and
shape memory alloys, piezoelectric and electrostrictive ceramics are widely wggplications
requiring high generative force, high frequency operation, accurate displacemgntegpbnse
time, or small device Electrostriction produces an expansion in the direction of the field
regardless of its polarity, and this expansion relaxes back to zero when the felbised.
Electrostrictive materials can be categorized in a sfiegliversion S=Q*P where P, S and @
polarization strain and electrostrictive coefficiesmtespectivelElMore commonly, this effect is
utilized in lead-containing relaxor materials owing to their high levelrstf0.1% and Q value
of ~102 m“CZEHHowever, making lead-free electrostrictive materials is highly desirable due to
the increasing concern for environmental safety, since the lead compounds are toxic.

In relaxor ferroelectrics, the electrostrictive strain can be keptedatvely high level in a
wide temperature range due to the diffused phase traerraditionally, the phase transition
temperature of relaxor ferroelectricat ambient temperature can enhance the electrostrictive
property effectively. These days great interest has been devoted since conpiesiadiehaviors

with strong frequency dispersion and large electric field-induced straires atserved in (1-

!
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was identiied as a consequence of a drastic reduction in the remanent strain due teetheepre

X)BNT-xBT based lead-free materi The origin of the observed large strain in these systems

of a “non-polar” phase at zerdield, which enables each unipolar cyclefudly utilize the

J%I. Aksel et and Ma et

demonstrated the large strain behavior is related with the nucleation of a mixture of nansdomain

—
rat s

inherently large poling strain of BNT-based mate




that disturbs the long-range ferroelectric order rather than a long-rangernamagen. Schutz et
aI showed that the large strain response is a result of the breaking of Bi-@izatimn

corfirmed by in situ Raman spectroscopy. Recently leadBigfNay sTiOs-based solid solutions

exhibit high electrocstrains with slight hystera‘%é1L

It was reported that, in BNT-SBhe formula scheme “a ferroelectric relaxor+a ferroelectric”
for solid solutions leads to a high purely electrostrictive -:*’ iTo further improve the
electrostrictive property, the (§Bio2J01)TiOs in lead-free BNT-BT ferroelectrics with

pseudocubic crystal structure at RT is introduced, whegeRiop10.1)TiOs is reportedas anew

N

lead-free ferroelectric relaqofi?{?3In (Si.7Bio.200.1) TiO3 strontium vacancies) are created to

balance the charge riiisdue to the substitution of divalent Sr ions by trivalent Bi ions. The
materials for (0.94-x)(BisNao.5) TiO3-0.06BaTiQ-X(Sr.7/Bio.200.1) TiOz ceramics exhibit a very
high electrostrictive strain at room temperature with hysteresis-free behewe electrostrictive
strain Sis up to 0.152% at ~ 80 kV/cat room temperature for the sample with x=0.3 and the
calculated electrostrictive coefficiei®q; is 0.0297 MC?2, about 1.7 times the value of the
electrostrictive coefficient compared with traditional Pb-based electrossridtleanwhile, this
high electrostrictive coefficient keeps at a high level in the accessible ttomgerange from
room temperature to 18C. The TEM and Raman revealed that the formation of nanodomains
around room temperature at x=0.3 plays a key role in field-induced large electrostriaiive str
[I. Experimental

Ceramic powders were fabricated by the mixed oxide route from high-pawtypowders
being BaCQ (99.0%), BiOs (99.9%), TiQ (98%), SrCQ (99%) and NgCOs (99.8%). The

powders were weighed and mixed by ball milling in isopropyl alcohol for Gtar Arying, the



mixtures were calcined in a covered alumina crucible at°85for 4 h. The calcined powders
were ball milled again for 4 h, then compacted into pellets of 12 mm iretkamt a pressure of
140 MPa and sintered in air at 1125-120Gor 4 h. The resulting pellets were polished to a final
thickness of 1 mm for property investigations. Sliver electrodes veated on both the polished
surfaces and fired at 85Q for 20 min for electric test.

Phase structure of the powders ground from the sintered samples was invelsyigatey
diffraction (XRD) (XRD-7000, Shimadzu, Kyoto, Japan) with Curé&diationin 20 range of 20-
8( at room temperature. The surface morphologies of the ceramics were obsénged us
scanning electron microscope (SEM; JSM-5610, JEOL, Tokyo, Japan). The dependerce of th
electric polarization (P) and the longitudinal strain (S) on an exteteatric field (E) were
measured at 1 Hz using a ferroelectric test unit (TF-2000, aix-ACChefdacerman) for 20
°C-160°C (Temperature controller, aix-ACCT, Aachen, German). The dielectric pexpertre
measured using a precision impedance analyzer (4294A, Agilent, CA, USA). Ramsan \speet
obtained with an instrument (LabRAM HR800, Horiba Jobin Yvon, Lyon, France) in a backward
scattering geometry (the exciting source was the 514.5 nm line frorg@mian laser). For the
Raman study, the sintered pellets were polished on one side using diamond paste and then cleaned
thoroughly with acetone. The samples were subsequently annealed°& #0@ h to remove
any residual surface stresses left after the polishing. The variable temp&atoan spectra of
the ceramics were stabilized at the desired temperature for 5 min prior to tieurepe
measurement. TEM specimens were prepared fromasisintered pellets through standard
procedures including grinding, cutting, dimpling and ion milling. The dimpled disk® w

annealed at 250C for 2 h to minimize the residual stresses before Ar-ion milllect®n



transparency. Lattice images were obtained by using a transmission eheicirascopy (TEM;
Tecnai F30, FEI, Hillsboro, OR, USA) operated at 300 kV accelerating voltage.
[11. Resultsand Discussion

The XRD analyses of the powders ground from sintered BINXSBT ceramic samples
with x=0-0.5 revealed a single perovskite structure without apparent secondary phases, as
provided in Fig. 1. The pseudocubic structures for all the composition rangstueiex! aso
peak splitting other than,Kand K, was detected, supporting the fact that there is no obvious
long-range noncubic distortiorThe inset shows the SEM micrographs of BBIF0.3SBT
ceramics. It can be noticed that the ceramics are dense and have uniform structure.

Ferroelectric hysteresis loops (polarization P versus eldiztit E) of the samples were

measured at ambient temperature at 1 Hz plotted in Fig. 2(a). The gidarizysteresis loop of
x=0 displays a well-saturated typical ferroelectric behavior with the maxiamanremanent
polarizations of 43 and 33 uC/émespectively. It is noted that the remanent polarization of 33
uC/cnt drops drastically down to 2.6 uC/émt a substitution of 10 mol% SBT. It implies that
the ferroelectric order is disturbed with the addition of SBaving a “non-polar” phase at zero
electricfield. Due to their comparable free energiesnpolarphasecan transforms reversibly into
a ferroelectric phase by an external eledirtd. For the samples with x=0.3, only a very slim
P~E profile is observed, whicts slimmer than that of other lead-free or lead-containing
electrostrictors/*82°The currently observed P~E loop can be due to a normal relaxor for BNT-
BT-0.3SBT. The P~E profile is almost linear in the samples with x=0.5, indicatparaelectric
behavior.

Electric field driven strains (S) at ambient temperature are shown in Fig. 2(b). Typical



butterfly-type strain loop, whose maximum strain level is 0.37% and negative strain is 0.012%,
was observed for the samples x=0 with predominant ferroelectric behavtontrast, x=0.1, 0.3
and 0.5 show a drastic deviation from the typical ferroelectric behavioticeNhat the negative
strain closely related to the domain back switching during bipolar cycles saspdared with
x=0.1. For x=0.3 the S~E curves show almost hysteresis free with strainivahesrange of

0.152% at ~80 kV/cm and a quadratic variatidnM®h E. This strain level is comparable with

other lead-containing electrostrict§1|5‘ﬂ'2’The composition with x=0.5 also shows a quadratic

variation P with E, while the strain level decreased drastically.

Electrostriction can be particularly large in the following situationfertpelectric materials
just above their g, where an electric field can enforce the energetically unstable fetraelec
phasH 2) The phase transition temperature of a relaxor ferroelectric is tosenbient
temperature. Thereforeye adjust the composition and dopants in BNT-6BT based lead-free
ferroelectrics to producarelaxor phase which can be induced to the FE at ambient tempgrature
and produce prominent lead-free electrostrictors. Fig. 2(c) displaysldtseeof S~Pwith the
composition of x=0.1 and 0.3. Evidently, the $eBrves for the composition with x=0.3 is linear
whereas that of x=0.1 is slightly deviated from linear relationship. fleans the sample with
x=0.3 is a pure relaxor without any macrodomain. In the meantime, the sample withisxa&0.1
predominant relaxor with some distribution of macrodomain. The averaged electvestrict
coeficient (Q) for x=0.1 and x=0.3 are calculated to 0.0233 fiand 0.0295 AC 2, respectively.

The Q values of our materials are notably larger than other lead-containingeatdrée

electrostrictdt 1“'2 24

The temperature depenadeof P~E loops at ~60 kV/cm of x=0.3 are shown in Fig. 3(a). The



inset of Fig. 3(a) shows the maximum polarizatiom.QPof different temperature. Themk
changed from 19.5 pC/&to 16 uC/criin the temperature range of 30~X28D In addition, the
dissipated energy, i.e., the area of the P~E curves, are determined to belm0B4+ for x=0.3
at ambient temperature. This value is lower than that of other reportedsitictive materials®
Fig. 3(b) displays the temperature dependence of S armdi@es at-60 kV/cm which exhibit an
excellent thermal stability. @increases little, with variation less than 5% in the temperature
range between 30~18GC. It is noted that the S and:@emain high in a wide range from room
temperature up to 18C and exhibit better thermal stability than other electrostrictors.

The temperature dependence of the relative dielectric permittiitgnd loss tangent (tan
for BNT-BT-xSBT samples &0, 0.1 0.3 and 0.5) are shown in Fig. 4. The inset SB@WS" 1k~
£'100kHz Whereeg'izis permittivity at 1 kHz and'iookHz is permittivity at 100 kHz.) of samples
with x=0-0.5 at ambient temperature. For all the samples two peaks are observésl tii@ne
absolute maximum dielectric peakq Without signfi cant frequency dispersion, which is due to
the “paraelectric-relaxor” phase transition. Another is a further, frequency dependent, anomaly of
the permittivity at lower temperaturesg@, with very pronounced frequency dispersion.
Recently, it has been proposed in 0.94(Re»)TiOs-0.06BaTiQ that T is related to a
relaxation of tetragonal polar nanoregions (PNRs) emerged from rhombohedis| &Rk
is ascribed to the thermal evolutions of discrete PNRs, which has nothing tottd@arni
measurable structural transiti&hWith increasing SBT concentration, the-Tis shifted to a
lower temperature compared with that of BNB¥6andfinally almost disappeared at x=0.5. In

the meantime, the intensity of frequency dispersion increasesAsviticrease from 260 for x=0

to 600 for x=0.3, which results in high permittijity at RT about 2323 comparéd1%85 and



app:ds:permittivity

1431 of x=0 and 0.1, respectively. It is suggested that the cation disorderiregibeivsite is

enhanced by increasing SBT and thus very intensive phase transition diffuadnessyere also

found in other BNT-based solid soluti¢Hg%41

Fig. 5 displays TEM micrographs and electron diffraction patterns from the sama area

grain with representative features for the composition x=0.1 and x+0Rg. 5(a), a grainy

morphology is visible. Within the grains areas of 200 nm (marked with arneitfs)amellar

domain contrast were frequently observed. Fig. 5(b) and 5(c) are the SAED patterrsddagen

the [100] and [110] zone axes, in which th2 ddein-phase and 1/2 ooo anti-phaséhére “0”

and “€” indicate an index with odd and even numbers, respectivetfiection are observed

(marked by rings and arrows, respectivélgides the fundamental perovskite reflections. It has

been noted that these superlattice reflections originate from slight deviations from the ideal

perovskite structure, which could have intensity contributions frojrox§lgen octahedral tilts;

(2) chemical ordering of the A-site cations; and/or (3) antiparallel displants of cations. In

NBT, it is believed that oxygen octahedral tilting is the dominate source of theityf%“These

1/2 ooein-phase and 1/2 ooo anti-phase indicate the presence of the in-phase octahedral tilting
(a°a°c") and antiphase octahedral tiltingg(a’), which can be used identify local rhombohedral
(R) and tetragonal (T) phase regions. In Fig. 5(d), the grain contrasowagé&neous implying
the presence of nanoscale features. The inset shows the larger version of aarsdbr¥0.3,

which shows that the size of domain is 50 nm, and this is much smaller than thax+0.the

sample. Such observation has been reported in the TEM study of relaxor c%ﬁﬁﬂe
observe that the intensity of the 1/2 ooo and 1/2 ooe of x=0.3 are weakdrahiariihe x=0.1. It

suggests that the doped SBT destabilize the tetragonal and rhombohedral phase at room



temperature, i.e. the structure is more cubic than other BNT-based materials.
The Raman spectra of BNET-xSBT (x=0-0.3) from 50 to 1000 crmhat room temperature

are shown in Fig. 6(a). The overall spectral signature demonstrates alglatoad feature;

which is in good agreement with previous rep%ﬁl’ his can be attributed to the A-site disorder
and the overlapping of Raman modes due to the lattice anharmonicity. Raman spBbifa of
BT-xSBT ceramics show most of the bands undergo constant shifting and broadening &8s the SB
concentration increases. Wavenumbers200cm* modes can be associated with vibrations of
the perovskite A-site, thus involving Bi, NBa andSr cations. The mode at=125 cm? (marked

by dotted arrow) has previously been assigned as belongingsiometry and, more recently,

associated with Na-O vibrations, and the other modes to vibrations invihd®j-O bond (75

39with increasing SBT substitution, we observed an increase in FWHM of mode 5 cm

e 21

and a sudden drop in the wavenumber and intensity of mode at 12%vbinh can be interpreted

as a weakening of the A-O bondss a result of this change in the bond situation, a higher
polarizability of the unit cells, resulting in the possible formation of nanod@wnaihich could

be revealed in the TEM, is conceivable. A more-disordered lattice was obtained due to the
presence of nanodomains produced by bond weakening (i.e., a maréatiide). Conveniently,
electrostrictive effects tend to be more pronounced in perovskites with a structure close, to cubic
thus explaining the electrostrictive behavior of the material. In fact, therapgeaof additional
modes (marked by black arrpim the spectral pifdes gives an indication that the rhombohedral
phase changes to cubic through an intermediate noncubiﬁﬁ'&&emode at~260 cm'* has

been assigned as an¥ode closely related to the strength of the Ti-O bond. The splitting of this

peak(s) (marked by red arrow) at room temperature with increasing SBT raveladsge in



symmetry, to a structure whose irreducible representation has a higher n@iiRberam active
modes. The mixed phase nature is signaled most clearly by the shoulders on bothisd2® of
cmt featur41 The high-frequency bands above 450'dmave all been associated with FiO
vibrations, namely the breathing and stretching modes of the oxygen octahedra.
Variable-temperature Raman spectra (-8@®°C ) in the range from 50 cfrto 1000 crrt
are shown in Fig. 6(b). With increasing temperature, temperature-induced broautsnirgil he
260 cm' peak splitting persisted till -16C somewhat similar to that previously reported by Luo
et al.¥” which could also suppbthe idea that higher structural disorder exists in the Ti-O bond
of the TiQ octahedra with increasing temperature; such behavior may be associatdaewith t
nucleation of nanodomains within the ferroelectric matrix. The inset of Figséd)s the details
of the temperature dependence of the position of botRit@andTi-O modes. The softening of
the Bi-O modes at -80C is due to a weakening of thgi-O bonding by the increased thermal
vibrations. Since the Ti-O bonds anfl uenced by the dynamics of the nanodomains pfidise,
harden behavior of Ti-O modes above 80marksthe beginning of the region of fluctuating
nanoregions. In a word, a more disordered lattice was presented in this nidtewaim
temperature accompanying with a macroscopic relaxor behavior, which promdtigh a

electrostrictive strain.

V. Conclusion

Both dielectric and ferroelectric propertiedBNT-BT-SBT systems were investigated. With
the increase of SBT, the relaxor-like frequency dispersion became strongés.nedh the shift
of Trr to ambient temperature. A very high electrostrictive strain (~0.152%) avihigh

electrostrictive coefficient Q of 0.0297 MC2 is observed at samples with x=0.3. Meanwhile,

1C



the Q1 maintains it at a high level from ambient temperature to°C80he TEM and Raman
spectroscopy revealed that the existence of nanodomains around room temperauBspdays
a key role in field-induced large electrostrictive strain.
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Figure captions

FIG. 1.

FIG. 2.

FIG. 3.

FIG. 4.

FIG. 5.

FIG. 6.

X-ray difraction patterns of BNBT-XSBT with x=0-0.5, the inset shows the SEM
images of the surface of BNHT-0.3SBT.

(a) Polarization (P) versus electric field (E), and (b) StraingiSus electric field (B3t

1 Hz for the samples with=R, 0.1, 0.3 and 0.5 at ambient temperature. (c) Strain (S
versus the square polarization?(For the samples with=0.1 and (3 at ~80 kV/cm at
ambient temperature.

Temperature dependence of the polarization (P) versus electric fietd dijerent
temperatures at ~60 kV/cm for x=0.3. The insets show the strain (S), elaxtivest
coefficient Q; at ~60 kV/cm and maximum polarizatiopd?of different temperatuse
Temperature dependence of the relative dielectric permittijignd loss tangent (tén

for the BENT-BT-xSBT at different frequencies. The inset of x=0.3 sh&w's(s'1kHz-
€'100khz Of samples with=x0, 0.1, 0.3 and 0.5 at ambient temperature.

(a) Brightfield TEM image, which shows grainy morphology ferroelectric domains for
x=0.1. (b), (c), SAED patterns of x=0.1 along the [100] and][ZbBe axis. (d) Bright
field TEM image, which shows nano-sized ferroelectric domains for x=0.3, the inset
shows the larger version of nanodomains of x=0.3. (e), (f), SAED patterns ob&s0g3
the [100] and [11Pzone axiswhere 1/2 ooo superlattiaeflections are marked by
arrows, 1/2 ooe ones by rings.

(a) Ambient temperature Raman spectroscopy for samples20jtd.& and 0.3, with an
inset showing spectral deconvolution to Lorentzian function for the sample=v@t8.

(b) Temperature dependent Raman spectroscopy fron?€t80C. The inset shows the
temperature dependence of the position of botBtke andTi-O modes.
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