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Abstract

The correlation between structure and dielectric properties of lead-free (dsB)NA 103 -

xCaTiO; ((1-x)NBT - xCT) polycrystalline ceramics was investigated systematically by X-ray
diffraction, combined with impedance spectroscopy for dielectric characterizations. The system
shows high miscibility in the entire composition range. A morphotropic phase boundary (MPB), at
0.09 <x < 0.15 was identified where rhombohedral and orthorhombic symmetries coexist at room
temperature. The fraction of orthorhombic phase increases gradually with x in the MPB region.
Dielectric measurements reveal that the relative permittivity increase with additioA"oTBia
behavior is unusual with this kind of doping. A thermal hysteresis occurred only in the MPB
composition which varies in a non-monotonically manner with x, detected by dielectric properties.
This phenomenon is related to the crystalline microstructure by a linear relationship between the
fraction of each phase and dielectric properties, and, more precisely, to the strong interaction
between rhombohedral and orthorhombic phases.
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1. Introduction

Lead oxide ferroelectric ceramics (such as PZB vadely used in various electronic
devices such as transducers, actuators, MEMS, itaysaand Random Access Memory (RAM)
[1]. However, due to the toxic effect of lead, tteselopment of alternative lead-free ferroelectric

materials able to replace PZT in microelectronscsurrently pursued worldwide.

Among the different varieties of lead-free matexj®Na sBiosTiO3(NBT) is considered one
of most promising ferroelectric materials showingi@alent properties as PZT[2]. Although
NBT system presents a complex behavior, it has shoteresting features: (i) good ferroelectric
properties at room temperature with strong remapelarization(Pr ~ 38.C.cm-2)[3-5], (i)
high Curie temperature€l~ 320 °C) [6], (iii) special sequence of phasasition as a function
of temperature [7-9] and finally, (iv) it can forsolid solutions with other perovskites which
appears in phase diagrams as a biphasic domaau tédirphotropic Phase Boundary (MPB)
Around this region, NBT and BaT§dBT) solid solution systems exhibit improved prajes
[10]. In addition to NBT-BT, other families of NBlbased solid solutions have been developed in
order to understand the MPB behavior of this makefimong these solutions, the (1-x)NBT —
XCT system shows excellent piezoelectric and féemtec properties at the rhombohedral —
tetragonal MPB [11, 12]. Despite the successiostroictural changes obtained in this region, the

exact behavior of the MPB remains unclear.

First of all, it is crucial to differentiate betwea normal biphasic domain and a
Morphotropic Phase Boundary (MPB). A “MPB” is gbasic zone constituted by a mixture of
two phases with different crystal structures, wishiable composition but always identical. In
other words, the two phases of same compositioiss @BT-BT rhombohedral + NBT-KBT
tetragonal at x = 0.07[13] for example) at roompenature; the fraction of each phase and the
lattice parameters change with x (% of doping).\Whih a “normal biphasic domain”, the

compositions of the two phases are different{x,), and their proportion varies with x, but
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always have the same characteristics as thama % and finally, the lattice parameters remain

constant with x.

Several systems were studied in order to deterthmeompositional range of MPB [14,
15] and to establish the physical and structuraperties. However, there are inconsistencies in
its location. In NBT — BT, the MPB was found around 6-7 %[16], where the maximum
values of the piezoelectric and dielectric constavire obtained. Rout et al. [18] observed the
MPB at x~ 5.5 %. Chen et al. [13] revealed the MPB betweertx10%, whereas Sung et al.
[19] obtained this region around x = 5-7 %. In tieer hand, Ge et al. [20] reported that the
MPB was located between 5 and 8 %. Recently, Eeatl [21]found the MPB of NBT-BT at x
=5.5%. In other system such as NBT — ST (Sg),i® specific concentration is never
determined; this leads eventually to different ealof MPB [15, 22-24]. However, some studies
have not obtained the MPB, regardless of the p&gerof substitution [25]. Recently, few
studies have been carried out on (1-x)NBT — xCTT{Og) system and the MPB region was

found at x = 10 % [26].

While many studies were carried out in order tonone the piezoelectric properties of
these materials near the MPB compositions; stumhaserning the MPB physical behavior were
rarely investigated. As it is well known the sadiolutions with compositions close to MPB
exhibit interesting physical properties. Accordtogslazer, rhombohedral (R3c) and
orthorhombic (Pnma) phases are not related to gsabgroup relationship[27], however a
strong relationship between these two phases iM®PB region was suggested. This paper
proves that the orthorhombic phgBamma)contributes to the rhombohedral ph@s&c)as shown
in dielectric response. This new result gives gpprainderstanding of the correlation between
structure and dielectric properties of lead-free)dap sBigsT103 — xCaTiQ ((1-X)NBT — xCT))
polycrystalline ceramics. Thus, several compos#ioh(1-x)NBT —xCT (0< x < 1.00) were

prepared focusing on a specific range of‘@ancentration near the MPB region (00X <
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0.15).The crystalline structure of the prepare@meecs was examined using X-ray diffraction at
room temperature. A mixture of two phagB8c + Pnmajs stabilized for (0.09 x < 0.15),
indicating that rhrombohedral phase of NBT is ablartdergoes an orthorhombic distortion when
increasing C& substitution. The dielectric and aging propeniese measured as a function of
temperature and frequency. Then, dielectric asaadsstructural analysis obtained at room
temperature were compared and discussed. Thedts resable a methodical comparison
between the structural models at the MPB such asefraction, identified phases and the

related dielectric properties

2. Material and methods

(1-x)Ng sBo sTiO3 — xCaTiQpowders and ceramics were prepared by a convehsohd state
synthesis route. A stoichiometric amount of reaggatle powders of N&QO;, CaCQ, Bi,Os, and TiQ
(purity greater than 99.6%) were mixed and milleevater with Zirconia balls for 2 hours and theredrat
90°C. The mixture was homogenized in a dry momar @lcined at 750°C for 4 hours. A second
calcination at 950°C for 4 hours was required tmglete the reaction. After this procedure, theioalt
powders were pressed into pellets and sinterdueitetmperature range 1075 - 1350°C for 1 hour in a
confined environment using alumina crucibles. Tdgeration is necessary in order to prevent theezkce
volatilization of Bi and Na. The sintering tempenrat was selected based orf Gancentration in each

composition.

Bulk densities of all the ceramics were measurethbyArchimedes method. Despite the difficulty
encountered during sintering; the average value#aa range between 96 — 99%. Sintered samples we

polished in order to remove the thin layer of porgdedhered to the surface of pellets.

Powders and ceramics X-ray diffraction measuremeate performed at room temperature, using
a D8 advance X-ray diffractometer (Vantec deteatdth CuKayarradiations in the range of 20° -
90°with a scanning step 0.017° and 2 s/step. Stralcanalysis and Rietveld refinement were caroietd

with the Topas (Brucker-AXS) software. For dielecand aging properties, surfaces of the sintesdiéts



were coated with gold electrodes by PVD (physiegdor deposition) procedure. The permittivity (neait,
imaginary part and loss tangents) and aging meamsams were performed under multi-frequency (100 Hz
— 1 MH2z) with a precision LCR meter (4284A) in tieenperature range of 77 — 450 K.

3. Results and Discussion

X-ray diffraction was used to highlight the chamgerystal structure of (1-x)NBT-xCT
samples as a function of CT concentratior 0< 1.00).Fig. 1.a shows XRD patterns of all (1-
X)NBT — xCT systems at room temperature. All samebehibit a pure ABgperovskite structure
without any secondary or impurity phases. This iegpthat C& has diffused into the
rhombohedral NBT lattice in order to form a soladugion with a perovskite structure. For all
synthesized solid solutions, the XRD patterns oleichiare either identical to pure NBT or to pure
CT. The increase in Ca content shifts XRD peaktepat towards higher anglef)? indicating a
decrease in cell volume. Fig. 1.b shows XRD past¢aken around thedZange 66.8-72°. As
known, pure NBT has a rhombohedral phds&cspace group), while CT possesses
orthorhombic structurePnmaspace group). The rhombohedral symmetry was cteaized by
(208) and (220 peaks splitting. Similarly to pure NBT (x = 0)gtsamples below x = 0.07
exhibit a rhombohedral structure. With increasinghe symmetry gradually changes from
rhombohedral to orthorhombic. From x = 0.09, anitamlthl peak appears, it corresponds to the
(004 ) reflection (solid arrow) of the orthorhombic phaske intensity of this reflection
increases with x while the intensity of the rhomédital peaks gradually decreases until
disappearing completely for x = 0.15. The simultareepresence of the (R+0) peaks in this
composition range (0.09x < 0.15) indicate that both orthorhombic and rboimedral phases
coexist. For ¥ 0.15, pure orthorhombic phase was obtained, wiher&XRD patterns are all
identical to those dPnmaof the pure CT (x = 1.00) phase. This was highédhoy the splitting
of the double rhombohedral peak (208R20k to quadruplet peak (40§)(242),(004), and
(410), features of the orthorhombic phase. The insetgnFa shows the variation of the
integrated intensity ratio of (239and (024 peaks as a function of x. The evolution of intgnsi
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ratio (1(230)/1(024)g) reveals two irregular discontinuities at x = 00l x = 0.15.The sharp
break in the intensity ratio 1(23§)(024)k below can be interpreted as a detection of phase

transition from rhombohedral to the orthorhombiagd

It is important to study the behavior of this mpdwf two phasefR3c + Pnma)n order to
know if it is a normal biphasic domain or Morphgdio Phase Boundary (MPB). For this reason,
a Rietveld refinement was carried out with a twagghrhombohedral and orthorhombic model to
check the variation of the phase fraction of twage#s as well as the cell volume for each
composition in this region (0.08 x < 0.15).R-factors, showing the quality of the fit, are
provided in the supplementary materithe evolution of phase fraction (%) at room terapae
as a function of x is plotted in Fig. 2.a. Whileetfraction of orthorhombic phase increases from
16% to 100% when x increased from x = 0.09 to Oth®, fraction of rhombohedral phase
decreases gradually (from 84% to 38%) in the comipasange 0.0% x < 0.13, and disappears
completely (0%) at » 0.15. This evolution shows that in terms of phgsegortions, a normal
behavior of a heterogeneous mixture of two solitbtemns in biphasic domain is observed.
However, the variation in cell volume in this regi0.0& x < 0.15) at room temperature (Fig.
2.b) shows an “unusual” behavior of the two pha&&c + Pnma)in the biphasic domain. It's
known that in a biphasic domain between two monsghdomains, the cell volume of each of
the two phases is constant while the fraction efttho phases change with x. However, in our
case, the cell volume of tiR3candPnmaphases changes continuously with x. In the pddicu
biphasic domain presented in the (1-x)NBT — xCTteays(0.09< x < 0.15), it was shown that
the solid is formed by a mixture of two phagB8c + Pnmayhere (i) the two phases present
always equal compositions and (ii) the fractiorthadse two phases will vary with x. In view of
this, a strong interaction could occur betweendlie® phases based on their distribution. Based

on the properties mentioned in the introductioms tlesult confirm that the particular biphasic



domain obtained in the (1-x)NBT — xCT between 009 < 0.15, is a Morphotropic Phase

Boundary (MPB).

Fig. 3 showshe temperature dependence of the real (parand the dielectric loss (té&n
of the relative permittivity for the (1-x)NBT — xCWith x = 0.01,0.05, 0.11, 0.15 0.25, 0.35 and
0.85 at 1 kHz and 10 kHz. All the ceramics exhiiitleast one dielectric anomaly. Phase
transitions are observed clearly and the peaksmedwoader with increasing CT concentration.
The relative permittivity for x = 0.01 and 0.05 éih frequency dispersion and appear as a
shoulder which become broad taking the form of ewat x = 0.11Moreover, the dispersion is
more noticeable on the dielectric lossd@r). The dielectric behavior totally changed foex
0.15, the permittivity exhibits strong frequencypdedence at the maximum temperaturg) (T
suggesting a diffuse phase transition. In this cietemperature associated to each maximum of
the dielectric constant shifts gradually to lowatues with increasing xt is important to note that

the tae decreases and becomes relatively low with incngasi The variation of tanwith frequency also

shows a similar behavior as the dielectric permiijtiexcept the maximum broadness of peak.

NBT — xCT with x = 0.01 and 0.05 present the samanaaly that occurred in pure NBT
[10, 15, 28] in the ferroelectric state with thalslization of the rhombohedral structyf3c)at
room temperature. In fact, the XRD analysis shdwas the system between 08% < 0.15 is not
monophasic; in addition t&®3c phase, a supplementary (23Qeak proves the simultaneous
presence of the orthorhombic ph#Bama) The latter is non-polar (centrosymmetric) anddeen
is not anticipated to show any dielectric anomalyhie temperature range studied. Therefore, the

dielectric anomalies obtained in this region atelatted to rhombohedrgR3c)phase.

Similar to pure NBT, for x = 0.01 and 0.05 compiosis, the first anomaly appears around
440 K know as depolarization temperature) (Which is attributed to the transition from

ferroelectric state to antiferroelectric state [2Bhis transition is accompanied by a structural



change resulting in the instability of the rhombdita¢ phasgR3c) which transits gradually to
tetragonal phasé4bm) Contrary to x = 0.07, the dielectric constantkped x = 0.15 was
depressed and broadened. The maximum of the dielemhomaly moves toward lower
temperature with increasing x, and exhibits a langeximum around the room temperaturg €
295 K). This is a characteristic of relaxor behavighere the fitting by modified Curie-Weiss
law (1k) - (1km) = (T — Tw)'/C gave a value of = 1.53 (degree of diffuseness). This value
shows clearly that this ceramic is ferroelectritaxer. This behavior may be related to the

cations disorder at the A-site complex [30].

For a large temperature range and in the MPB coitipos, the permittivity exhibits a
“thermal hysteresis”depending on x and situated in the temperaturgeraetween: 260 — 450 K
(x = 0.09), 230 — 430 K (x = 0.10), 210 — 410 K=(®.11) and 180 — 360 K (x = 0.13) at 10 kHz.
Fig. 4 shows the thermal hysteresis of the (1-x)NBXCT in the MPB compositions during
heating and cooling at 10 kHz. There is a remagkahhracteristic that this cycle exhibits a non-
monotonous evolution that didn't exist for< 0.07 and appears for x = 0.09. It gradually

increases with increasing x up to a maximum and tlezreases to disappear for x = 0.15.

Since NBT-CT composition is a heterogeneous mixtiievo phases, relaxor ferroelectric
phase (F/R-NBT) and paraelectric phase (P-CT). fdtal permittivity of biphasic domain
decreases as x increases. Nevertheless, the pétyniticreases with increasing CT (x) if I
220 K. In the MPB compositions (x = 0.09, 0.10,104dnd 0.13), the value @af is very high
compared with x = 0.07 and 0.15 for T > 300 K. A®sult, increasing ¥, drastically increases
from ~ 900 (x = 0.07) to ~ 1200 (x = 0.09), reachemaximum of 1300 for x = 0.10 where the
system is biphasic and then gradually decreas@0Qoat x = 0.15 where the system becomes
monophasic. These original observations can béeckla the interaction between the two phases
rhombohedralR3c: F/R)and orthorhombi¢Pnma: P)that leads to a nonlinear behavior as a

function of x.



Fig. 5 shows the differencte’(T) between the values of the permittivity obtadnéuring
heating and those revealed during cooling, as etifumof temperature at 10 kHz. From the “full
width at half maximum (FWHM)” ofAe'(T) curves, the degree of existence of the hysierand
the maximum temperature of the hysteresig (] were determined. Fig. 5 confirms the
particular evolution of thermal hysteresis in th@BIcompositions. Each curve &’ exhibits a
maximum. The position of the maximum and their atagé are highly dependent on x (%Ca).
Therefore, there is a strong relationship betweeretolution of the thermal hysteresis presented
in these materials and its composition x (%Ca)arnticular, the strong interaction between the

two phases in the MPB compositions is confirmed.

The width evolution of the thermal hysteresis fogiaen composition, as a function of
temperature, is characterized by a peak througaxamum which the corresponding temperature
is noted Ty It represents the temperature at which the sarhpke a maximum thermal
hysteresis magnitude. The#; and the FWHM ofA¢'(T) values are represented in the table 1. It
is noted that, the Jry temperature strongly decreases with increasingng; aven for a low
degree of substitution (i.e. from 0.09 to 0.MJ,,tv= 27 K). At the same time, the FWHM of

Ag'(T) peak increases in with x.

In many ceramics, especially perovskites, the orafi such phenomenon is explained by
the formation and detection of a modulated phage 32]. The modulated phase is proposed to
explain the thermal hysteresis behavior of pure NBilthis study, (1-xX)NBT — xCT system
consists of a mixture of two phases: rhombohe(RalR3c)and orthorhombi€¢O: Pnma) The
behavior of pure NBT is complex especially, in @B compositions and in the temperature
range between 200°C — 320°C. It seems that thelsbbedral and tetragonal phases can coexist
in the thermal hysteresis; which may be respongdri¢he appearance of this phenomenon [33].

Therefore, the resulting dielectric peak is a resgato the electrical and mechanical interactions



between polar and non-polar regions [34]. Howewubis remains a hypothesis and no

experimental procedure was verified.

Therefore, two possible explanations for the olasgous obtained in this study were

considered:

* Assuming that this would be based on the micro-dosnanodel of relaxor
ferroelectric, which is the cause of the thermatbsesis phenomenon [35]. In this
case, (1-x)NBT — xCT system with ¥ 0.15 should be affected by this
phenomenon. Hence, all ceramics appear to behavelasor. The same thing
could be said for x 0.07 where the addition of €#eads to the appearance of polar
micro-domains[36]. However, in both cases, no tlaimysteresis is generated.

» A structural origin can also be invoked to expl#ie existence and evolution of
thermal hysteresis as a function of x. In fact, cbeparison between the evolution
of the magnitude or the intensity of the cycle (nalized) to the percentage
(fraction) evolution of the minority phase existimgthe MPB compositions (Fig. 6)
at room temperature (300 K), shows that there s§@ng correlation between the
magnitude of the thermal hysteresis and the vanaitn the proportion of the two

phases in the material.

Fig. 6 showed that the amplitude af'/¢’ cycle increases with x (%C8 where the
orthorhombic phase (O) is minority & 0.11). While for x> 0.13, the amplitude of the cycle
Ag'l e’ decreases with x and the minority phase becomenbohedral (O: majority). Then, this
difference disappears when the system recoversat®phasic state. Another interesting feature
is that theAg'/ e’ reaches a maximum for an intermediate compositidrere the two phases have

an equivalent proportion (x = 0.11).
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Such correlation between the coexistence of twasghand the presence of a dielectric
hysteresis cycle in pure NBT was mentioned inditere [32, 37]; previous studies proposed this
hypothesis to explain their experimental results did not have the opportunity to provide the
experimental proof. The results obtained in thigdgtbring this confirmation. The correlation
between the phase fractions and the width of theecys verified. Therefore, the strong
interaction between the phases in the biphasic adotbatweenF/R (R3c)phase and® (Pnma)
phase) with maximum interaction when the two phasesin equivalent proportions has been

well demonstrated.

Mechanical and electrical interactions between oteriexisting phases depend on the
relative proportions (fraction) of the two phas#ss leads to a wide change of the dielectric
response which appears as a thermal hysteresis. dycthis system, the coexistence of two
phases (R+0) induces interactions between rhomlpahpdlar domains and orthorhombic non-
polar matrix. At both extremities of MPB composits) the system is monophasic; for x = 0.15,
it is effectively non-polar single phase materi@Knm3g, with no thermal hysteresis. On the
other hand, for x = 0.07, the system is also moasjgh with rhombohedral polar phase B9,
but without thermal hysteresis too. The interactetween polar and non-polar domains is much
stronger that the proportions (fraction) of two gpés are equal; the maximum is obtained for x =
0.11. Hence, it seems that the main cause of tteeag@menon is the coexistence of two phases in
this material. Therefore, it appears that the arigi thermal hysteresis is related to the crystal
microstructure and, more specifically, the percgataf each phase existing in the MPB

compositions.

In order to better understand the complex behadfitihe MPB compositions materials, the
evolution of the dielectric permittivity as a furat of time, called aging was studied. It was
carried out at different temperatures and for megramics in the MPB compositions. Fig. 7.a

shows the evolution of the dielectric permittiv{tyormalized over the permittivity att =0 s) as a
11



function of time at 10 kHz for x = 0.10 ceramic, avé different isothermal conditions were
imposed inside the thermal hysteresis at T = 356880, K and 428 K (Fig. 7.b). It is noted that
the permittivity for x = 0.10 system evolves sigraihtly as a function of time. Hence, this
system undergoes an aging despite the imposed tatapavith a maximum aging obtained at T
= 380 K corresponding to the sharp decrease dfitlectric constant. It is important to note that
at T = 350 K, the system slightly evolves to reacmaximum at T= 380 K, then the aging
decreases again as the temperature increases #28 K. Fig. 7 shows that the aging reaches a

maximum concomitant with the maximum of thermaltbyssis reported in Fig. 5.

In order to study the aging for all compositionstlted MPB, thermal hysteresis evolution
was performed at 10 kHz with the application ofisstherm at T = 350 K (Fig. 8.a). Fig. 8.b
shows the evolution of the permittivity (normalizeder the permittivity at t = 0 s) as a function
of time for different compositions (x = 0.10; 0.BAhd 0.13). The aging phenomenon exists
despite the value of x its kinetics depending otthg; system exhibits a quick evolution for x =
0.10. This variation considerably increases for .21 where the system shows high aging
kinetics. This kinetic abruptly decreases for x.£30where the system undergoes slight changes
at this temperature: the dielectric constant alndesteases. Note that, for x = 0.13, the majority
phase is orthorhombic (62#thmga 38%R39 and hence, this phase is centrosymmetric and does
not show any dielectric anomaly. Therefore, therad phase transition in the temperature range
used in this study. This explains the slight vasiatof the permittivity as a function of time.
However, the highest behavior in the aging cur¥eg. (8.a) corresponds to the maximum of the
thermal hysteresis phenomenon for x = 0.11 whezdéwio phasefR3c + Pnmahave equivalent
proportions. In view of this, the aging of thesetenials is probably due to the change in the
relative proportions of the phases between rhomtr@hgR3c) and orthorhombic(Pnma)

structures; since the system is biphasic and pesvadmorphotropic phase boundary (MPB).

4. Conclusion
12



The combined structural and dielectric propertit‘eﬁla2+ modified NBT [(1-X)N@sBigsliO3 —
xCaTiQ;] revealed that the system undergoes a phasettoangs a function of the substitution x
(%Ca) at room temperature. In addition, the resshiswved the MPB compositions as a function
of x (%Ca) and its relation to dielectric propestid Morphotropic Phase Boundary (MPB) was
detected by XRD analysis between 0.89x < 0.15 where the rhombohedréiR3c) and
orthorhombic(Pnma)phases coexist. Thermal hysteresis only occurrédarMPB compositions
where its magnitude changes non-monotonically witfihis phenomenon has been attributed to
the interaction between the orthorhomiirnma)and rhombohedralR3c) phases. Maximum
thermal hysteresis took place when the two phaaésmost equal proportions (x = 0.11). Aging
as a function of time, which was revealed by a ioiaus decrease in the permittivity, showed a
maximum when the two phases present equal propsrif® = 0.11). This corresponds to the

gradual transformation of the rhombohedral phagkamrthorhombic phase.
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Fig. 1 (a)X-ray diffraction patterns of (1-x)NBTxE€T(0< x < 1.00) at room temperature as a
function of x (%Ca) and (b) detailed scan of X-raffections showing the evolution of XRD
peaks at room temperature of the samples near Bi& (Mithout the contribution of Cui) in a
limited 20 range 67 - 72°. The inset in Fig. 1.(a) showsvmation of the ratio of the integrated

intensity of the (230)0/(024)R with composition.

Fig. 2 (a) Evolution of the phase fraction of eatlasg R3c)and(Pnma)n the (1-x)NBT — xCT
system as a function of CT composition at room teraure. (b) The dependence of the perovskite

unit-cell volume of the compositional fraction imeetMPB region at room temperature.

Fig. 3 Temperature dependence of the répparts(a) and loss (tai) (b) of dielectric constant for
NBT ceramics containing different concentratiorCdf at 1 and 10 kHz during heating. The two
symbols “C” and “H” represent the Cooling (contiisdine) and the Heating (dotted line)

respectively for x = 0.11 ceramic.

Fig. 4 Comparison of the evolution of the thermgdthresis from the dielectric constant at 10 kHz
as a function of temperature for the ceramics (IB) — xCT(x = 0.07 and 0.15) in the MPB

composition (x = 0.09, 0.10. 0.11 and 0.13).

Fig. 5 Variation of the magnitude of the thermasteyesis as a function of x (%Ca) for (1-x)NBT

—-X(0.07, 0.09, 0.10, 0.11, 0.13 and 0.15)CT &H2.

Fig. 6 Comparison between the evolution,as a fanatf composition CT (x), on the first side, the
magnitude of the thermal hysteresis at 300 K,fe¢guency of 10 kHz, and, on the other side, the
variation of the percentage (fraction) of the mityophase founded in the ceramics of the MPB
composition (coexistence of two-phaseS8c + Pnma. Note that the\e’ values are normalized

over the permittivitye’ on heating.
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Fig. 7 (a) thermal hysteresis of x = 0.10 ceraraics0 kHz, where the dotted lines represent the
isotherm imposed on the either side of the maxim@ithermal hysteresis. (b) Evolution of the
permittivity (' normalized over’(t = 0)) at 10 kHz as a function of time (s) forsdtherms: T =
350, 380 and 428 K imposed within the thermal hgsie for x = 0.10. The solid line represents

the refinement obtained from the equation ofcapadischarge: y = A + B.exg&=2)").

Fig. 8.a Evolution of the thermal hysteresis fdfedent compositions in the MPB, where the
dotted line at T = 350 K represents an isothermalased at fixed temperature, in order to
studythe aging for all compositions of the MPB. \i@riation of the permittivityd normalized

overe'(t = 0)) at 10 kHz of (1-x)NBT — xCT for x = 0.10,11 and 0.13 as a function of time (s).
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Tablel. Tty and FWHM values oAe’(T) at MPB composition (x = 0.09, 0.10, 0.11 and3) at

10 kHz.
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List of tables

Tablel
MPB composition
X T (K) FWHM (+/-1 K)
0.09 390 60
0.10 363 71
0.11 332 91
0.13 271 104
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