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ABSTRACT

Barium titanate stannate (BaTi, S0,0., BTS) functionally graded materials (FGMs) with different TifSn
concentration gradients were prepared by the powder processing method followed by sintering. Firstly, with the
aim of tailoring the concentration gradient of TifSa, the main characteristics of BTS ingredients were studiad.
The mfluence of the Ti'Sn concentration gradient on the electrical characteristics of the FGMs was examined by
impedance spectroscopy (f5). The grain-interior and grain boundary resistivity of the FGMs were distinguished
and activation epergics were calculated. Tt hias been established that for the FGMs the activation energy deduced
from the grain-inserior conductivity (0.74~0.78 eV} is defined by chemical composition (intrinsic property) and
that it does not depend on the TifSn concentration gradieni. Quite conirary, the activation energy for the grain
boundary conductivity (1.03-1.29 V) is determined by the microstructoral gradient which is a direct
consequence of the concentration gradient. The results of {8 indicate that there are no insulator interfaces (cracks
and/or defaminadon} berween graded layers in FGMs. This assumption was confirmed by i sife monitoring of
the sintering processes in thérma! microscope, and furthenmore, by SEM analysis of FGMs in cross-sectional
view.

INTRODUCTION

Emerging technologies are demanding new materials with electrical andfor magnetic multifunctional properties,
enhancing structural performances, such as mechanical and thermal expansion.! Functionally graded materials
(FGMs) satisfy this requiretnent. Graded materials have properties which vary as a function of position.”
Contimuous changes in the properties of FGMs for instance: chemical composition, grain size, porosity. etc.,
result in the gradiemt of the features such as: dielectric, ferroelectric, piezoelectric, magnetic, mechanical
strength and themmal conductivity, During the last two decades, after the pioneer works on FGMs for structural
applications (thermal barrier and stress relief materials™y, more uses have been worked out, mostly focused on
elecironic and functional applicatons. FGMs have been wsed for the fabrication of various technological
compenents, such as electrical devices.” electrochemical ones.” as well as biomaterials.? Nowadays, FGMs are
established as an attractive class of materials in which it is possible 1o create a gradient of properties that cannot
be attained in any spatially-homogeneous materials.

The concept of FGMs has been used to produce barium fitanate stannate (BaTi,..5n,0s, BTS} electronic
devices.”® Due to high dielectric permittivity in a wide temperature range and lead-free relaxor behavior, BTS
FGMs have practical and/or potential application i electronic indostry as: ceramic capacitors. bending
actuators,” microwave phase shifters,® sensors.'” etc. The electrical characteristics of the BTS FGMs, ie.
dielectric permittivity, position of & ., 4t the temperature scale, and width of Curie ternperature intervals, can
be tailored by modifying Ti/Sn concentration gradient.”

Primarily, an important processing goal for FOUMs is to obtaln a high-quality microstructure with desired
grain size and density. During the thermal treatment. different graded layers in a FGM show different shrinkage
kinetics. i.e. different shrinkage rates and extents of shrinkage during sintering, as well as diffecent final
density.'"" This phenomenon can lead to excessive shape distorlion, warping, delamination, development of
cracks and microstructural damnage m the sintered FGMs, Therefore. for the processing of BTS FGMs, it is
desirable to choose appropriate BTS ingredients which will produce the desired Ti/Sn concentration gradient
and electrical characteristics, cerlainly withoul micro- and/or macrostructural damages.

In the present study, the BTS ingredient materials were first synthesized and their main characterislics were
examined. According to dielectric characteristics of the BTS ingredients, several different TifSn concentration
gradients were chosen and functionally graded barium titanate stannate materials were fabricated by the powder
processing followed by sintering. Furtherinore, the influence of the concentration gradient oa electrical
characleristics was studied using IS5, The prain-interior and grain boundary contributions in BTS FGMs were
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separated; activation energies were calculated for both of them. Finally. microstructural and/or macrostructural
defects of FGMs were investigated by J§. SEM and thermal microscopy.

EXPERIMENTAL PROCEDURE

{a) BTS ingredients

The initial BTS powders (BaTi,..Sn,05, with nominal compozition ¥ = 0023, 005, 007, .10 and 0.15,
marked as BT52.5, BTS5, BTS7, BTS10, and BTS15, respectively) were prepared by a conventional solid state
reaction. The starting materials were commercially available BaCQ; (>99%), TiOy (rutile, >99.8%) and Sn0.
(=09%). Stoichiometric mixwres of BaCQ;, TiO; and SnO; powders were homogenized in ethanol for 24 h by
stirring with a magnetic stirrer. The obtained powder slurries were dried and calcined at 1100 °C for | h. Particle
size distribution (dip) was measured by laser pariicle size analyzer. The vsed instrument was Mastersizer 2000
{Malvern Instruments Ltd., UK).

For further analyses the BTS powders were pressed and sintered at the sare conditions as FGMs later (1420
“C. for 1h). Before they were pressed into pellets, the calcined BTS powders were crashed and triturated in agate
mortar in 2-propanol in order to ensure particle size vniformity. The phase analysis and crystal structure of the
BTS powders were determined at room temperatute, using a powder X-ray diffractometer (Philips PW 1030, Cu
Ket, ; radiation, at 40 kV and 20 mA). The samples for XRD analysis were crushed and powdered in agate
maortar in chlorophorm in order to minimize the effects of the preferred orientation. The diffraction
measurements were done over a scattering angle 28 from 20 to 120° with a step of 0.02° and a counting time of
15 s. Rietveld analysis an the XRD patterns was carried out using the FullProf software package. ICPDS
database was used for phase identification.? The theoretical density of the BTS powders was calculated
according to the Riecveld analysis on the XRD data. The main properties of the BTS powders are given in Table
1.

Raman spectroscopy investgations of BTS ingredients were carried out al room temperatre, by a Raman
Systemn R-2001 Spectrometer, equipped with a linear silicon CCD detecior. The samples were excited using a
red solid-state diode laser at 785 nm. The Raman spectra were recorded in the frequency interval 200-2000 cm’!,

The diclectric peemintivity of the BTS ingredients was studied as a function of temperature. The
measnrements were done on sintered pellets electraded with silver paste. The measurements were performed on
air, at | kIHz {internal frequency) using 2 Wayne Kerr Universal Bridge B224, All diglectric measurements were
done during cooling from 170 to —15 °C,

(b} FGMs

The FGMs with different TifSn concentration gradients were fabricated by the powder stacking method. The
BTS powders with the preferred stoichiometry were stacked sequentially in die (5 6 mm}; the combinations of
powders were; 2.5/15; 25/5/7;, 15/5/7 and 2.5/5/7/17} (the numbers denote mol% of Sn in BTS); each layer had
ihe thickness circa 800 jun, Multilayered compacts were uniaxially pressed under a pressure of 300 MPa. The
samples were sintered in Protherm tube fumace, in sir, at a bealing rate of 10 */min up to 1420 °C, the duration
of the isothermal sintening was 1 h.

The impedance spectroscopy (IS} analysis was performed on a Gamry E1S300 Impedance Analyzer at
frequencies of 1 Hz-100 kHz. Measurements were done in air during cooling from 320 to 25 °C; the applied
voltage was 100 mV. As electrodes, high conductivity silver paste was applied onto both sides of the samples,
parallel to the layers. During the measurement, samples were put in an adequate holder placed in a mivff oven. A
Pt-Rh thermocouple located in a hot-sample holder was used for temperature monitoring. The impedance data
were fitted by software Z-View2 (version 2.6 demo}. All of the impedance data collected between 320 and 25 °C
were nermalized by multiplying by the geometrical factor ¢ [cm]. which yielded the specific resistivity p
[£2-cm]. The geometrical factor was estimated for every singe sample from its geometry (g is defined as A/d.
where A is the sample area and d the thickness of the sample). The data were cut at the low frequency end
{between | and 4 Hz) in order to avoid the fitting of the sample response dominated by noise.

The micrestructure of the FGMs was analyzed wsing a scanning electron microscope (SEM, JEOL JXA-
8404} equipped with an energy-dispersive spectrometer (EDS, Tracor Northern, NORAXN, Serigs IIY, In order to
assess the gradient profile of the FGMs, the samples were cot perpendicularly with respect 1o the layers. EDS
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analyses were done on the polished cross-sectional surfaces, while, for the SEM analyses samples were
additionally thermally etched at 1320 "C for 10 min. Before the measuremnents, the FGMs were carbon coated,

Finally. in the aim of the in sire monitoring of the FGMs™ macrostructural deformation {cracks, delarnination,
distortion, etc.) during the sintering, the most complex 2.5/5/7/10 sample was sintered in a heating microscope
{New Heating Microscope EM201, Hesse Instuments, Germany). The experiment was performed under the
saine conditions as previously in a classical famace.

RESULTS AND DISCUSSION

{aj BTS ingredients

[t is well known that the characteristics of the starting powders influenced the quality (furthermore the
electrical properties) of the final ceramics. Precisely, for the preparation of dense ceramics with excellent
dielectric properties, sub-micro or nano-sized powders with uniform particle size are reqnired ** These are the
reasons why we at first examined the average panticle size of the starting BTS powders. As example. Fig. 1
shows the particle size distribution of the BTS2.5 powders; the values of the average particle size of all the BTS
powders are listed in Table 1. We noticed that all of the powders were sub-micro-sized. with the average particle
5ize g of nearly 250 nmy; the powders were uniform with narrow particle size distribotions (spar < 1},
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Fig. I Particle size distribution (based on ber} for BTS2.5 powder.

Furthermore, we examined the properties of the BTS ingredients sintered in the sarne conditions as the FGMs
later (1420 =C, 1 h). This is the first step towards tailering BTS FGMs since the properties of the ingredients will
be repercated on the characteristics of the final FGMs. We first characterized the erystal structure of the BTS
ingredients. Fig. 2{a} shows the XRD patterns of the BTS powders obtained after the sintering. We found that all
of the samples were crystallized into single-phase solid selutions of perovskite structure. From Fig. 2(a}, it can
be observed that the increasing of Sn content causes systematic shift of reflections towards lower 28 angles,
because the substitwtion of Ti* [R(Ti*) = 74.5 pm] by Sa* [R{Sn™) = 830 pm)" increases the d spacing. This
is & clear indication that Sn** is systematically dissolved in the BaTiD; lattice in the studied composition range.
With increasing of Sn content, the erystal structure of BTS ingredients becomes less and less tetragonal, and
finally shows cubic structure for the BTS sample with 15 miol% of Sn.

The appearance of only tetragonal (0.0252x=<0.10} and cubic (x=0.15) phases iz not in accordance with the
reports on the existence of orthorhombic (0.025<x=0.075} and thombohedral (0.075=x<0.15) phases,lé'” but it
is in accordance with the study of W.-K. Cheng er al”® We suppose that the absence of orthorhombic and
rhombohedral phases is probably a consequence of the tetragonal phase stabilization caused by the samples
preparation method (high temperature solid state reactions). The magnifier change of the most characteristics
reflection of the BTS XRD patterns, the (2007 reflection. with tin content is shown in Fig. 2(b).

Advances in Electroceramic Materials i - 5
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Fig. 2 (@) XRD patterns of the BTS powders sintered ar 1420 °C for 1 h, and (b) the change in the (200}
reflection (~ 45° 28} with x = 0.025,0.05,0.07, 0.10 (tetragonal phases) and 0.15 (eubic phase).

Table I Characteristics of used BTS powders.

87528 BT53 Brs? BISID BT515
Nominal stoichiometry BaTiggs800.00:01 BaTige:8050:0 BaTipgsSmg s BalloSmy 05 BaTippsSng, 1505
Crystal structure Tetragonusl Tetragonal Tetragonal Tetragonal Cubic
“T.0. cgrem?) 6106 &.10 614 6.19 622
"o ] 250 250 250 250 250

" Here it can be emphasized that the values of the average particle size and theorstical density (T.D) are
mmportant because they determine the activation energy for the sintering process of the ingredients, precisely,
they determiine the shrinkage behavior of every single layer in FGMs during sintering.

One more technique is used o confitm the phase identification of BTS powders, as well, the absence of
orthorhombic and rhombohedral phases. The Raman spectroscopy is an  excellent complimentary
characterization tool to identify the phase evolution as a function of Sn substimticn in the barium titanate lattice

becanse tetragonal BT has the Raman active crystal symmetry of C ‘:‘, showing distinguishable Raman peaks at

reom temperature, in comtrast to cubic BT with the Raman inactive 0,: symmetry, leading to the peak

disappearance.
Fig. 3 presents the Raman spectra of the BTS ingredients, while the band assignments and band positions are
given in Table 2.
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[n the Raman spectrumn of BTS2.5 (Fig. 3), the bands at about 270 and 510 cm’' are assigned 1o the
transverse oplical (TO) modes of A, symmetry, whereas the peak at aboul 300 em! corresponds to the B, mode.
The weak peak a1 711 em' is related to the longitudinal {LOY mode of A, They are typical pe.:ks in the Raman
spectrum of the tetragonal BT phase.'® It is known that the peaks at around 305 and 715 enr' are characteristic
of the tetragonal phase and disappear when the barium titanate structure is cubic,* Thus, the Raman spectrum of
the cubic barium titanate phase has only two bands, at 270 and 510 em''. This means that it is possible to
distinguish the cubic and the tetragonal phase of barium titanate-based materials on the basis of a Raman
spectrum.

Some changes in the evolution of the Raman spectra with Sn substitution on Ti sites can be seen in Fig. 3.
The Raman spectra are changed graduaily fram BTS2.5 to BTS15. The 300 cm’' peak becames less sharp, even
indistinct, when the tetragonal phase is not dominant. Two broad bands at 28( and 506 cm’' in the Raman
spectrum of BTS15 confirmed the exisience of the cubic symmetry, moreover, the weak peak at near 715 cru’
indicates a small amount of letragonal phases, which was not observed by XRD. As in the case of the XRD
examinations. lhe existence of the onhorhombic andfor rhombohedral phases was not identified with Raman

spectroscopy either.
/\ A
&s 15
- /V

WN\@

Inensiny fau.j

/‘"”:::’

5
- & BTSE
rg = \,¥

J 3 f[\\
N
| \J \ 2 BTS2S
d -
/\
~ r - -
293 a4 L AR *00g

Wavenambe: fem’l

Fig. 3 Raman spectra of BTS ingredients sintered at 1420 °C,

Table 2 The assignment and positions of bands in the Raman spectra of BTS sintered at 1420°C.
BTS ingredients Bands assigament and positions (cm)

TO, mode of A, B, mode Ty mode of &, LO mode of 4,
BTS2.5 270 301 512 T
BTSS 2700 304 510 71
BTS7 270 LA 510 710
BT510 280 i 509 T20n
BTS 15 280 i 506 730,04

Advances in Electroceramic Materials i - 7
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The next section of the paper deals with the temperature-dependent dielectric permittivity of the BTS
ingredients recorded at the fixed frequency of 1 kHz. The permittivity measurements at the frequency of 1 kHz
give information significant for practical applications of barium titanate-based ceramic materials.”

Fig. 4 presents the temperature dependence of the dielectric permittivity for the BTS ingredients sintered at
1420 °C. Tt can be seen that as the substicution of Ti** by Sn™ ions increases, from 2.5 up to 15 mel%, the
maximurn of the dielectric constant increases too, followed by broademing; while the cubic o tetragonal
fransition temperatre (Curie temperainre, T.) decreases. Il can be seen thai the values of g, are in the range
from 6000 to 9000; also, Sn substitution on Ti sites increased the room-temperature dielectric constant from
about 1100 for BT52,5 up to 5000 for bath BTS10 and BTEI13. For Sn amount lower than 10 mol%. the BTS
ceramics show conventional ferrcelectric properties, with (wo phase transitions: cubic o tetragonal (T} and
tetragonal to orthorhombic (7). Witch increasing of the Sn content, both the two (ransition points and the
corresponding & maxima become closer and coalesce at near 10 mol% into a single broad maximum (Fig. 4).
The notable broad Curie maxinmum is ann implication of the diffose phase transition behavior. 8o, the substinution
of Sn into Ti sites leads to a crossover from sharp to a diffuse phase transformation when the Sn conient was in
the range 2.5 to 15 mol% (Fig. 4). The transition temperatures T, and T for the sintered BTS ingredients are
marked in Fig. 4.

T.(C) T.(0)

Dielectric permittivity

e et
— T —r

T T T T T
-0 ] 20 40 (] 80 100 120 140 160 180

Temperature ['C]

Fig. 4 The temperature depend of the dielectric permittivity of the BTS ingredients sintered ot 1420 oC',

(b) BTS FGMs

It has been shown that the BTS ceramics have a high dielectric constant. unfortunately in narrow temperature
intervals. The Curie temperamre intervals can be broadened by producing of FGM devices.** In Fig. 5, the
dielectric permittivity of the 2.5/15 and 2.5/5/7/10 FGMs are shown. These two samples are selected as
examples of the siepped and continuous Ti/Sn concentration gradient in FGMs, respectively. It can be seen that
the 2.5/15 FGM, with a stepped concentration gradient, has two separate Curie temperature intervals and, thus, it
is not appropriate for producing capacitors applicative in wide temperature intervals. Contrary, the 2.5/5/7/10
FGM, with a continugus Ti/Sn concentration gradient, has a relatively high dielecitic constant in a wide
temperature range; alsg, its maximum of dielectric permittivity is broadened and relatively flattened compared
to those of the BTS. Such an electrical characteristic can ensure an effective application of capacitors in the
wide lemperature range. The importance of the FGMs technology rest in the fact that enable the tailoring of
capaciiors with desirable width (and positions on T axis} of the Curie temperature intervals by choosing the
concentration gradient. Certainly, the maximum of dielectric permittivity is determined by the nature of
materials (in this case BTS) and significantly by the created microstructure.
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Fig. 5 The temperature d dence of the dielectric constant in the BTS FGMs sintered at 1420 «C for I k.

F

The microstructure {average grain size, density and grain boundaries) of ceramic materfals influences their
electrical characteristics. For electronic ceramics, the grain boundary resistivity is especially important since
grain boundanes act as barrers for the cross transport of the charge carriers and consequently prevent leakage
currents through electronic components. The above-presented fixed-frequency measuremenis are insufficient to
determine electrical properties of the grain boundaries tn FGMs; therefore, we psed impedance spectroscopy
(57 to examine the influence of the concentration gradient on ejectrical characteristics (especiaily resisovity) of
the bolk and grain boundaries separately, Furthermore, we determined the activation energies for the bulk and
grain boundary ionic conductivity for different FGMs. Finally, potential macrostructural defects (delamination
andfor cracks), which may be a serious problem during the fabrication of FGMs by powder processing and
sintering, were checked with the aid of 15,

impedance spectroscopy is an accurate, non-destructive technigue for the characterization of bulk materials,
and other unspecific phases such as secondary phases. porosity, cracks, e, Moreover, IS is a powetful
technique enabling to distinguish the grain-interior and grain boundary resistance contributions of many oXide
ceramics with logic or mixed icnic/electrontc conduction.

A typical complex impedance diagram. in the so-called Nyquist presentation (the plot of imaginary, Z",
versus real impedance. Z°, with the frequency f as an independent parameter) of a sintered, low-conducting
material berween blocking electrodes. consists of three parts, ending at the origin point of coordinate system at
infinite frequency. For sintered barium titanate-based materials, the high-frequency semicircle of the impedance
spectra is attributed to the gram-interior impedance, the nuddle one is atributed to the grain bowndary response,
whereby the low-frequency arc (<0.1 Hz} corresponds to the €lectrode respense ' The grain-interior and grain
boundary resistance may be read as the diameter of appropriate arcs.

Advances in Electroceramic Materials i - 2
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Fig. 6 Impedance spectra of the BTS FGMs recorded at room temperature,

Fig. & shows the impedance spectra of BTS FGMs measured at room iemperature; it is observed tha the
shape of Nyquist plots fellows a line with a large slope, without point dissipation, indicating high-quality
ceramics, This is especially impertant for FGMs, meaning no insulator intzrfaces (cracks and/or delamination)
hetween graded layers were produced during powder processing and high-temperamre sintering. The estimated
direct current specific resistivities, py., of the FGMs have the values of 10° em {noted at Fig, 6). Thus, high
specific resistivity of the BTS FGMs al room temperatre (indicating low leakage cuments) in addition to
previously determined high relative permittivity in wide temperature intervals make this materials suirable for
practical application as capacitors.

Hereafter, in order to separate grain and grain boundary contribution of the ceramics specific resistivity, the
15 data recorded above T (when grain boundary resistivity decreases from 10" to 10 £2) were analyzed.

Fig. 7 shows the impedance spectra of the 2.5/5/7/10 FGM al temperalures between 320 and 210 "C. For
clarivy’s sake, f5 for chosen temperatures are shown in Fig. 7. The low frequency arc was not found at < 230 °C,
which may be due to the effect of the electrode relaxation precess overlapping with the grain boundary
relaxation process. However, with the increase of temperature (2 230 °C) the impedance spectra for all the
smnples contained two semicircles; the high-frequency one is ascribed 1o grain-inlerior resistance, gy, while the
low-frequency one is ascribed to grain boundary resistance, gg,. From Fig. 7 it can be seen that the shape of
Nyquist plots depends on temperatre, with a clear increase of grain-interior as well as grain boundary
resistivity with decreasing temperature.

The impedance spectra of all the investigated FGMs are very similar, showing the same trend. To be more
specific. at temperatures between 320 and 230 °C all the impedance spectra exhibit two semicircles; in addition,
the resistivity of grain-interior and grain boundary increase with decreasing temperature,
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Fig. 7 IS of 251517110 FGM sintered at 1420°C.

In the next step, the recorded IS spectra were fitted by equivalent circuit in computer program Z-View2. In
order o achieve this, it was pecessary to find appropriate physics-based mathematical model for fiing. For
every single impedance spectra it is always possible to find more than one cquivalent circuit model that can fit
the data. Usually, in the case of polycrystalline materials, the complex mnpedance diagram in the form of twe
adjacent arcs. ascribed to the grain-interior and gram boundary relaxation phenomena can be described by an
equivalent circuit consisting of two parallel resistor {(®} and capacitor {C) elements connected in series.’'¥* So,
as it can be expected, we first fitted the /5 spectra with two parallel RC equivalent elements connected in series,
Fig. & shows an example of measured impedance data (full squares) additionally fitted (detted curve) with RC-
RC. Obviously, mismatch exists, meaning that RCs are not appropriate for fiting of BTS FGMs. The
mistatching can be explained by the following: RCs mathematical model is valid for "ideal” systems, where the
Nyquist plot is composed from semicircles with the centers on lhe x-axis. However, the observed plots of the
BTS FGMs at temperatures above the ferroelectric—pamelectric transition were indeed the arcs of circles, but
with the center on some distance below the x-axis. In order to fit these real system impedances, we replaced the
capacitor with constant phase element {CPE) to account for non-Debye behavior. When, instead of a C, a CPE
is placed in paraliel to a resistor, a depressed semli-circle is produced. The existence of depressed semicircles in
impedance spectra can be explained by a aumber of phenomena, depending on the nature of the investigated
system. One of the physical explanations for CPE behavior is electrede {or surface) roughness; a rough or
porous surface can cause a double-layer capacitance to appear as 8 CPE # Another explanation is
inhomogeneous reaction rates on a surface 2 Both might be seen at polycrystalline surfaces (in our case too,
having in mind that Ag electrodes were used). Ancther possible explanation for depressed semi-circles of
impedance specira may be the varying samples' thickness or u:on‘)]:b(»sition.zT The last undoubiedly maiches with
our case, where chemical composition varied throughout the thickness of FGM. One more reason for the CPE
behavior is non-uniform current distribution,®

Accordingly. to represent the impedance properties of the BTS FGMs al temperatures above the
ferroelectric—paraelectric transition, an equivalent circuit consisting of 1wo parallel RCPE elements connected in
series (Fig. 8) was proved to be appropriate. The measured impedance data {full squares) additionally fitted
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(selid curve} with RCPE equivalent circuits is shown in Fig. 8. Good match between the recorded and fitted data
can be observed. After the fitting, pg; and py, were obtained as output from Z-View2 computer program.
Furthermore, these values of specific resistivities [(>cm] were converted to specific conductivities [S-cm"] and
nsed for the calculation of activation energies, separately for the grain-interior and grain boundary conductivity.
For microcrystalline, barium titanate-based materials, at higher temperatures, the total conductivity determined
by 15 can be ascribed 1o the mixed (ionic and electronic) conductivity, It can be pointed out that at temperatures
above T, the electronic conductivity is significantly smaller than the ionic conductivity. Total ionic conductivity
can be related to a migration energy or mobility barrier for oxygen vacancies.
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Fip, 8 An example of the measured (an 25517110 FGM at 320 «C) and addiionally fitted impedance spectrum,
Equivalent plre uits used for fitting the IS data qre presented.

The experimental data for total ionic conductivity were fitted as a fupction of temperature T iollowing the
Arrheniug law:
o= (o/T) expi-E/ksT) {1}
where E, is the activation energy for ionic migration, ks is the Bolizmann constant, and o, the pre-exponential
factor, is & constant related to the density of charge carriers. Total ionic conductivity can be separated on grain-
interior (g = 1/p) and grain boundary (g = 1/pg) contribution.

Arrhenius plots of grain-interior and grain boundary conductivity, for BTS FGMs are shown in Fig. 3. All
obey the Arrhenius law and therefore activation energies (separately £, and E;) can be estimated from the
slopes of these diagrams. The values of the activation energies determined by the least square fitting of the
specific conductivity data are noted in the Fig. 9.

It is known that the activation energy for the grain imlerior conductivity (Ey) is determined by chemical
composidon. In the case of BTS FGMs, £; vary in the range from (.74 to 078 &V, keeping the intrinsic
properties of BTS. ™ Thus, we determined that E; of FGMs does not depend on the concentration gradient,
Contrary, the activation energy for the grain boundary conductivity, Eg,. is ruled by the ceramics microstructure,
as well as by elecirical inthomogeneity in the region of the necks between grains. Here, Ey, of the FGMs, with
different TifSn concentration gradient, varies in the range of 1.03 to 129 V. The highest £y of 1.29 &V,
exhibits FGM 2.5/15, the material with stepped concentration gradient, which has the highest
concentration/inhonlogeneity and microstructural/porosity gradient. Air gaps on the contact between grains of
different steichiometry were produced due to different theoretical density of the used powder, so, high-porosity
gradient is produced in applied sintering conditions. These inhomogeneities and air gaps act as potential barriers
for oxygen jons transport. Accordingly, FGM 15/5/7 with the smallest concentration (and inhomogeneity),
microstructural and porosity gradient, has the smallest £y, (1.03 eV). Therefore, Eg is influenced by
microstructural/porosity gradient, which are direct consequences of the concentration gradient. Precisely, it is
deduced that an increase of concentration gradient promotes the increase of potential inhomogeneity,
microstructural and porosity gradients, as well as an increase of Eg..
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The associated relaxation time, {(r = (27fu”, Where fi., is the frequency at the top of the Z' vs. Z arcs)™ for
grain interior (ry) and grain boundary (£}, was alse determined. The relaxation time is a geometry and
microstructure independent parameter; but, depends merely on the imirinsic conduetivity of & material.” We
found that for the studied FGMSs 7; is almost identical. The calculated values, for temperatures interval from 320
to 230 °C. fall in the range of 10" to 10 s, respectively. Besides, the calculated values for 7, are from 107 to
10" 5. Obviously, the grainboundary relaxation times are about three orders of magnimde larger than those of
the grain interior. As expected, in the grain boundary structure the fime spent in the relaxation process is longer.
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Fig. 9 Arrhentus plots of In(oT) versus 1000/T of the FGMs with different concentration gradient, The
contributions of grain interior and grain boundary are separated. Estimated activation energies are marked.

Previously, we have been used a heating microscope, as an optical dilatometer, for detailed guantitative
studies of the sintering kinetics of each layer in FGMs." Here, we used a heating microscope for in siftu
qualitative monitoring of the FGMs™ microstructure during the sintering; naturally, the sintering was done in the
same conditions as previpusly in the tube fumnace. The photographs of 2.5/5/7/10 FGM during sintering in a
heating microscope, at tree representative temperatures ((a) at the beginning of sintering regime, (b} at the start
of the shrinkage, and (c) at the end of the sinteting regime} are shown in Fig. 10 It can be emphasized that
during the sintering process macrostructural damages were not observed.
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Fig. 10 Photographs af 25/5!/7110 FGM during sintering, as observed in heating microscope, at {a) room femperature,
(b) 1100 °C and (c) 1426 °C.

According to the results of IS, and due to the iz situ monitoring of 25/5/%/10 FGM during sintering,
delamination or distartion of the FGM does not exist. These assumptions were confirmed by a SEM analysis of
2.5/5/110 FGM in cross-sectional view, as shown in Fig. 11,1t can be seen that there is no distinct boundary
between the graded layers in the FGM (Fig. L1 {2)}. Clearly, delamination or distortion of FGMSs does not exist.
Figs. 11 (b) and (c}, shows the magnifier BTS10 and BTS2.5 regions, respectively . Some change in the

(a} (b)
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L Ti
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@ T
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o b s 09 AL o e
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Fig. 1I {a} SEM image of the macroscopic cross-section shape of BTS2.3/BTSSIBTS7IBTS10 FGM, (b)-(c}
magnifier BTS10 and BTS2.5 regions, respectively, and (d} distribution of ions through the FGM measured
with semi-guantitative frame by frame EDS analyses, Positions of the analyses are shown in Fig. 11 (a).
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microstrocture, precisely, in the average grain size and density, can be observed. The bottom part, with the
smaller amount of tin, has larger grains and higher open porosity than the upper part of the FGM, which has a
higher amount of tin. This fact is yet another evidence of the gradients in the microstructure and porosity.
Moreover, the existence of the TifSn concentration gradient is approved by semi-quantitative “frame by frame™
EDS analyses, Fig. 11 (d}.

We have previously shown that regardless the heating rate during the sintering, there is always a difference
in shrinkage between graded layers in BTS FGMs; precisely, the BTS2.5 graded layer in FGMs always reaches
higher values of shrinkage than the graded layers with a higher content of tin,'' Generally. sintering shrinkage
depends on composition, green density. temperature, time, atmosphere, etc.” Here, the different sintering
shrinkage of the graded layers in the 2.5/5/7/10 FGM is atributed to the difference in the tin content
{compaosition), and can be explained by a different activation energy for the sintering of the BTS ingredients.
This fact canses the cone-shaped FGM (Fig. [ 1 {a}).

CONCLUSION

Barium titanate stannate (BaTi, ,So0,0;, BTS) powders were synthesized by solid state reaction. The main
characteristics of the powders and sintered ceramics were analyzed with the aim of tailoring functionally graded
materials (FGMs).

BTS FGMs with several different Ti/Sn concentration gradients (2.5/15, 2.5/577, 25/5/7/10, and 15/5/7,
numbers denote mol% of Sn in BTS) were prepared by powder processing followed by sintering. The dielectric
permittivity of the prepared FGMs was determined. [t was shown that dielectric permittivity of FGMs depends
on the Ti'Sn concentration gradient. Precisely, FGMs with the stepped concentration gradient have separated
and narrow Curie temperature intervals; conteary, the FGMs with continnal Ti‘Sn concentration gradient, have a
relatively high dielectric constant in a wide temperature range, with broadened and relatively flatted maximuem
of dielectric permittivity.

Additionally, the influence of TifSn concentration gradient on electrical characteristics of the FGMs was
examined by impedance speciroscopy (f5}. The grain-interior and grain boundary resistivity of the FGMs were
distinguished and activation encrgies were calculated. It was established that for FGMs the activation energy
deduced from the grain-interlor conductivity is defined by chemical composition (intrinsic property) and does
not depend on the concentration gradiemt. Quite conmtrary, the activation energy for the grain boundary
conductivity is determined by the microstructural gradient which is a direct consequence of the concentration
gradient.

Finally, microstructural andfor macrostructural defects of FGMs were investigated by {5, SEM and thermal
micrascopy. According to the results of {5 obtained ai room temperature, direct current specific resistivities of
the FGMs were estimated. The values of 10” Q-cm point to high specific resistivity of the BTS FGMs at room
ternperature as well as low leakage currents, These results indicate that there are no insulator interfaces (cracks
and/or delamination} between the graded layers in FGMs. This assumption was confirmed by fr site monitoring
of the sintering processes in a thermal microscope. and furthermore, by a SEM amalysis of the FGMs in cross-
sectional view.

So, ir was shown that FGMs technology enables us to tajlor ceramic materials with desirable electrical
characteristics (the width of the Curie temperaturg intervals and their positions on the temperatre scale, grain
boundary resistivity) by choosing the appropriate concentration gradient. What's more, the use of submicran-
powders with similar both, average particle size and theoretical densities, ensure the creation of the FGMs free
from micre- and macro-structural damages.
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