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Strontium and Yttrium-doped and co-doped BaTiO3 (BT) ceramics with the stoichiometric formulas BaTiOs, B;.
«S1xTiO3, Bay Yy TiOs3, BaTi; Y03, Baj xYxTi1.<YxO3, and Baj,SryTi14YxO3 (x = 0.075) noted as BT, BSrT, BYT,
BTY, BYTY, and BSrTY have been synthesized through sol-gel method. X-ray diffraction (XRD) patterns of the
prepared ceramics, calcined at a slightly low temperature (950 °C/3h), displayed that BT, BSrT, and BYT ce-
ramics possess tetragonal structures and BTY, BYTY, and BSrTY have a cubic structure. The incorporation of the
Ba and/or Ti sites by Sr®* and Y3" ions in the lattice of BaTiO3 ceramic and the behaviors of the crystalline
characteristics in terms of the Y and Sr dopant were described in detail. The scanning electron microscopy (SEM)
images demonstrated that the densification and grain size were strongly related to Sr and Y elements. UV-visible
spectroscopy was used to study the optical behavior of the as-prepared ceramic samples and revealed that Sr and
Y dopants reduce the optical band gap energy to 2.74 eV for the BSrTY compound. The outcomes also
demonstrated that the levels of Urbach energy are indicative of the created disorder following the inclusion of
Yttrium. The measurements of the thermal conductivity indicated the influence of the doping mechanism on the
thermal conductivity results of the synthesized samples. Indeed, the thermal conductivity of BaTiOs is decreased
with Sr and Y dopants and found to be in the range of 085-2.23 W.m'1. K! at room temperature and decreases
slightly with increasing temperature from 2.02 to 0.73-W.m'1. K~ !. Moreover, the microstructure and grains
distribution of the BT, BSrT, BYT, BTY, BYTY, and BSrTY samples impacted the compressive strength, hence; the
compressive strength was minimized as the grain size decreased.

1. Introduction

To change the lead-based materials, more eco-environmentally friendly
materials were examined. The family of Barium titanate perovskite is

In the electronics industry, ceramic perovskite materials are inter- considered one of the most common lead-free ceramic materials that

esting because of their high dielectric constant and provide numerous
applications such as sensors, capacitors, power transmission devices,
actuators, and high-energy storage devices [1-4]. The vast majority of
high ferroelectric materials contain lead which is awful to individuals
and the environment because of the toxic effects of lead radiation, such
as lead titanate PbTiO3 and lead-zirconium titanate ceramic, PZT [5,6].

have many different applications in the electronic industry, including
thermistors, capacitors, piezoelectric devices, and the positive temper-
ature coefficient of resistivity, and semiconductors [7-9]. BaTiO3 has a
general formula of a perovskite XYO3 by which Ba represents the X site
and Ti occupies the Y site. Thermal management is a crucial part of
different and interesting applications in the durability and sincerity of
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electronic components. Thermal conductivity is one of the most basic
thermal transport characteristics of ceramic materials generally and of
perovskite materials specifically, and the comprehension of the thermal
characteristics of BaTiOs is essential in designing and effectiveness of
numerous applications, including thermal management in the opto-
electronic sectors [10]. Moreover, for a better understanding of internal
stress affected on multilayer ceramic capacitors (MLCCs), measuring the
mechanical properties like compressive strength of doped and co-doped
BaTiO3 is crucial for improving the eternity and the reliability of MLCCs
[11]. Furthermore, Optical studies are necessary as it is one of the
fundamental properties of the BaTiOs ceramic compound and help
obtain information on band gap energy, Urbach energy, and other pa-
rameters such as metallization criterion, etc.

In recent years, many studies have been performed on the fabrication
of pure and doped BT with high purity and coordinated particle-size
distribution. Therefore, different approaches have been developed for
the production of doped BT, including the sol-gel [12-14], auto com-
bustion methods [15], solid-state reaction process [16], and hydro-
thermal [17] to improve the optical, magnetic, and electrical properties
of the given BT material. Although, in recent few decades, wet chemical
techniques such as the sol-gel process offer many benefits, including
manufacturing powders in nano-scale dimensions, good homogeneity,
and better stoichiometry control [18-20].

Additionally, it is widely recognized that impurities significantly
impact the major properties of BaTiOs ceramic material. Indeed,
adequate ion doping or co-doping is considered an effective and useful
technique to improve the structural, microstructural, optical, dialectical,
and physical properties of BT. Similarly, the major characteristics of
BaTiOs3 can easily be modified by doping a cation ion at the X -site and/
or Y -site. Typically, the ionic radius can be employed to predict the site
occupation of various dopants, e.g. dopants with wide ionic radius and
low valence are appropriate to occupy the X-site of Ba%* (rBa%* = 1.35
R) and dopants with high valence and smaller ionic radius are appro-
priate to occupy the Y-site of Ti** (rTi** = 0.61 A) [9]. The substitution
site can also be defined X/Y ratio [21]. Moreover, the BaTiO3 can be
modified into the semiconductor material by the use of some type of
doping which changes the structure and grain size to use in optoelec-
tronic applications [22]. Numerous studies have been performed on the
production and investigation of doped BT with different substitutions
such as Sr and Ca at the Ba site [23,24] and Fe, Mn, Sn, Zr, and Y at the Ti
site to enhance its major properties [25-29]. While La, Sr, Ca, Co, Fe,
Mn, and Ni co-doping at both Ba and Ti sites have been carried out for
piezoelectric, optical, and magnetic properties of BaTiOs [30-33]. Be-
sides that, recently, Sr?* and Y** modified BT materials have received
much interest as technologically crucial lead-free ferroelectric materials
[23,25,34-39]. Nevertheless, to the best of our knowledge, no similar
studies were dedicated to the investigation of the optical, thermal con-
ductivity, and compressive strength of Sr and Y co-doped BaTiO3 using
the sol-gel method.

In this work, Sr and Y doped and co-doped BaTiO3 ceramics with the
following formulas BaTiOs, B1.4SrxTiO3, Ba; xY4TiO3, BaT;.4YxOs3, Baj.
xYxTi1 xY5xO3, and Baj SryTi; x\YxO3 (x = 0.075) and noted as BT, BSrT,
BYT, BTY, BYTY, and BSrTY, respectively were prepared through sol-gel
technique. The calcination and the sintering processes were carried out
at 950°C/3h and 1100 °C for 4 h, respectively. Influences of Sr** and
Y3* jons on the phase structure, lattice constants, and microstructure of
BaTiOs were investigated in detail utilizing X-ray diffraction and SEM.
Energy dispersive spectrum (EDS) was utilized to identify the compo-
sitional stoichiometry. UV-visible spectroscopy was utilized to investi-
gate the optical behavior of the prepared samples. Detailed studies of
compressive strength properties of BT, BSrT, BYT, BTY, BYTY, and
BSrTY samples were thoroughly analyzed as a function of both Sr and Y
concentrations and grain size distribution. Moreover, the thermal con-
ductivity of the obtained compounds was investigated as a function of
the temperature.
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2. Experimental details
2.1. Materials and processing

The Y and Sr doped/co-doped BaTiO3 powders were synthesized via
sol-gel technique [13] wusing Barium acetate trihydrate (Ba
(CH3C032)2.3H30), Yttrium acetate (C6H906Y), Strontium acetate
(C4HgO4Sr), and Titanium alkoxide Ti [OCH(CHgs)2]4 as starting mate-
rials. Lactic acid (CH3CH (OH) CO,H) was employed as a peptizing
agent, distilled water as a solvent, and acetic acid to dissolve the
acetates.

Various processing procedures were used for the synthesis of BT,
BSrT, BYT, BTY, BYTY, and BSrTY ceramic materials, as depicted in
Fig. 1. The first stage consisted mainly of preparing a clear solution of
Barium, Strontium, and Yttrium acetates individually using distilled
water as a solvent, indeed, to prepare 100 ml of the solution at 1 M/L,
needs; 25.54g of Barium, Yttrium, and Strontium acetates powders, and
a small drop of acetic acid (0.25 ml), then the resulting mixture is
continuously stirred at the temperature of 80 °C until a clear transparent
solution is produced (Solution A). The next stage consists of the prepa-
ration of a clear solution of TiOy. The synthetizes of 250 ml of 1 M/L
TiO4 solution required; 71.75g of Titanium alkoxide, 150g of distilled
water, and 11.25g of lactic acid. A white milky precipitate is produced as
quickly as TiOz solution is added to the lactic acid while stirring it at
70°C. After around 24 h of continuous stirring, the resultant mixture
progressively transforms into an entirely clear sol (Solution B). The next
stage includes mixing the previously prepared solutions A and B. To
guarantee the homogeneity of the final product, the prepared solutions
were mixed with referring to the compositional formulas BaTiOs, B;.
XSI'XTiOg, Bal_xYxTi03, BaTl_xYX03, Bal_xYxTil_xYXO3, and Bal_XerTil_
xYxO3 (x = 0.075) with continuous stirring for 5 min. The obtained gel
was powdered in a programmable oven at 80°C for 48 h. Then, the
xerogel product is ground to break up the powders’ agglomeration and
improve its reactivity. The powders, after grinding, were calcined at
950°C/3 under a heating rate of 5 °C/min hours using a programmable
furnace.

2.2. Instrumentation

To determine the annealing temperature of the BT and BSrTY pro-
duced samples, a differential thermal analysis (DTA) and Thermog-
ravimetry (TG)-based thermal analysis was performed on the BT and
BSITY ceramic samples recorded until 1000 °C. X-ray diffractometer
(Rigaku Miniflex II) with CuKa (A = 1.5405 A) was used for the struc-
tural study. A “BRUKER-TENSOR 27 spectrophotometer” was used to
investigate Fourier transform infrared (FTIR) spectra. To accomplish a
good sinterability of the prepared compounds, the ceramics were formed
into pellets by applying 7 tons/cm? of pressure using a uniaxial pressure.
The samples were then heated at 1100 °C for 4 h. The microstructure
investigation of the produced ceramic pellets was demonstrated by SEM;
Carl Zeiss EVO MA10 operated at 20 kV. The adjusted transient plane
source (MTPS) method was used for thermal conductivity and effusivity
measurements of the samples using the default (TCi C-Therm) Thermal
Conductivity machine. The compressive strength measurements of the
ceramic compounds were captured using a (universal electronic testing
machine-WDW-50). Finally, the compressive strength at failure was
measured in MPa at a loading speed of 1 mm/min. The UV-vis spectrum
was taken using an Ocean Optics QE65Pro UV-is spectrophotometer in
diffuse reflection mode.

2.3. Physical characterization

For physical measurements including linear shrinkage bulk density,
water absorption, apparent and, porosity, the calcined powders at
950 °C for 3 h were first uniaxially pressed at a pressure corresponding
to 7 tons to create pellets (about 20 mm in diameter and 5 mm in height).
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Fig. 1. Flowchart Synthesis of the prepared powders produced via sol-gel method.

As a binder, a small drop of polyvinyl alcohol (PVA) was utilized. to
achieve good sinterability of the produced samples at relatively low
temperatures, all the samples were sintered up to 1100 °C for 4 h under
5 °C/min as a heating rate to create strong, massive, and dense ceramics.
The Archimedes approach was used to assess the bulk density, apparent
porosity, and water absorption of the sintered ceramic samples by ASTM
C20 [44]. In this technique, the sintered samples were boiled for 2 h in
the hot water bath (at 80 °C), then the saturated and suspended weights
of pellet ceramics were registered. The subsequent formulas were
employed to calculate the bulk density, apparent porosity, and water
absorption (noted as B.D, A.P, and W.A, respectively) of different
samples:

. W
Bulk density (B.D)=—— 1

u ensity (B.D) W W, (@D)]
. w— Wy

Apparent porosity (A.P)= x 100 (2)

. Wq

Water absorption (W.A)=——— x 100 3)

w — Wd

Where W;, Wq, Wy, and are suspended, dry, and, wet weights,
respectively.

According to ASTM C326 the linear shrinkage (L.S) was assessed and
computed using the following equation [44,45]:
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where the sample’s pre-sintering and post-sintering lengths are 1y and 1,

respectively.
3. Results and discussion
3.1. 1. TGA and DTA study

Fig. 2 illustrates the TGA and DTA-based thermal decomposition
graphs of BT and BSrTY xerogel. The uncalcined samples were exposed
to thermal degradation at temperatures between 22 and 1000 °C under a
rate of 5 °C/min. According to the thermal study, the overall mass loss
was around 37%, subdivided into 4 steps. The initial weight loss (about
5% for undoped BaTiO3 and ~6% for BSrTY) was found at approxi-
mately 26-229°C, related to an endothermic mechanism associated with
lactic acid excess and vaporization of water. In the next stage of weight
loss, where the largest weight loss was observed. Although TG-curve
predicted that the mass of BT and BSrTY would decrease by around
25% and 23.9%, respectively, in the range of temperatures of
229-557°C and 229-550°C, the mass loss in this step can be due to the
degradation of the Ba-Ti organic matter and to the deformity of the gel
structure. Additionally, this process may also be brought on by the
continued combustion of organic materials like (Ba, Sr),TioO5CO3 [46].
The presented endothermic peaks in the DTA spectra at the temperature
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Fig. 2. TGA and DTA curves of the uncalcined (a) BaTiO3 and (b) BSrTY.
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range of 307-389 °C are related to the vaporization of leftover organic
matter. The third step (557-782°C) ~3% of mass loss and(550-764°C)
~5% for BT and BSrTY respectively, are due to the creation of the in-
termediate phases. The final stage was found between 782 and 938°C
(about 3%) and 764-874°C (2%). This step is corresponding to the
crystallization of BT and BSrTY, ceramic samples. Furthermore, the
observed exothermic peaks at ~878°C and ~923°C in the DTA spectra
are attributed to the decomposition of the carbonate phase. The present
study found that the ceramic samples’ phase formation temperature is
around 950°C.

3.2. X-ray diffraction

The phase formation and the crystallinity are discussed using X-ray
diffraction (XRD) analysis. The XRD patterns of BT, BSrT, BYT, BTY,
BYTY, and BSrTY are presented in Fig. 3a. No additional peaks were
observed in the XRD patterns, which confirms the entire incorporation
of 7.5%Sr and 7.5%Y as dopant ions in the BaTiO3 system. Wang et al.
[47] produced BaTi;.xYxO3 (x =0-0.03) ceramics through a solid-state
reaction process and identified the appearance of BaTi;Os as an impu-
rity phase. The secondary phase Y(OH)s was also seen in the XRD pat-
terns of sol hydrothermally treated Y-modified BaTiO3 powders (Y
content such as x =0-0.03) [48]. The close observation of the XRD
pattern by zooming in on the peak (101) (Fig. 3b) over a range of 30° <
26 < 34°; displays a shift of the peak (101) initially to lower angles for
BSIT, BYT, and BTY. A displacement of Ba?* by Y>* ions into the BaTiO3
lattice leads to a decrease in the volume (V), while the substitution of
Y3* into Ti*" ions increases the volume of the unit cell. Therefore, this
shift of the peaks to lower angles (BSrT, BYT, and BTY) can be attributed
to Y* ions occupying both Ba?* and Ti** lattice sites, especially with a
preference for the occupation of Ti sites, which may lead to the gener-
ating of oxygen vacancies. In the case of BYTY and BSrTY, where a shift
of the peaks to the higher 20 angles was detected, this tendency is
reversed; Both Ti and Ba sites are still occupied by Y3*. However,
Ba-sites are now more frequently occupied, which in this case results in a
significant decrease of the oxygen vacancies as Y behaves as a donor
[49]. Moreover, in both cases, barium substituted by strontium in
BaTiO3 ceramic (twelve oxygen atoms surround the Ba atom) caused a
decrease in the volume(V) and lattice parameters. This outcome
demonstrated that Sr?* ions are properly incorporated into Ba®" sites in
BSrT and BSrTY systems [50]. Furthermore, the shrinkage within the
lattice parameters could be justified by the substitution of Ba*, which
has a higher ionic radius (1.61 f\) by the lower ionic radius sr2t (1.44 10\).
This also unequivocally demonstrates the substitution of Ba2* sites by
Sr?* jons without having the option of doing so in Ti** sites, since Ti*"
has an ionic radius of 0.61 A, which is significantly lower than that of
Ba®" and Sr?*.

In XYOg3 perovskite structure, X ions and Y ions are surrounded by 12
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and 6 oxygen ions, respectively. Indeed, the modification of Ti** ions by
Y3* ones leads to an expansion of the cell volume (V) and to the gen-
eration of oxygen vacancies to balance out the charge imbalance. As a
result of the valence state of the doped atoms, two cases can be taken
into consideration.

(i) The charge imbalance is compensated by oxygen vacancies in the
acceptor dopants because their ionic charge is lower than that of
the substituted ion [51,52].

Higher-ionic-charge donor dopants. In this regard, X- and/or Y-
vacancies (4X2"+Y*=4y3*Vy; 3x*t 5273+ 1V where X = Ba
and Y=Ti) are created to maintain the charge balance. This
behavior of the cell volume and lattice constants, specifically the
shrinkage in parameter c, in the 3 cases BYT, BTY, and BStTY can
be interpreted by the generation of oxygen vacancies along the C
axis [53].

(i)

The Fullprof program was used to carry out the structural refine-
ment. Hence, R values (Rpagg, Rp, Rwp, Rexp, Ry and %) are typically
used to evaluate the quality of structural refinement [54]. After these
samples were refined, the numbers of 2 and R values were obtained (see
Table 1). Fig. 4 shows the Rietveld refinement of BT BSrT and BYT, BTY,
BYTY, and BSrTY ceramics powders calcined at 950°C for 3h. The results
from X-ray diffraction for all compositions demonstrate the existence of
only a single-phase perovskite structure, as clearly seen from the sharp
diffraction peaks. In addition, the Refinement parameters confirmed
that the BT, BSrT, and BYT compositions belong to tetragonal symmetry,
while the BTY, BYTY, and BSrTY compounds confirmed they have cubic
structure and a space group of Pm3 m with no apparent secondary phase
is detected.

The crystallite sizes were calculated by using Scherrer’s formula [55,
56];

D = k\Bcos0 5)

Where D is the grain size, B is the full width at half the maximum of the
diffraction peak, 0 is the Bragg diffraction angle, k is a dimensionless
shape factor, with a typical value of 0.9, and A is the X-ray wavelength.
The estimated crystallite size was found to be in the range of 14-31 nm
(Table 1), on which this parameter frequently decreases compared to
pure BaTiOs.

The lattice strain was calculated using Wilson’s equation [57,58];

©

Where A is the wavelength of Cu Ka, D is the crystallite size,  is the full
width at half maximum (FWHM), 0 is the peak position, and ¢ is the
strain. The obtained strain value is increased with Y and Sr dopants due
to the shrinkage changes in the volume cell.

B cos O = 4e sin 6+0.91 D
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Fig. 3. (a) XRD pattern of BT, BSrT, BYT, BTY, BYTY, and BSrTY ceramics heat-treated at 950°C for 3h (b) Shifting of the peak (101).
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Table 1
Effect of doping on some properties of BaTiOs.
Synthesis method Calcination temperature (°C) Structure Band gap (eV) Thermal conductivity (W.m'1. K1) Ref.
Material
BaTiO3 Solid-state reaction 1100, 4h Tetragonal 3.3 2.26 [40]
Bag.99Big 01 TiO3 Sol-gel 800, 3h Tetragonal 3.0 - [13]
Bag 75510.15Ti0O3 Sol-gel 950, 3h Tetragonal - 3.72 [41]
BaTig gFe( 203 sol-gel auto combustion 900, 2h Tetragonal 3.11 - [42]
BaTip.72Y0.2803 Sol-gel 1050sc, 3h Tetragonal 2.87 1.97 [43]
BaTig.985C00.005Nb0.0103 Solid-state reaction 1100,5h Hexagonal 2.98 - [30]
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Fig. 4. Structural refinement using the Rietveld method of (a) BT,

3.3. FTIR investigation

The Fourier transform infrared spectroscopy (FT-IR) spectrum of BT,
BSrT, BYT, BTY, BYTY, and BSrTY powders in the wavenumber range
from 450 to 4000 cm ™! are displayed in Fig. 5. These spectra show two
sets of absorption bands. The first one is characterized by a wide band in
the low-frequency range from 460 cm™'-723 ecm™?, associated with the
vibrations of the TiOg octahedron. Moreover, all the samples show the
molecular fingerprint of BaTiOs, as revealed by the Ti-O-Ti and Ti-O
bonds in the range of 460 cm ™! to 723 cm™!. The absorption peaks for
the same mode of BT, BSrT, BYT, BTY, and BYTY, were obtained at

1951

(b) BSrT, (c) BYT, (d) BTY, (e) BYTY, and (f) BSrTY ceramics.

around 460, 463, 465, 467, 470, and 470 cm’l, respectively. The
incorporation of Sr or/and Y into the BaTiOg lattice moved the charac-
teristic peak of Ti-O to higher energy values. In our samples, the
incorporation of Sr?* and Y>* ions into Ba?* and Ti*" sites influenced
the binding distance between Ti** and 0%~ ions resulting in a high
binding strength [59,60]. In addition, the observed bands in the range of
1430 cm™! to 1550 cm ™! could be contributed to the symmetrical and
antisymmetric vibrations (stretching of carboxyl groups bound to
barium and/or titanium (COO™)). The presented results are, therefore,
in good accordance with the reported analysis in the literature [59]. The
observations made on infrared spectra agree well with those revealed by
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Fig. 5. FTIR spectrums of the BT, BStT, BYT, BTY, BYTY, and BSrTY ceramic samples.

XRD analysis.

3.4. SEM and EDS analysis

The morphology and the microstructure of the obtained samples
were analyzed using SEM. The micrographs provided by the scanning
electron microscopy of BSrT, BYT, BTY, BYTY, and BSrTY sintered at
1100°C for 4 h are given in Fig. 6. They show that the ceramics are
slightly dense, homogenous, and have irregularly shaped grains in flat
block form (BSrT, BYT, BTY, BYTY) and with fine size and almost
spherical shaped particles in the case of BSrT. The average grain size

S Ba S i

T
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decreased under doping from around 4.6 pm (pure sample) [41] to
around 0.51 pm (sample with BStTY) (Table 2). It can be noticed that the
above-recorded values relative to the sintered pellets are higher than
those of the crystallite sizes of the calcined powders due to the sintering
process, which enhances the mechanical resistance of the samples. The
observed pores in the ceramic images could be attributed to the rapid
cooling as was studied by Niesz et al. [61].

The characterization by X energy dispersive spectroscopy (EDS) of
the sintered samples is given in Fig. 6. These results confirm the presence
of Ba, Sr, Y, Ti, and O elements, which indicate that the BSrT, BYT, BTY,
BYTY, and BSrTY ceramics are compositionally homogeneous and have
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Total 100 100
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Fig. 6. SEM micrographs and corresponding EDS spectra of a) BSrT, b) BYT, c) BTY, d) BYTY, and e) BSrTY accordingly.
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Table 2
Crystallographic data of BT, BStT, BYT, BTY, BYTY, and BSrTY ceramics using the Rietveld refinement method.
BT BSIT BYT BTY BYTY BSITY

a (A) 4.002410 3.995282 4.006745 4.020604 4.019073 4.015099
b (1“\) 4.002410 3.995282 4.006745 4.020604 4.019073 4.015099
c (A) 4.039425 4.024120 4.033381 4.020604 4.019073 4.015099
Volume (A3) 64.7087 64.23412 64.75192 64.9941 64.91988 64.72749
Structure Tetragonal Tetragonal Tetragonal Cubic Cubic Cubic
Space group P4mm P4mm P4mm Pm3 m Pm3 m Pm3 m
x (Ba) 0 0.5
y (Ba) 0 0.5
z (Ba) 0 0.5
x (Ba, Sr) 0 0.5
y (Ba, Sr) 0 0.5
z (Ba, Sr) 0 0.5
x (Ba, Y) 0 0.5
y (Ba, Y) 0 0.5
z (Ba, Y) 0 0.5
x (Ti) 0.5 0.5 0.5
y (Ti) 0.5 0.5 0.5
z (Ti) 0.48347 0.47010 0.51980
x (Ti, Y) 0 0 0
y (Ti, Y) 0 0 0
z (Ti, Y) 0 0 0
x (01) 0.5 0.5 0.5 0.5 0.5 0.5
y (O1) 0.5 0.5 0.5 0 0 0
z (01) 0.05854 0.02015 0.02323 0 0 0
x (02) 0.5 0.5 0.5
y (02) 0 0 0
z (02) 0.51642 0.51500 0.53198
Rpragg 5.027 6.786 7.30 12.31 11.66 10.52
Ry 17.3 23.8 24.5 31.8 30.2 33.4
Rup 26.5 32.2 33 39.7 37.8 42
Rexp 22.15 40.95 39.3 40.18 38.47 38.69
Rr 7.89 7.64 7.32
e 1.43 0.61 0.70 0.97 0.96 1.18
Crystallite size (nm) (D) 14 17 18 21 26 31
Strain (¢) 1.27 1.33 1.85 2.21 4.19 4.56

been successfully produced without any contamination. However, It is
unable to see the change in the intensity of the distinctive peaks of Ti and
Ba since their evolution occurs in the energy region from 4.37 to 4.49
KeV.

3.5. Optical study

UV-Visible Diffuse reflectance spectra of BSrT, BYT, BTY, BYTY, and
BSrTY ceramics recorded in the range of 300-1000 nm are shown in
Fig. 7. The ceramic samples show an important behavior of visible
photons absorption with an absorption maximal of 40% in the
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Fig. 7. Reflectance spectra of the as-prepared ceramic samples.
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wavelength region above 400 nm for the BSrTY sample. The UV spectra
of the BSrTY ceramic sample suddenly decrease as a result of the ab-
sorption of the visible photons. All the ceramic samples exhibit three
separate peaks in the visible region of the spectra, regardless of the Sr
and Y sites’ occupancy. Moreover, the preference of Sr and Y sites in the
BT lattice has a small impact on photon absorption. Indeed, the K-M
(Kubelka-Munk) mode monitoring of the diffuse reflectance data was
also employed to estimate the optical band gap of the prepared samples.

The optical band gap energy (Eg) of BSrT, BYT, BTY, BYTY, and
BSrTY ceramic samples was determined with the help of the Kubelkae-
Munk method [62]. The Kubelkae-Munk equation is assigned by the
following formula:

(1-R)’ 'k

F(R)= =

(R == @
Where F(R) is the Kubelkae-Munk function or the diffuse reflectance of
the low-absorbing standard and R = Rsample/Rreference, S is the scattering
coefficient, and k is the coefficient of molar absorption of each ceramic

sample. The optical band gap Eg of a semiconductor is estimated by;

ahv=Ci(hv — E (8)

wan)"
Where hv is the photon energy, Eg,p, is the band gap, « is the linear ab-
sorption coefficient of a material, n is a constant (n = 1/2 for indirect
allowed and n = 2 for direct allowed), and C; is a proportionality con-
stant. In this case, photon absorption may stimulate an indirect elec-
tronic transition from the bottom of the valence band to a top state in the
conduction band. This approach takes place in any region of the Bril-
louin zone. According to this fact, the optical band gap of all the ceramic
samples was calculated and estimated using n = 1/2 in Eq. (8). Finally,
using Eq. (7) and with k = the chan2a, we obtain the Kubelkae-Munk
modified equation as presented below;
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[F(R)hl/]z =C (hl" - Egap) )

Eg values of BSrT powders can be determined with better precision
from the plotting of [F(R)hv]'/? vs. hv. The optical band gap energy (Eg)
values are 2.97 eV, 3.04 eV, 3.01 eV, 3.03 eV, and 2.74 eV for BSrT, BYT,
BTY, BYTY, and BSrTY, respectively (see Fig. 8). In BSrTY material, the
conduction band’s bottom may gradually be narrow with doping 7.5%Sr
in Ba-site and 7.5%Y in Ti-site, resulting in a significantly low band gap
energy value compared to the other materials that are doped with only
one element (Sr or Y but not both). Moreover, this variation may be due
to the changes in the lattice parameters. Tian et al. [63] demonstrated
that the BO6 octahedron controls both the top-lying of the valence band
and the bottom-lying of the conduction band. The lower-lying conduc-
tion states in the structure are influenced by other ions, but these hy-
potheses typically have only a small impact on the optical characteristics
of a certain material. Hence, it may be noted that Ba/Sr ratio has a
significant role in the unit cell distortion process. This distortion induces
a defect in the band structure, which lowers the intermediate levels in
the bandgap region which can be observed from the samples that are
mainly doped with Sr content (BSrT and BSrTY). Urbach energies (Eu)
have also been estimated for each prepared sample. The sample disor-
der, which may result from chemical, thermal, polar, or structural flaws,
is reflected by the parameter Eu. The relationship between the photon
energy and the absorption coefficient at the Urbach edge is given by the

3.00
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following equation [64]:

a(E)= ao.exp(EE) 10)

Where E, is the Urbach energy, hv is the photon energy, o is a
constant, and which is weakly affected by temperature.

Since the absorbance is proportional to the absorption coefficient
and F(R), accordingly, o can be replaced by F(R). Consequently, we can
generally write F(R) ~ exp(ﬁ). The Urbach energy is determined by
extraction InF(R) vs. (hv). The value of Urbach energy is determined by
the fitted lines of the linear slope using the provided equation;

E
InF(R)=C+—

E, 1D

The Urbach energy value was estimated by projecting the linear
portion of the curve In(a) as a function of hv; the Urbach energy was
determined and plotted as shown in Fig. 9. It can be observed from the
figure that The Urbach energy E, varies inversely to the behavior of the
optical band gap and hence noting the important role played by Y>* and
Sr?* ions in generating disorder in the presented ceramic samples. The
relationship of the Urbach energy with the band gap and the schematic
illustration of the Urbach energy for the as-prepared samples are shown
in Fig. 10.
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3.6. Physical analysis

The sintering characteristics of the produced ceramic samples are
mainly delicate for manufacturing parameters such as type and amount
of dopants, mixing tools, the origin of the raw materials, and the sin-
tering parameters and pressing process. In this research work, the
powders were calcined, then pressed and sintered at 1100°C/4h. Fig. 11
shows bulk density (B.D) and apparent porosity (A.P) of BT, BSrT, BYT,
BTY, BYTY, and BSrTY ceramic pellets sintered at 1100°C. The addition
of Sr and Y as dopants into both Ba and Ti-sites leads to decreasing the
apparent porosity and increasing the bulk density [65]. This is due to the
symmetric lattice of pure BaTiOs, which makes it less dense as compared
with Sr and Y doped-BT. Moreover, in the case of BYTY and BSrTY
ceramic samples, the pores are easily enclosed in the grain since the
grain boundary moving speed is higher than the pores moving speed,
which increases the bulk density of the co-doped BaTiO3 samples.
Furthermore, due to the grain boundary scattered at 1100°C and the
sintering process that suffuses the pores causing the densification in the
resultant composition. This is also indicated through the Linear
shrinkage (L.S) measurement, as shown in Fig. 11.

Durability is one of the most significant factors of ceramic materials;
it is thought to be closely related to compressive strength and level of
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Fig. 11. Physical characteristics of BT, BStT, BYT, BTY, BYTY, and BSrTY ceramic samples sintered at 1100°C.

water absorption. Indeed, water absorption is an important parameter in
exhibiting its environmental toughness [44]. Fig. 11 displays the water
absorption and linear shrinkage of BT, BStT, BYT, BTY, BYTY, and BSrTY
samples showing their opposite behaviors. Knowing that the water ab-
sorption is directly linked to the size of the pores, as the material’s ca-
pacity to absorb decreases with decreasing pore size. In this case, the
small pores result in the densification of the resultant ceramic material
increases, which leads in decreasing of the water absorption of the
co-doped compounds compared to pure BaTiOs, which is also proven by
SEM [41]. The lowest value of water absorption was 4.4% and 4.65%,
obtained from the co-doped samples BYTY and BSrTY, respectively.

3.7. Thermal conductivity

Table 3 presents a summary of the thermal conductivity measure-
ments of the BT, BSrT, BYT, BTY, BYTY, and BSrTY ceramics recorded at
25 °C and 180 °C. The reported values of the thermal conductivity for
undoped BaTiO3 were found to be in the region of 1.2-6.5 Wm ™K ! at
ambient temperature [66]. The variation in the behavior of thermal
conductivity can be due to different synthesis processes used to prepare
perovskite ceramics, different measurement techniques, and the type of
dopants modified in a given material. Typically, the contributions of
lattice thermal conductivity and electrical thermal conductivity are
added to determine the overall thermal conductivity [67]. In this work,
the standard thermal conductivity at room temperature carried out on
undoped barium titanate ceramic is 2.23 Wm 'K~ which is exactly
along the region of the obtained results from the literature [10,40].
Therefore, when materials’ thermal conductivities are tested in
powdered form, they are much lower than in bulk form—by up to an
order of magnitude. The heat transfer efficiency in powders is highly
reliant on the packing density, interface, contacts, porosity, and
composition of the particles. The thermal conductivity for undoped BT is
decreased with Sr and Y dopants content and found to be in the range of
085-2.23 W.m'1. K ! at room temperature and decreases slightly with
increasing temperature from 0.73 to 2.02 W.m'1. K1, This change is due
to the variation in the strength of the atoms’ bonds [68]. Indeed. Sr and
Y doped samples show a systematic decrease of the thermal conductivity
with doping and increasing temperature, indicating that the phonon—
phonon scattering is dominant in the considered temperature range. The

Table 3
The average Grain size of the BStT, BYT, BTY, BYTY,
and BSrTY compounds.

Samples Grain size (ypm)
BSIT 4.1
BYT 3.7
BTY 3.3
BYTY 0.9
BSITY 0.5

Table 4

Thermal conductivity of the as-prepared samples.

Sample Thermal Conductivity (W/mK)
25°C 180°C

BT 2.23 2.02
BSrT 1.32 1.05
BYT 0.9 0.9
BTY 0.95 0.85
BYTY 0.6 0.35
BSITY 0.85 0.73

thermal conductivities of the Sr, Y co-doped samples are lower and
become less dependent on the temperature. This is caused by the relative
increase of the temperature-independent phonon-impurity scattering.
The amount of the thermal conductivities are, BSrTY < BYTY < BTY <
BYT < BSrT for the doped samples, which is the same sequence as that of
the lattice parameters. Abeles showed that the reciprocal relaxation time
of phonon-impurity scattering is proportional to the difference between
the dopant and matrix ion of both the ionic radius and the mass [69].
The Y ion has a slightly smaller ionic radius than Sr [70] and has less
than half of the atomic mass of Sr, which indicates the phonon-impurity
scattering is mainly produced by the lattice distortion caused by the
difference in ionic radii, not by the mass difference Therefore, thermal
conductivity decreases with the decrease of ionic radius, and then,
reaches a lower limitation when the ionic radius is small enough. The
ionic radii of all these doped elements are smaller than that of the Ba ion
(1.61 [o\). The smaller the ionic radius is, the larger the difference be-
tween the doped ion and Ba and/or Ti ion would be, which might
introduce larger distortion into the lattice and thus reduce the lattice
thermal conductivity. To retain the lattice structure, such distortion
cannot be introduced infinitely, resulting in the lower limitation of the
thermal conductivity value which is the case for BYTY and BSrTY
co-doped samples. Furthermore, the described Oxygen vacancies in the
XRD analysis also played an important role in the variation of the
thermal conductivity, which can be seen from Table 3 that the samples
that show lower values were the ceramics that are doped with Y content.
Further, the reduction between Ti-O bonds made the bond slightly
strong. These variations in the bond tendency’s strength are more
effective for thermal conductivity in the system than the scattering of the
point defect. In addition, from the SEM micrographs (Fig. 6), the surface
of the analyzed samples showed a structure unavailable to small pores.
The thermal conductivity decreases as the surface complexity of the
particles increases. All the samples have sizable micropores, which
resulted in low heat conductivity values (see Table 4).

3.8. Mechanical properties
Fig. 12 displays the compressive strength of the BT, BStT, BYT, BTY,

BYTY, and BSrTY ceramics recorded. It can be observed from Fig. 12 that
the compressive strength value of the as-prepared ceramic samples is
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Fig. 12. Histogram of the compressive strength of the as-prepared BSrT, BYT,
BTY, BYTY, and BSrTY samples.

32.91, 30.2, 30.2, 30.01, 29.6, and 28.09 MPa for BT, BSrT, BYT, BTY,
BYTY, and BSrTY, respectively, however, the compressive strength re-
sults revealed irrelevant changes when using Sr and Y dopants in
BaTiOs. The strength of the cohesion between the grains of the ceramic
compounds, in addition to the shape and the particle sizes, mainly de-
pends on the pores, the separation of the particles, and shrinkage. High
compressive strength results from the irregular grain shape distribution
that is nearly attached to the particles [71]. The higher compressive
strength value observed (32.91 MPa) was probably due to the shape of
the irregular flat block grains forming, which greatly weakened the atom
bonds. Additionally, based on the scanning electron microscopy exam-
ination, the microstructure of Sr, Y doped-co-doped BaTiO3 samples
differs significantly. For flat blocks of BSrTY (0.5 pm average grain size),
the measured values of the pores’ diameter have pores that are barely
identical in shape and size, which are in both cases in flat block form.
Further, the pores in undoped BaTiO3, which has a larger particle size,
are likewise larger and have a shape of a flat block. The highest value of
the compressive strength was found for undoped BaTiO3 material cor-
responding to the higher grain size, whereas, the minimum value was
28.09 MPa for BSrTYcompound.

4. Conclusion

BaTi03, B]_XSI'XTiO3, Bal_xYxTiO3, BaTl_XYX03, Bal_xYxTil_xYXC)g, and
Baj 4SryTi; xYxO3 (x = 0.075) ceramics have been properly synthesized
by sol-gel process. The structural, microstructural, chemical composi-
tional stoichiometry, optical, thermal conductivity, and mechanical
properties of the prepared samples were studied and described in detail.
X-ray diffraction evaluation and Rietveld refinement have shown that
BT, BSrT, and BYT ceramic compounds possess tetragonal structure and
cubic structure for BTY, BYTY, and BSrTY samples. FT-IR investigations
have supported the XRD analysis’s results. The SEM analyses revealed
that the particles are formed in the shape of flat blocks. EDS investiga-
tion revealed that the produced ceramic samples are in a high-purity
material without any impurities. The changes in thermal conductivity
with Y and Sr dopants can be ascribed to the increase in the distance
within Ti -O bonds and due to the change in the strength of the bond
between the atoms. UV-vis spectroscopy was used to identify the optical
band gap of the ceramics, and it showed a decrease caused by the gen-
eration of oxygen vacancies and the introduction of lattice distortions.
The examination of the mechanical strength properties indicated that
the compressive strength of the BT, BSrT, BYT, BTY, BYTY, and BSrTY
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ceramics decreases with the Sr and Y dopant contents; this variation in
the compressive strength behavior is related to the shape and the grain
size of the latter. A higher compressive strength corresponded to the
undoped barium titanate, demonstrating that the microstructure of the
as-prepared ceramic compounds affects the compressive strength. In
micro-optical electro-mechanical systems, the studied materials could
function as multipurpose, smart materials by fusing their exceptional
physical and optical properties.
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