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Abstract
In the present work, various grain size phenomeegevstudied in promising lead-free
piezoelectric ceramics (BasCa.15)(Zro.10T10.909O3 fabricated via chemical and conventional
oxide methods. Phase composition was ascertaindteliyietveld refinement. Average grain
size estimated from the microstructure was ~in% in the sol-gel derived ceramic (SG-
BCZT) which was much smaller than that obtainedcaarse grained (~2@m) sample
prepared by solid state method (SS-BCZT). Systematiestigation of various functional
propertiesviz. dielectric, ferroelectric, piezoelectric and irdpace emphasized the profound
influence of grain size effects. The increase iairgboundary volume fraction enhanced
diffuseness while lowered the dielectric peak in-BGZT. Similarly, increase in elastic
stiffness and progressive hindrance to domain maNements, resulted in a decrease of the
remnant polarization and the associated piezoaiectrarge coefficient values in small-
grained SG-BCZT sample. Accordingly, higher Youngsdulus value of 158.3 GPa was
observed in SG-BCZT as compared to 117.9 GPa iBGHF. Local-area piezoresponse
force microscopy (PFM) images revealed lamellar @ios with periodicity 25090 nm in
SS-BCZT while small sized fractal-like irregularrdains with an estimated domain width of
150+60 nm were registered in SG-BCZT. Complex ingme@ spectroscopy results along
with grain boundary conductivity were also guideddrain size effect. The mechanisms of

grain size driven effects and their impact on tnecfional properties were discussed.
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1. Introduction

Barium titanate (BTO) is an archetypical electracgic widely used in the capacitor
industry for its exceptional properti®gz. very high dielectric constant, low dielectric loss
and low temperature coefficient of the dielectmmstant [1]. It exhibits four polymorphs and
three transitions (i) rhombohedrd)( - orthorhombic Q), (ii) O tetragonal T) which are
ferro-ferroelectric phase transitions and (ifi}» cubic C) that represents the ferroelectric to
paraelectric transformation. With regard to the zpaectric properties, it has an
electromechanical coupling factdis ~0.50 and piezoelectric charge coefficiemi ~190
pPC/N [2]. Nevertheless, its performance as a pientec material is subpar, when compared
with PZT, thereby limiting its wider applications actuators and sensors. To enhance the
piezoelectric properties, several Bafitased solid solutions with differedt and B-site
substituents (where typicallp=Ca, Sr, LaB=Nb, Ta, Zr) have been studied. Of particular
interest is the MPB composition (8&Ca.15)(Zro.10Ti0.09 03 [hereinafter called BCZT], that
has garnered a huge attention owing to its exceallyp high piezoelectric coefficient{s =
620 pC/N) [3]. A majority of work carried out in lagion with the influence of
dopants/substituents in BCZT-based materials wase don conventionally synthesized
ceramics using the solid state reaction route, lving high calcination (1300C, 3h) and
sintering temperatures1450°C, 3h) [4-9]. Such fabrication process apparergbults in a
coarse grained (grain size >10m) microstructure, which is mechanically unstabtel a
imposes a limitation towards realization of devioeiaturization. Alternatively, the wet-
chemical processes or solution routes are utilited allow lowering the crystallization
temperature along with additional potential advgesa like better compositional
homogeneity, chemical purity, controlled stoichidrpe better sinterability and a
microstructure with sub-1Qum grain size. However, control of the complex cheahi
reactions involved in these chemical routes is arpmntally challenging because all the

reactants must be in a homogeneous liquid phasegdiire synthesis reaction. In particular
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for multi-component compounds such as BCZT thablwves several precursors, this is
highly demanding. Nonetheless, synthesis of BCZihgusarious wet chemical synthesis
techniques including Pechini polymeric precursorthmd and hydrothermal process have
been tried in the past [10-16]. However, neithanparison, nor deep investigation into the
grain size effect in both types of ceramics havenhendertaken so far.

In a nutshell, all the various synthesis techniqui&zing different preparation conditions
affect the final grain (and domain) size that sffgncorrelates with the physical and/ or
electrical properties in a polycrystalline systeli@][ The macroscopic functional properties,
essentially the dielectric, ferroelectric and peleotric properties are dependent on both
intrinsic andextrinsic contributions, which are expected to be influenbgdyrain size [18].
Intrinsic contributions arise from the relative ion/catidmftsthat preserves the ferroelectric
crystal structure whilextrinsic contributions are a consequence of the existehcd®main
walls and defect dipoles [18,]19

With an objective to unfold the grain-size effeitte present work provides a detailed study
on structural and electrical properties througlompgarative analysis performed on the dense
(Bag.ssCa.15)(Zro.10Ti0.09O3 ceramics synthesised by the sol-gel and convesltisolid state
reaction method. Moreover, it is noteworthy thateseffect studies on bulk ceramic is
apparently more convenient in comparison to thimdi In case of ferroelectric thin films
with thickness of the order &f 1um, the interface between film and electrode is ajan
concern because the influence of the depolarizafield associated with the screening
charges in the electrodes, lying in close proxinitythe interface with the dielectric layer,
leads to thickness-dependent rather than graindsizen electrical properties [20]. On the
other hand, owing to the much larger thickness wk lweramics (~1bm or more), the
influence of the depolarization field is negligiblalso, the size effect in films that are

clamped to a substrate may vary from that when veohdrom it, owing to the lattice and



thermal expansion mismatch between the film andsthigstrate imposing appreciable in-
plane stress on the film [20].

It may not be out of place to mention that a fe@vjppus reports on comparative studies are
available in literature [14,15], which explore tedaships between the sintering conditions
and only piezoelectric properties of these materiatesent work, on the other hand, provides
a comprehensive study correlating the effect ofingrsize on various other electrical
properties as well. An in-depth analysis of X-Raiffiaction (XRD), along with systematic
investigation of the size effect on tetragonal aisbn, phase transitions, dielectric,
ferroelectric, piezoelectric, impedance and condlitgt properties of BCZT ceramics is
presented. Moreover, local-area piezoresponse ambimdentation experiments were
additionally explored that provided information domain configurations and mechanical
properties, respectively.

2. Experimental details

Bay.ssCa 15T10.0Zr0.103 bulk ceramics were synthesized by two differemhteques: solid
solution (solid state reaction method; hereaftebéoreferred as SS-BCZT) and chemical
solution (sol-gel process; hereafter to be refeaed&G-BCZT) methods. The bulk ceramic
obtained by solid state method was prepared bynmistoichiometric ratios of BaGO
(99.9%), CaC@(99%), TiQ (99%), and Zr@ (99%). Heat treatment included calcination at
1200°C for 6 h, followed by sintering at 148C for 2 h in air. Synthesis of powders by sol-
gel synthesis route based on the complexationkoixades by acetic acid was accomplished
using analytical grade chemicals. Barium acetaBa(CHCOO)], ACS reagent, 99%,
Sigma Aldrich), zirconium (IV) propoxide ([Zr(O(CGHCHs)4], 70% solution in propanol,
Sigma Aldrich), calcium acetate monohydrate ([Ca{CBO)- H,0)], 99%, Sigma Aldrich)
and titanium isopropoxide ([(@H2s04Ti)], > 97%, Sigma Aldrich) were used as precursors.
Glacial acetic acid and 2-methoxyethanol were usedhe chelating agent and solvent,

respectively. For the precursor synthesis, Ba-Qaj ai-Zr solutions were prepared



separately. Initially 0.5 M barium acetate and icefcacetate was stirred in acetic acid (mole
ratio acetate : acetic acid was 1:15) for 1 howpdBately, 0.5 M titanate solution was
prepared by dissolving titanium isopropoxide in 8thoxyethanol and stirred for 30 minutes
at 60°C to which stoichiometric amount of zirconium-prame was added and stirred for
30 minutes. The mole ratio propoxide : 2-methoxgati was 1:12. To stabilize this Zr-Ti
alkoxide solution, acetylacetone was added (malto racetylacetone : propoxide was 3:1)
and stirred for another 1 hour. Subsequently, taeCB solution was added to the Zr-Ti-
solution and stirred at 60 °C and the precursantsm so obtained was thereafter heated at
110 °C, which resulted in the formation of a gdieTwhole process of the preparation of the
precursor solution was performed in an ambient aphere. Finally, the resultant gel was
dried overnight at 150 °C and the solidified lumpere ground to fine powders. The

synthesis procedure is briefly depicted in Fig. 1.
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Figure 1 Flow chart of the preparation process for BCZWger by sol-gel process.

The obtained powder was calcined at 9@for 2h and analysed by X-ray diffraction to
confirm the phase formation. Cylindrical pellets revemade by uniaxially pressing the
calcined powder and subjected to sintering tempegaif 1300 °C for a dwelling time of 3h.

Phase formation was established by a X-ray diftraeter (Phillips X Pert diffractometer,



Almelo, Netherlands), using CyKadiation in the range 28 20 <80° at room temperature.
Crystallographic information including phase compos, crystal structure and lattice
parameters were comprehended by Rietveld analysiheo X-ray diffraction data using
GSAS-EXPGUI refinement software package. The mtanotural analysis of the sample
was performed on as-sintered surface using a Hit8e#h100 Field Emission Scanning
Electron Microscope equipped with energy- disperstvray spectroscopy (FESEM/EDX).
The average grain size was estimated by analysmgrea statistics for a selected sub-region
of the SEM image, performed by means of the miapscsoftware ImageJ [21]. Further
statistical calculations was performed by takingp imccount the acquired area data to
estimate equivalent diameter and obtain the ghiam distribution (done using OriginPro 8.5
software). The distribution was fitted using Gaassiunction to obtain average grain size.
Elemental distribution mapping was done by enedigpersive X-ray spectroscopy (EDX).
Relative density of the sintered ceramic pellets walculated as the ratio between the
apparent density measured by Archimedes” prin@ple the crystallographic (theoretical)
density. For the various electrical measuremeis, sintered samples were polished and
silver paste (AGG302, Agar Scientific Ltd., UK) wesated on the larger faces of the disc
and cured at 550C for 30 min to make electrical contacts. Dielectand impedance
properties were measured as a function of temperaand frequency using a hp4284A
precision LCR meter (Agilent, Palo Alto, CA). Fegtectric hysteresis loops were obtained
by current integration. Low-frequency (1 Hz), higbltage sine waves were applied by the
combination of a function generator (HP3325B, HetlRackard Inc., Palo Alto, CA) and a
high-voltage amplifier (Trek Model 10/40A, MedindY), while charge was measured with
a charge to voltage converter. For piezoelectriasueements, the samples were poled in an
oil bath with a dc electric field of 3-4 kV/mm abam temperature. Thesz piezoelectric
coefficient was measured with a Berlincourt pieztanéChannel Products Inc. Chesterland,

OH). Domain structure of the ceramic samples wediseved by Piezoresponse Force



Microscopy (PFM) technique, performed using scagnprobe microscope MFP-3D
(Asylum Research, Oxford Instruments, UK). NSGOInpwercial Pt/Ir coated tips with
curvature radius ~30 nm, spring constant ~1-3 Nenewised. The PFM signal was acquired
at 1V amplitude in Dual AC Resonance Tracking (OARmode that achieves greater
improvement in sensititvity by tracking and opargtiat the tip-sample contact resonance
frequency £70-90 kHz). Prior to PFM measurements, the sampée rigorously polished
followed by annealing at 400C in air for 2 h to reduce the mechanical stres3és
nanoindentation measurements were performed usitiyee-sided pyramidal Berkovich
diamond indenter having a nominal edge radius oh@0(faces 65.3from vertical axis)
attached to a fully calibrated nanoindenter (TTXTNHCSM Instruments), wherein the
indenter had Poisson's ratio of 0.07 and Young'dulus of 1141 GPa.

3. Results and discussions

3.1. Structural and micro-structural analysis: XRD, SEM

Figures 2a and 2b illustrate the XRD patterns olethiat room temperature for the powdered
samples of SG-BCZT and SS-BCZT, respectively. Tédyibit the characteristic perovskite
diffraction peaks, which can be indexed to the g¢tath XRD data of tetragonal BTO having
space groupP4mm. Inset shows the Gaussian profile fitting bé {200} and {220}
reflections at ~4% and ~68, respectively. Good agreement between the obseawned
calculated inter-planar spacing and absence ofracg of extra peaks indicate the formation
of high purity BCZT compound. Secondary phasegny, are below the XRD detection
limit. The crystallite size obtained from the Walthson-Hall analysis of XRD data is 82 nm

in SG-BCZT while itis 195 nm in SS-BCZT.
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Figure 2 Rietveld graphical output of (a) SG-BCZT and §8-BCZT ceramic. The small
vertical bars indicate the position of reflectiofi& tetragonal; O: orthorhombic and R:
rhombohedral phase). Insdttarrow range (44%20<46.0°) and (64.8<20<67.0°) XRD
patterns with Gaussian profile fitting and indiogticoexistence of phases. 3D rendering of
the crystal structure corresponding to the GSAS8c#iral data obtained for the tetragonal

phase, is shown next to the refined XRD profiletplo

For a detailed profile analysis, the GSAS refinemsoftware [22] with the graphical
interface EXPGUI [23] was utilized wherein Le-Bditting was performed prior to the
crystal structural refinement. Background corractivas performed using the Chebyshev
polynomial of the first kind and diffraction peakofiles were fitted by the pseudo-Voigt/FCJ
peak asymmetry function. Based on the final refieetresults of the tetragonal phase, a 3D
polyhedron model was generated for each of the langing VESTA software [24] and are
shown alongside the plots of Figs. 2 and b. Thaveié refinement agreement factors and
the phase composition are enlisted in Table 1.tRerSG-BCZT sample, a combination of
tetragonal, T (space groug?4mm) and orthorhombicQ (space groupAmnR) symmetries,
converged satisfactorily thereby ruling out thesprece of rhombohedraR) phase at room
temperature. On the other hand, refinement of S&IB&howed coexistence of tetragonal
(space grouf4mm) and rhombohedral (space groRpmn) phases (Fig. 2b). As a matter of

fact, the phase diagram of the BCZT system remaonsroversial ever since its emergence,



mainly because the structural distortions of pekitgs are often subtle and difficult to detect.
Liu et al [3] reported coexistence BfandT phase. However, Keebét al.[25] revealed the
presence of an intermediate phase teymmetry between the andT phases in the BZT-
50BCT composition. Later, Gaet al [26] reported that the observ€lphase in ref. [25]
likely stemmed from the adaptive strain state ofatlbmains withl andR symmetries. Still
further, Haugeret al. [27], confirmed that the dielectric anomaly in BCZeramics below
the Curie temperaturd{) is due to the approximate volume fraction of Bhand T phases
(~1:1). Such discrepancies have complicated the stateting of the symmetry of the phase
transition region near MPB of BZXBCT and as a consequence, reports on the co-esésten
of various combinations ofR, O and T-phases for the same composition:

(Bag.ssCa.15)(Tip.oZro.1)O3 have been reported [3,25,28-31].

Table 1 Rietveld agreement factors and phase catiggosf BCZT by solid state route (SS)
and sol-gel method (SG). Values in parenthesetharstandard deviations.

Agreement factors Phase consmons (Wi%)
Method  No. of “Tetragonal  Rhombohedral omtombic
variables RZ(%) R,,,(%) x? P4mm) R3m) AmnR)
SSR 23 6.53  9.236.26 75.67(1) 24.33(6) -
SG 30 535  9.363.21 86.1(2) 13.9(1)

It is quite possible that there may exist an inetiate phase bridging tHieandR phases in
the studied SS-BCZT as well. Perhaps, a complegrpigly of lattice strains [namely,
tetragonal strain {-a)/a}; rhombohedral strain {(90/4)/90°}, where £ is the angle of the
rhombohedral unit cell], forces the orthorhompiase to evolve into an asymmetiighase
with lower symmetry at narrow regions betwdeandT phases. This asymmeti@phase,
arising from a transverse instability of the ladtis difficult to be distinguished from the-

phase and, therefore, remains undetected by XRP [32



Table 2 Unit cell and structural parameters asinbthfrom the Rietveld crystal structural
refinements of SS and SG-BCZA-O andB-O represents bond length distances with
A=Ba,Ca andB=Ti, Zr ; (B-0) is the average bond lengtb®;is distortion index of the
octahedron an@E represents the quadratic elongatio®0% in the tetragonal phase.

Atomic coordinates Bond length
Sample Unit cell Wyckoff x y z Vector Ay
parameters position
SS Tetragonal Ba(la) 0 0O O A-O1(4x) 2.8236(6)
a=b=3.9836(1)A  Ti(1b) 1/2 1/2 0.4123 A-O2(4%x) 2.6775(4)
c=3.9995(2)A O1(1b) 1/2 1/2-0.0720 A-O2(4x) 2.9752(5)
c/a=1.004 02(2c) 0 21/ 0.5294 B-O1 1.9370(4)
Volune63.467A3 B-O1 2.0625(5)
B-O2(4x) 2.0461(4)
(B-0) 2.0307(2)
D 0.0154
QE 1.0371
Rhombohedral Ba(3a) 0 0 0.0&1
a=5.6550(8)A Ti(3a) 0 0 0.4851

(9D) 0.5183(6) 0.4817(6) -0.009(4)

SG Tetragonal Ba(la) O 0O O A-O1(4x) 2.8303(4)
a=b=3.9999(1)A Ti(lb) 1/2 1/2 0.520(3) A-O2(4x) 2.8668 (6)
c=4.0093(1)A O1(1b) 1/2 1/2-0.025(8) A-O2(4x) 2.7970(5)
c/a=1.0023 02(2c) 1/2 0 0.487(7)B-O1 2.1895(8)
Volume=64.147A3 B-O1 1.8198(3)

B-02(4x) 2.0042(5)
(B-0) 2.0044(1)

D 0.0308
QE 1.0057

Orthorhombic Ba(2a) 0 0O O

a=3.9874(1)A Ti(2b)  1/2 0 0.516(9)

b=5.6751(1)A 01(2a) 0 O 0.491(3)

c=5.6901(1)A O2(4e) 1/2 0.256(0.236(7)

A comprehensive list of the crystal structure pagters including the refined lattice

parameters, unit cell volume, tetragonality, atopositions and bond lengths of the studied

10



ceramics are enlisted in Table 2. The observedyaloon of the unit cell along theeaxis and
deviation of the tetragonalitg/g) ratio from unity indicates an average relative @dispment

of titanium ions along the-axis from its centrosymmetric position in the uodéll and,
thereby, confirms the presence of the ferroelegihase [33]. It is also noticed that the
difference between the two apiddO1 bond distances is greater in SG-BCZT samgiie (
Table 2) implying a larger octahedral distortion tbé BOs cage [30], which is realised
through its higher distortion indek. Further, the unit cell lattice parameters (and oell
volume) for the tetragonal phase is larger inS&BCZT sample as compared to SS-BCZT
(cf. Table 2). Additionally, the tetragonal strain defil as {¢-a)/a}, decreases from 0.4% in
SS-BCZT to 0.2% in SG-BCZT. The value obtainedS&-BCZT is about 1/5 of the value
reported in BTO (1%) single crystals [34]. Thesmelnsional changes including tetragonality
can be attributed to the effect of internal stresshe crystal structure that develops during
cooling across the ferroelectric phase in a cerd8bg Generally, larger grains in a coarse-
grained ceramic allows for the growth of a domamucure such that it provides a three
dimensional compensation for homogenous stress JA/8kreas, in ceramics with smaller
sized grains, only partial internal stress reliéthi the grains is allowed, thereby causing
development of inhomogeneous stress at the graindawies. For the studied samples, it is
observed in the FESEM images (Figure 3) that grawth an estimated average size
~1.481.1 um were obtained by sol gel technique (SG-BCZT, Ba), while comparatively
much larger grains having an average size ~2B.AB pm were obtained by conventional
solid state sintering method (SS-BCZT, Fig. 3b)tha fine-grained SG-BCZT, therefore, the
stresses due to the ferroelectric deformation besomore difficult to be released, resulting
in some unrelieved stresses to remain inside thmg{18]. This uncompensated stress is
expected to reduce the tetragonal distortion [85jndeed observed in SG-BCZT.

With regard to the micro-structural features of BGZT sample (Fig. 3a), a few isolated

pores are observed on the grain boundaries inttierwise well developed microstructure.
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While for coarse-grained SS-BCZT, a dense micrositre with well-defined grain
boundaries is observed. The grain-size distriloufitw both the samples is shown in the inset
of their respective SEM images. The apparent balksdy value obtained for SS-BCZT was
~5.53 g/cm which is ~95% of the theoretical density (5.82ng)cwhile for SG-BCZT, it

was ~5.19 g/crhwhich is ~90% of the theoretical density (5.76ngj)c

60 y NG E fg BUAY ) 50

0
0 10 20 30 40 50 o0y
Grain size (pm ) 58

L e u T e T
8 10 12 14

Figure 3 Scanning electron micrographs of the sinterefhsas of (a) SG-BCZT and (b)
SS-BCZT samples. Inset: Grain size distributiorhv@daussian fitting. (¢) SEM-EDS of SG-

BCZT sample.

To ascertain the composition, EDS mapping was padd and the corresponding elemental
distribution pattern is shown in Fig. 3c (for SG-BO). Detection of constituent metal

elements Ba, Ca, Ti, Zr is evident in the EDS imafee obtained atomic percentage of
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Dielectric constant ( x10’ )

elements is in good approximation to the expecets. The values of measured (and
theoretical) atomic percentage of Ba : Ca : Ti :iiZthe SG-BCZT sample is 41.9 (42.5):
7.14 (7.5): 46.08 (45): 4.12 (5).

3.2. Temperature dependent dielectric studies: dielectric constant and loss tangent

Figure 4a displays the variation of dielectric dans as a function of temperature obtained
for SS- and SG-BCZT samples at 100 kHz. A comparigbresults reveal higher Curie

temperature along with lower and broadened penitittmaxima in SG-BCZT sample. The

possible influence of grain size in rendering thesmlifications is discussed in the present

section.
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Figure 4 (a) Comparison of temperature variation of digle constant in SS- and SG-
BCZT samples. Inset: Derivative of relative dietectpermittivity as a function of
temperature. (b) Temperature dependence of diglexdnstant at various frequencies in SG-
BCZT. Inset shows fitting with Eq. (1) to evaluategree of diffuseness. (c) Loss tangent

variation with temperature. Inset shows enlargeswbetween 20-13TC.

In agreement with the general behaviour reporteditémature for ceramics with smaller
grains [36], the dielectric curve exhibits a retaty broadened maximum in the SG-BCZT
sample. However, this transition at the dielectriaximum is only rounded without any
frequency dispersion (Fig. 4b), negating any relagioaracteristic of the diffused phase
transition. To evaluate the degree of diffusendésbeferro-paraelectric phase transition, the

following modified empirical expression was empldy87]:
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1 1 (T-Tw)Y

£ Em c’ ! (1)
whereg,, is the maximum permittivityT;,, is the permittivity maximum temperature whjle
and C" are constants. The quantitative parameter thtgrmiines the degree of relative
broadness/diffuseness in the dielectric spectgvisn by the diffuseness exponept \With
values varying from 1 for a normal ferroelectric 20for an ideal relaxor ferroelectric.
Logarithmic plots based on Eg. 1 are shown in tiseti of Fig. 4b (SG-BCZT sample). A
linear relationship was obtained for various fragies in 1 kHz-1 MHz range. The critical
exponent,y, as obtained from the slope, yielded 1.69 and Id&7SG- and SS-BCZT
samples, respectively. The plausible cause of Imesglor diffusiveness could be due to the
compositional fluctuation and/or structural disardg in the arrangement of cation(s) in one
or more crystallographic sites causing a microscopeterogeneity in the compound
[36,38,39]. Besides compositional fluctuation, timernal stresses caused by the grain
boundaries in the smaller grain sample can alsmpte diffuseness [36,38,39]. This explains
the higher value in SG-BCZT sample as compared to the SS-B&iiple.

In addition, it is also observed that the relafpeemittivity in the SG-BCZT ceramic sample
is markedly reduced as compared to the coarse-gaanple (Fig. 4a). This observation is in
accordance with reported results for the BCZT caositpm and other ferroelectric systems,
wherein the permittivity statistics is strongly graize dependent and shows a systematic
decrease with decreasing grain size [19, 38,40-A2. ‘dilution effect associated with the
presence of low permittivity nonferroelectric grasoundaries, often termed as thaedd
layers', causes a drop in permittivity values [43-44].efdfore, a decrease in the grain size
will result in not only an increase in fraction laiw permittivity regions but also on the
distribution of internal stresses on the graingsWill inevitably lead to an overall decrease
in the dielectric constant of the sample, as olestm SG-BCZT.

As far as theferro-ferro and ferro-paraelectric phase transitions are concerned, both the

samples show distinct signatures. Based on ounamient results and as indicated in Refs.
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[3,4,29,39], the transition near 42 in SS-BCZT sample is tHe-T phase transitionTg.7).

On the other hand, in the SG-BCZT sample, a badetgernible, highly diffused and
broadened tail-like feature is observable just ab@om temperature (encircled in the figure
4a). To clarify whether it really represents a ghasansition, the first derivative of relative
permittivity was plottedw.r.t. temperature (inset of Fig. 4a). A jump/anomalyderivative
near room temperature indicates @d phase transitionlo.t) in the SG-BCZT sample. The
ferro-paraelectric transition (tetragonalcubic, marked by "*" in Fig. 4a), is distinctly
noticeable in both the samples. The respectiveeCemperaturel,, of SG-BCZT and SS-
BCZT samples, as estimated from permittivity peadsifpon are 121°C and 102°C,
respectively. This observation of an increas&drwith decreasing grain size is consistent
with previous reports [18,19,38,40,42,45]. In adif intrinsic factors like the cell distortion
parameter and the cell volume is also believedat@lan important effect on phase transition
temperature [23,46]. Zhareg al.[46] in their study on B&nr«TiO3 established that variation

of T can be attributed to an effective volume effecthaf unit cell (quantitatively related to

lattice parametery = Va2c) and concluded thaT. increases as the unit cell enlarges.
Similarly, hydrostatic pressure experiments on Bdd@hfirmed that the Curie temperature
decreases linearly with hydrostatic pressiiee ghrinking unit cell) [47-48]. Still further, Qi
et al. [49] utilized first-principle density-functionalhéory calculations to correlate
tetragonality ¢/a) and T, and claimed that with decrease im/a there is an increase .
Investigation on the solid solutiomPbTiOs-(1-X)BiScO; and xBiMg1/2Ti1203-(1-X)PbTiOs
confirmed this qualitative relationshjp0-51].

In the present case:

(a) the unit cell volume in terms of lattice paraeng’ = YaZc, is 4.0030 A for SG-BCZT
sample which is higher than that for SS-BCZT sani@!@889 A) and

(b) the ratioc/a is lower for SG-BCZT sample.
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Based on the above observations, we believe thattien in tetragonality and simultaneous
expansion of unit cell volume produces an effeat #hifts the Curie temperature to a higher
temperature as observed in SG-BCZT sample.

Temperature dependence of tangent lossq}dor both the samples is depicted in Fig. 4c.
The loss tangent behaviour in the low temperatange is magnified in the inset. Anomalies
in loss tangent curve are noticeable near botlpltese transitionderro-ferro (marked by
“arrow’) andferro-paraelectric (marked by *). A comparison of the lassgent curve
brings forth the contrasting character in differeamperature regions. For the lower
temperature range (beloWw;), loss tangent is higher in SG-BCZT, while for wdrigh
temperatures (>35€C) the loss tangent is significantly lower in SGBIC This behaviour
may be understood in terms of the contribution fdemain walls to the dielectric loss. One
of the major sources of dielectric loss arisesnfithe irreversible domain wall motion [52].
Since there is a higher density of wall pinningteenin fine-grained SG-BCZT ceramic, the
loss response is greater than that in SS-BCZT samphile aboveT., owing to the
dissolution of domains there is no contributiomirthe wall motion which explains the drop
in loss. Additionally, for the temperature rang@50°C, it is possible that the higher grain-
conductivity in SS-BCZT (see more in the followigsgctions), is playing a dominant role in
increasing the loss tangent values.

3.3a.Feroelectric and piezoelectric studies

Fundamentally, the electromechanical response ilycpstalline ferroelectric ceramics
comprises several contributions, which are typycalategorized into two major groups,
namely: (i) intrinsic contribution that refer to the reversible response of inhetatiice
distortionw.r.t. external field (electric and/or mechanical),anjitfie extrinsic contribution
that are primarily, but not solely due to the motiof ferroelectric-ferroelastic (non-180
domain walls, which could be either reversible meversible [53-55]. The difference

between the electromechanical responses of thel-savad coarse-grained ceramics is

16



generally attributed to the dynamics of the extdnsontribution that are dominant well
below the transition temperature. According to Awveami model proposed by Orihaed al.
[56], the proportion of grains contributing in pofation reversal increases with increasing
grain size. In fine-grained ceramics, althoughdbeain density increases, however there is
a decrease in the extrinsic response owing to erease in the effective elastic stiffness of
domain walls through the domain-wall-domain-watenaction [57]. It is also believed that
the grain boundaries contribute as additional pigraenters for the moving walls. Clamping
of domain walls at the grain boundaries makes thraain reorientation more difficult and
constrains the domain wall motion. Consequentlyti{a increase in elastic stiffness and (b)
higher volume of grain boundaries, affect the dbatron of the extrinsic mechanism to the
functional properties in ways such that:

(i) the value of remnant polarization becomes senalbecause of the reduction of the
achievable aligned domain), and

(i) the effective dielectric and piezoelectric foments reduces (because of the decrease in
domain wall mobility).

In agreement with these aforementioned argumenés,olaserved a significant drop in
remnant P;), saturation polarizationP{) and ds3 values for the fine-grained SG-BCZT
samples.

The room temperature ferroelectric switching bebawiof the samples were investigated in
terms of polarization-electric field (P-E) hystese®ops at a driving frequency of 1 Hz (Fig.
5). ThePsandP; values are ~13.8C/cnf and ~10.8/C/cnf for SS-BCZT sample which is
much higher than that achieved in SG-BCZT showialyes ~4uClcn? and ~2uClent,
respectively. The coercive field&. estimated from the loops are ~5.8 kV/cm for S an
~9.34 kV/cm for SG-BCZT. The increase in effectiveercive field in SG-BCZT also
reflects the grain size influence; since the preseat higher volume of grain boundaries with

reduced permittivity increaselS. [58]. The insets of Fig. 5 illustrate the evolutiof
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ferroelectric hysteresis loops of the studied saspheasured under increasing electric field
amplitude at a fixed frequency of 1 Hz. In both p&es, the P-E loops show dependence on
the field amplitude in a way such that tAReandE. increase with increasing field amplitude,
though the rates of increase are different to amaheer. However, the increase ha was
noted to be less than 2% and almost constant begpptied electric field amplitude of

30kV/cm (SS-BCZT) and 40kV/cm (SG-BCZT).
20

¥ SS-BCZT

SG-BCZT

, :s';

(pC/em’)

Polarization

15k

i P Ll N 1
-40 -20 0 20 40
Electric field ( kV /em )

Figure 5 Ferroelectric hysteresis loops in SG- and SS-BC&mBmic samples. Inset shows

evolution of loops with increasing electric fielchplitude.

In addition to the influence of extrinsic contrilmrt, the observed polarization behaviour can
also be understood in terms of inherent latticéodi®n effects. In the framework of the
Landau-Ginzburg-Devonshire thermodynamic theorfeafoelectrics, it is possible to relate,
at least qualitatively, the variation of tetragatyadnd the ferroelectric properties in a system.
The tetragonal distortion of the lattice,is proportional to the square of the spontaneous
polarization,Ps [43,59]

n=-—1= kP’ (2)
wherek is the difference@,1—Q12) of the electrostrictive coefficients. Accordingéquation

(2), a change in lattice deformation determinesaaation of polarization. It is, therefore,
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natural that the lower value gfas observeth the SG-BCZT sample (Table 2) may result in
lower P, values.
The longitudinal piezoelectric charge coefficiety; values for SS- and SG-BCZT samples
obtained are 345 pC/N and 39 pC/N, respectivelye Value in coarse-grained SS-BCZT
sample is therefore nearly 9 times higher than ith&G-BCZT sample. Such low values of
ds3 for BCZT ceramics having small grains have beevipusly reported [12,14,45]. The
observance of low piezoelectric response in smalhgSG-BCZT ceramic can be associated
with the increase in elastic stiffness and progveskindrance to domain wall movements.
While in SS-BCZT with larger grains, the domain-idikplacement will be easier and so its
contribution todss will be significantly larger, thereby enhancinge tielectromechanical
response. Moreover, it is well known that the reemnpolarization is proportional to
piezoelectric constant as per the thermodynamatiogl [60]:

d33 = 2Q41 " P €33 3)
where Q,,; represents the electrostrictive coefficient ang is the dielectric constant.
According to Eq. (3)d33 will follow similar trend as that aB.. Since SG-BCZT has lowé.
value, it is expected to show inferior piezoel@citharacteristics in comparison with SS-
BCZT. Moreover, the retention of internal stresseg$ine-grained ceramic may hinder the
domain switching process [33], thereby causingiaiffy in poling and the ensuing lower
value of piezoelectric coefficient in SG-BCZT compd.
3.3b.Domain imaging: Piezoresponse Force Microscopy (PFM)
Room temperature local-area piezoresponse invéstgawere conducted to image the
domain configuration and domain sizes in the stlideramics to correlate with the observed

macroscopic properties.
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SS-BCZT
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Figure 6 Piezoresponse images showing the domain configaraa,c) Topography and

(b,d) PFM amplitude.

Figures 6a and c show the topography of polishe@dses of un-poled and annealed SS- and
SG-BCZT samples, respectively. The correspondiniyl Rimplitude images are shown in
Figs. 6b and d. Wedge shaped domains consistinffagmented lamellar sub-domains
overlapped with watermark areas are observed ircdhese-grained SS-BCZT sample (Fig.
6b). The average period of lamellar domain is 280&#. In contrast, the domain structure
in SG-BCZT ceramic revealed irregularly distributegho sized fractal-like domains. It must
however be noted that, though domain wall contnast observed in PFM amplitude signal,
the domain width of the nanodomain structure cowdt be estimated directly owing to the
limited resolution of PFM. A rough estimate of themain width by autocorrelation function
approach [61] yielded an average size of 150+60Ihia.therefore evident from the domain
configuration in SG-BCZT sample, that the extrinstmtribution to piezoelectric properties
will be negligible and thus supports the observasfaaferior dss.

3.3c.Mechanical properties: Nanoindentation

Though piezoelectric charge coefficient is one lé tmost important parameter, which

determines the actuator performance, it is alsessary to study the mechanical properties.
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Parameters such as Young's modulus, which detesntiveconversion of the strain to force
delivered by the actuator; hardness and fracturghioess which decide the reliability during

actuator operation, are therefore important as.well
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Figure 7 Load-displacement curves of indentations mad&Gn and SS-BCZT ceramics.

Pop-in events are marked by arrow.

Figure 7 depicts the typical load-unload data cwemsus indentation-penetration depth taken
at maximum load of 20 mN. Basically, a total ofndlénts were made with varying peak
loads in the range 5 - 75 mN with approach speed of 2000 nm/min. The loading and
unloading rate was maintained at 20 mN/min with ltiume of 10 seconds. The mechanical
response, as observed, is different for the studexdmic samples. It is purely elastic for
loads of 17 mN and below in SG-BCZT, with contribns from plastic deformation
apparent at higher loads. While in SS-BCZT, plad@formations appears for loads higher
than 9 mN. The pop-in events or "kinks" in the liogdcurves (marked by arrow in the figure
7) are related to the elastic to elastic-plasaasition regime, and are also associated with the
nucleation of plastic deformation due to dislocasicslips and cracks [62].

Young's modulus and hardness were extracted frenutioading curve using the standard
Oliver and Pharr method [63]. The values of Youmgislulus and hardness for SS-BCZT are
117.9 GPa and 14.1 GPa, respectively. While forB&Z-T, the respective values are 158.3
GPa and 20.5 GPa. The results are in accordande Iiatature which emphasizes that

materials with lower Young’s modulus would havehieigpiezoelectric coefficients [45, 64].
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4a. | mpedance spectroscopy: applicability of the brick layer model

Complex impedance spectroscopy was utilized to tifyahe resistanceR) and capacitance
(C) associated with the electrically different actiragions, namely graing) and grain-
boundary gb). In further discussions, we shall use the follgvinotations:R, (grain
resistance)(, (grain capacitance) arRj,, (grain boundary resistance),, (grain boundary
capacitance). These measured electrical parametersbe correlated with the sample
microstructure based on the most widely acceptaedk bayer model (BLM) [65-66].
According to BLM, the material is assumed to cangfsan array of cubic shaped grains with
edges of lengthl,, separated by flat grain boundaries of thicknggswhered,, < d;. By
assuming that the grain boundary is considerablyemesistive than the grain interior, it is
possible to derive expressions relating the expantailly obtained electrical properties of the
materialviz. Ryp,, Cqp andC, to the microstructural parameters [66]. In geneiew issues
like significant porosity, secondary phases or vialyomogeneous grain size distributions
may lead to artefacts in the impedance spectreghlgdimiting the applicability of the BLM

in estimation of the grain boundary properties. ldegr, the disparity scarcely exceeds a
factor of two [67].

Figures 8a and b, show the complex impedance paie of SG- and SS-BCZT samples
respectively measured at various temperatureseifréguency range from 100 Hz to 1 MHz.
In both samples, grain interior and grain boundangs are observed to be well resolved in
the impedance spectrum. By fitting the data (Z-viétting software, v3.2c, Scribner
Associates, Inc.), to an equivalent circuit comsgsbf two resistors in series each shunted by
a constant phase element (as shown in inset ofg8elg.the values ok, C4, Ry, andCy,
were obtained (enlisted in Table 3). In both sas\plg, is found to be higher thad,.
Permittivity values from the bulk capacitance datm be treated approximately as true
permittivity, because of the negligible thickne$sad layers (typically of a few tens of nm)

in relation to the grain size [42,68]. The calcethtzalues are tabulated in Table 3 and agrees
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well with the permittivity data obtained experimaihy (Fig. 4a). Relaxation time; = R;C;

wherei corresponds to eitheror gb, was also evaluated.
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Figure 8 Complex impedance plots for (a) SG-BCZT and B)ECZT samples. Inset in (a)
shows the spectrum at 48C for clarity in determining the two arcs, whilstset in (b)
shows the equivalent circuit. () Comparison ofigiaoundary resistance values between
SS- and SG-BCZT samples. Inset shows the logamtim@haviour ofk,, with temperature
with corrections for differences in area to thickaeatio (A/L), and differences in average
grain sizedy (d) Comparison of grain boundary capacitance asl(with corrections for
differences in thickness to area ratio (L/A)) betweSS- and SG-BCZT samples at various

temperatures.

Figure 8c compares thRg,;, values in the studied BCZT samples. The effedrain size on
Ry is consistent with the trend predicted by the Blidherein the grain boundary resistance

is expected to increase in samples with smalleingrawing to an increase in the volume

fraction of grain boundaries across the sample [65]
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In Eq. (4),A andL are electrode area and sample thickness, resplctivhile p,,, is the
grain boundary resistivity and, is the average grain size. The rakiel, represents the
number of grain boundaries across the sample. Thtg GB effect oy, is noticeable,
however, the accurate applicability of the BLM dsnassessed by analysing the temperature
dependence oRy,d,A/L, as shown in the inset of Fig. 8c. Appropriaterections for
differences in area to thickness ratity/[), and differences in average grain sizgwere
taken into account. Ideally, as per BLM (and assigmsimilar GB thickness in both
samples), the values &;,d,A/L should have been nearly independent of grain ame
their logarithmic behaviour should have obeyed mroon dependenaos.r.t. 1/T. However,

it is noted that the activation energy value oladirfrom the slope is different for the
samples: 0.88eV (SS-BCZT) and 0.99eV for SG-BCzZhda. This discrepancy could be
the result of the wide grain size distribution i8-BCZT sample, whose microstructure
comprises of both small and very large grains (irideFig. 3b). In such a scenario, the
current lines would prefer to make detours acrbssldrgest grain in order to minimise the
number of boundaries effectively crossed and follawpath of least resistance. Such
diversions of current paths in the microstructuselikely to lower the grain boundary
resistance (relative to the BLM), resulting in diyence of the effective true activation
energy of the GB resistivity [67-68], as in casé&S&-BCZT.

One can also envisage a trend for the grain sieetefon GB capacitanag,,, which is
expected to increase with an increase in the aeagam size [65,68]:

L (eoegprdg)
Cgbz = #, (5)

In Eq. (5), &, and g4, are the dielectric permittivity of vacuum and grdaoundary,
respectively. Fig. 8d compares tlig, values (corrected to sample geometry) for both

samples. As expected, the grain boundary capaeitahcoarse-grained sample is about an
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order of magnitude higher than that of small grdirf®G-BCZT throughout the studied

temperature regime.

Table 3 Impedance fitting results- grain resistafitg and capacitanceé); grain boundary
resistance K,,) and capacitanceC§,) along with corresponding grainc,) and grain
boundary €,,) relaxation times, respectively. Approximate graermittivity (c,) values

estimated using Eg. 6. For comparison, dielectonstant (g,) values obtained from
dielectric measurement (Fig. 4a) is also mentioned.

SS-BCZT
Temperaturer, Ryp Cy Cyp Ty Tgb &g &
(C) ) (K (BF) (0F) &) (ms)

350 126.34 661.26 381  6.62 17.45 4.38 424386
375 82.37 434.61127.8 6.91 10.53 3.0 392355
400 51.99 243.64119.16 6.72 6.19 1.64 366329

425 31.12 1416411537 6.0 3.59 0.85 354317
450 15.81 86.63114.82 5.99 1.81 0.52 35219
SG-BCZT
TemperatureR, Ryp Cy Cyp g Tgb &g &
c) &) (MO (pF) (nF) &)  (ms)
350 3231.6 17.47 4.5 0.37 240.79 6.43 29280
375 2277 10.7293.35 0.39 21257 4.18 36355

400 1021.9 3.64 77.30 0.42 78.99 1.53 30234
425 525.24 2.61 79.14 0.47 41.57 1.24 35222

450 271.83 1.62 91.1 0.58 24.76 0.93 435217

4b. Grain and grain boundary conductivities
The two microelements, namely, bulk grain and gkeiandary, contribute to the conduction

process that affects the electrical properties. ftal bulk grain conductivity comprising
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contributions from the mobile ionic and/or elecimrharge carriers can be expressed as
[69]:

oy = nepe + pepy + 2[V; " Jepy (6)
whereyu,, u, andu, represent electron-, hole- and oxygen vacancy litiebj respectively.
Cation vacancies are relatively immobile, so thairtcontribution to electrical conduction is
almost negligible. Oxygen vacancies are signifigantore mobile and may give rise to a
dominant ionic conductivity detectable even at raemperature [70]. The electronic charge
carriers (holes and electrons), have relativelylsmabilities (e.g.u, = 0.1 cni/Vs at 1223
K) that decrease with increasing temperature [71].
Grain boundaries have a pronounced effect on @attconductivity, too, since they are
believed to act as source and sinks for point deféde charge transport in GB region is
influenced by the space-charge depletion regiamsn@d on both sides of the GB core) and
diffusion along the core region [72].
A comparison between the,;, andag, of the respective samples is presented in Figuit®
observed Arrhenius-like decrease of GB resistamdde linear increase in grain boundary
conductivity,ay, is primarily due to the fact that the potentiafria height in the GB region
remains almost constant in the temperature reginteruconsideration [70]. It can also be
noticed that the, is lower in magnitude thas, in both samples, implying that the current

path is predominantly through grains and acrossngraundaries. The activation energy

associated with the GB conductivi(ﬁfb) and grain conductivityF?) extracted from the
slope of the Arrhenius plots are: 0.92 eV and @90for SS-BCZT and 1 eV and 0.96 eV
for SG-BCZT sample. Based on the activation enegjyes and the considered temperature
range, it is believed that the ionic species prilpaontributing to the grain conductivity are
the intrinsic defects, lik&; * [73]. Cation vacancies like titanium and/or barivatancies, if
present, are relatively immobile. Ti vacancy hagrahibitively high activation energy of

migration (~15 eV), while for barium vacancigg;), it is ~2.8 eV [74].Also, the most
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likely constituents in the GB core region are tleewmulated oxygen vacancies which

contribute tagy,.
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Figure 9 Comparison of Arrhenius plots of,;, in SG- and SS-BCZT samples. Inset shows

the comparison of grain conductivity,() between SS- and SG-BCZT samples.

Moreover, the effect of grain boundary volume fi@etis also evident in the observed
behaviour. Since the fine-grained SG-BCZT ceranusspsses a higher volume fraction of
grain boundaries, the,, is lower in magnitude as compared to the coaragxd8S-BCZT
[75]. With respect to the grain conduction proc&s;BCZT shows lowes, as compared to
SS-BCZT sample (inset Fig. 9). This result can emeetated with the loss tangent behaviour
(Fig. 4c, Section l1l). Given that the activationesyy associated with grain conduction
process is lower in SS-BCZT than that of SG-BCZTmplies that motion of charge carriers
(oxygen ions in this case) is comparatively easie6S-BCZT sample. This results in a
highera, in SS-BCZT sample (inset Fig. 9), suggesting asites higher concentration of
V;* (as per EQ.6). It is therefore reasonable to dedoat the higher tangent loss in SS-BCZT
sample for temperatures greater than 350is due to higher oxygen vacancies.

5. Conclusions

(Bap.gsCa.15)(Zro.10Ti0.09O3 bulk ceramics were obtained by sol-gel and sdiadesreaction
methods.The different preparation techniques rendered aasiiucture with significant

difference in their average grain size. Sol-geiwier SG-BCZT sample showed an average
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grain size of ~1.%m, while coarse grains with average grain sizen2Wwere obtained in SS-
BCZT sample prepared by solid state method. Theceff this grain size difference was
realised in the results of dielectric, ferroelextpiezoelectric and impedance properties. The
decrease in grain size and concomitant increasgraim boundary density is believed to
enhance diffuseness and lowering of the dielectdximum in SG-BCZT. A drop in both
ferroelectric and piezoelectric properties is obedrin SG-BCZT, due to enhanced internal
stresses caused by the large volume fraction af (p@undaries on the grains and progressive
hindrance of the domain wall movements. The SG-B&Gample showed higher elastic
stiffness (Young's modulus: 158.3 GPa) as comparéd 7.9 GPa in SS-BCZT. Influence of
grain size effects were noted in complex impedasmectroscopy results as well. Higher
grain boundary (GB) resistance, lower GB capacéaartd lower conductivity were observed
in SG-BCZT as compared to coarse-grained SS-BCHAIpka
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