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ABSTRACT - Recently, an interesting application development of piezoelectric materials is as part  ARTICLE HISTORY
of the tool for in-situ testing of nuclear fuel and the supporting materials in nuclear reactor, as well as EZS?;ZE%SMJ:”SOZZOZm
sensors for safety systems in the reactor environment itself. One of the piezoelectric materials (lead Accepted' 9 ng 2022
free) is bismuth potassium titanate Bi12K12TiO3 (BKT) which is used in this research and has been '
successfully synthesized using the molten salt method. This method is a simple process that reacts keywoRDS

to the base material in a solution of NaCl and KClI salts to produce nanocrystal ceramics powder with  Molten salt method,
good compositional homogeneity and sinterability. The synthesis process has been carried out in two ~ Williamson-Hall plot,
stages, first to produce Bi2TisO11 and then to add excess K2COs3 as a base material to produce BKT. Piezoelectric

The weight ratio between Bi2TisO11 and excess K2COs was 1:1.5 and 1:2. Structural identification of

the synthesized results has been done by Rietveld analysis of the XRD pattern using PAN-Analytical

Highscore software. The multiphase of BKT has been obtained by a predominantly tetragonal crystal

system, in addition to cubic as second phase. This is indicated by the content of the tetragonal and

cubic phases obtained at 64.5 and 36.5% for the ratio 1:1.5 and 80.3 % and 19.7 % for the ratio 1:2,

respectively.The addition of excess K2COs increases, the content of the tetragonal BKT phase

increases. . Besides that, the “a” lattice parameter increases and the “b” lattice parameter decreases,

if the K2COs content is added. Likewise, the size of the crystallite and microstrain decreases with the

in excess K2CO:s.

INTRODUCTION

Generally, measurements of nuclear fuel and material properties during irradiation are performed on samples at the
end of the test, which results in errors due to handling and because measurements are not made under the pressure, flux,
and/or high temperature of the nuclear fuel of the prototype. Therefore, the researchers began to develop real-time data
measurement with in-situ instruments related to the phenomenon of nuclear fuel performance by using high-temperature
piezoelectric materials as sensors. Such sensors can only provide information about the integral neutron effect or peak
temperature. In-situ instrumentation in irradiation tests can provide real physical analysis, thereby showing the evolution
of certain phenomena over time [1].

Selection of the performance of the piezoelectric material to be applicable and working under test conditions during
irradiation, it is indicated by the value of the curie temperature (Tc) and the piezoelectric constant (d33). Pb-based (toxic)
piezoelectric materials for Lead zirconate titanate PbZr,TiO3 (PZT) still dominate high-performance materials in a
wide range of applications. Many researchers have tried to find other environmentally friendly alternative materials such
as bismuth and barium-based piezoelectric [2]-[4]. The Pb-free materials are still being developed to replace PZT such
as barium titanate BaTiO3 (BT), bismuth sodium titanate Bii; Nai2,TiO3 (BNT) or bismuth s titanate Biy2K1,2TiO3 (BKT).

At the beginning of the application study, BT was also used as a potential candidate although it did not have a high
piezoelectric constant. However the usefulness of BT has been limited as the low working temperature range of BT
ceramics due to its low curie temperature (Tc = 120°C). Likewise, BNT has been studied for a long time as a promising
alternative with a high temperature curie (Tc = 320°C) with a piezoelectric constant of 73 pC/N. Meanwhile, BKT has a
relatively high Tc of 380 °C with d33 = 101 pC/N, and shows a better piezoelectric response than BNT and BT. But BKT
has been studied much less than BNT material because of its weakness for preparing high density ceramics [5].

Therefore, Morozov [6] in his research showed that BKT has good piezoelectric properties. However, there are very
few research reports on pure BKT. Synthesis of pure high-density BKT ceramics is relatively difficult due to the high
volatility of the potassium component at the sintering temperature [7]-[9]. So this problem makes it limited in researching
solid solution systems based on BKT. Therefore, this system needs to be studied more deeply.

BKT is a ferroelectric material having a typical perovskite structure with a tetragonal crystal system at room
temperature[10], [11]. Recently, fabrication using the hot-pressing method, as practiced by Hiruma [8], has sintered at
1060°C and 1080°C and obtained the structure's single-phase perovskite. This is also difficult in fabrication using ordinary
combustion techniques.
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In this study, we report the synthesis of BKT nanocrystal ceramics by reacting basic materials in NaCl + KCI salt
solution, named by the molten salt method. The synthesis has been carried out in two stages, namely synthesizing
Bi,Ti4O4; first and then producing BKT. This study aims to determine the effect of excess K,COj3 added to Bi,Ti4O1; to
obtain a tetragonal perovskite BKT structure as the main phase, in addition to cubic BKT as the second phase.

The results of the synthesis were characterized using the XRD technique and continued with Rieltveld analysis for
the synthesis of multi-phase BKT using the molten salt method. The use of the Highscore program to refine the xrd data
becomes very useful in identifying changes in the crystal system and the content of the phases.

EXPERIMENTAL METHOD

That As one of the objectives of this study is the synthesis of BKT powder using the molten salt method [12]-[14].
The synthesis of bkt using this method is the reaction of basic materials to form synthesis products in a molten salt
environment. The product itself can be separated by washing with boiling water The synthesis of BKT has been carried
out in two stages, starting with the synthesis of Bi,TisO11 (BTO) and then BKT This same technique with two stages has
also been applied by P. Setasuwon for the synthesis of BNT materials [15].

Metal oxide or carbonate powders from Bi,Oz (99.999%, ABCR), TiO (99.99%, STREAM) and K»CO3 (99.998%,
ABCR) with reagent content were used as the base material. The base material mixture between Bi,Os and TiO- can be
expected to become Bi,TisO11 (BTO) as a result of the first stage reaction then followed by the addition of n K,COs3 to
produce CO; products, (n-1) K;COsand BKT as the second stage reaction.

For the synthesis of BTO and BKT, each mixture of basic materials was added with NaCl and KCl salts (with a mole
ratio of 1:1). The weight ratio between the mixture and salt was 1:1, then continued mixing and grinding mechanically
using agate mortar for 4 hours. To obtain two variations of BKT synthesized samples, the BTO content was reacted with
excess K,CO3 with a weight ratio between BTO and K,COj3 of 1:1.5 and 1:2, respectively.

In this molten salt synthesis study, the BTO samples were sintered at 950°C for 4 hours, while the BKT samples were
at 650°C for 5 hours. Na* ,K* salts and unreaction K,COjz residue can be removed by washing using boiling water many
times. The absence of salt can be checked with a drop of AgNO3 solution

The characterization of the synthesis results has also been carried out using x-ray diffraction, in order to obtain the
form of the reaction product compounds and crystal structure analysis.

RESULT AND DISCUSSION

Regarding the manufacture of piezoelectric ceramic powder, the molten salt technique is an easier and more practical
way when compared to conventional techniques (solid state reaction) which require high temperatures (1000-1300°C)
[16], [17]. The diffuse reactions between Bi, K, Ti and O occur in this molten salt technique facilitated in liquid salt to
obtain BTO or BKT precursors. As mentioned above, the BTO intermediate product synthesis has been carried out before
the BKT synthesis process. The BTO products was clarified by X-Ray Diffraction (XRD) as shown in Figure 1.
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Figure 1. X-ray diffraction pattern from the synthesis product for
the mixed reaction of BiO and TiO- and then refinement is carried
out. The intensity of the experimental data is labeled o (black
circle marker) and the total calculation is labeled - (red line)
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The XRD patterns of the Bi,Oz and TiO; reaction results to produce BTO were identified using Rietveld method [18]
by the HighScore PAN-Analytical software [19] (a PW1710 type PANanalytical EMPYREAN) through the refinement
process, so that the compounds formed could be identified. The initial refinement was done by inputting the zero-point
shift, background, machine parameters and the unit-cell parameters. The XRD peak positions were more identical to the
synthesis carried out by P. Sutawasun at 1100°C by obtaining the Bi,Ti4sO11 compound [15]. This makes Bi,TisO11 (ICSD
collection code: 79768) used as one of the input parameters of the refinement, in addition to Bi,TiO7 (ICSD collection
code: 161101). The results of the refinement process are identical to the statistical value of the goodness of fit of 2.45.

As a result of refnement, the contents of the synthesis product of Bi,TisO11, Bi,Ti,O7 and the base material of TiO;
and BiO; (still present) were obtained at 90.8, 7.8, 0.8 and 0.6%, respectively, as shown in Figure 1. Indication of the
peaks of the Bi,Ti,O; compound was shown more clearly at an angle of 14.78 and 28.62°. So in other words, the synthesis
product using the molten salt method at a sintering temperature of 950°C has been successfully carried out, which can be
shown predominantly by the compounds of Bi,TisO1; and Bi;Ti2O~.

The dominant Bi,TisO11 powder phase was mixed with various K,COs (weight ratio between Bi,TisO11 and K,CO3
materials are 1:1.5 and 1:2) into NaCl + KCI powder and continued with sintering at a low temperature of 650°C as shown
in the XRD pattern by Figure 2. Conversion of Bi,TisO11 to Bi12K1,,TiO3 has occurred at a low temperature of 650°C. It
is expected that the low energy diffusion conversion of K ions to Bi,TisO11 can form Biy2K1,TiOs.
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Figure 2. XRD pattern of Bi12K1,2TiO3 (black dot) with the addition of K,CO3
(ratio of 1:1.5 and 1:2) and the total calculation pattern from the refinement
result (red line) using two phases (teragonal and cubic)

Figure 2 illustrates the XRD diffraction pattern of two phases of BKT synthesis products with the basic material
weight ratio between Bi,TisO1: and K,COs of 1:1.5 and 1:2, respectively. The two patterns have a slightly different
profile, especially at the diffraction angle range (2 theta) of 25-35°, although the existence of identical peaks is the same.
The crystal system of Biy;2K1,2TiO3 has two types of perovskite structures, namely tetragonal and cubic. These two types
have also been inputted into the refinement process with a tetragonal crystal system (ICSD code 98-009-8057), and cubic
(ICSD code 98-010-9151). the tetragonal phase peaks for the planes (110) and (011) shift are closer together for the 1:2
ratio. The cubic peaks (represented by the plane (011)) shown at the peak around of 30° are broader and lower, while the
tetragonal peaks (011) and (110) planes shown at the 30.5-33.5° angle range are higher and sharper, if the content K,CO3
is added, as shown in Figure 3, the tetragonal phase peaks for the planes 110 and 011 shift are closer together for the 1:2
ratio. This has indicated a change in crystal shape, so that changes in the lattice parameters themselves have occurred, as
supported in the refinement results (Table 1) The two phases with the perovskite crystal structure contributed quite well
in the refinement, so that the XRD pattern showed no unknown peak, except at an angle of 18° in the ratio 1:1.5.

The results of this refinement can be seen in Table 1, the statistical error of the refining process shown by Ry, (less
than 22%) and Rex, (less than 16%) is still low, as explained by Toby [20]. Meanwhile, the value of goodness of fit is still
below 1.963. This is also supported by the refinement results for the cubic phase content decreases from 35.5 to 19.7%
and the tetragonal phase content to increase from 64.5 to 80.3%.
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Figure 3. Refinement XRD pattern of Biy 2K1/2TiO3 (with
aratio of 1:1.5 or 1:2) at an angle range of 25-35° for
tetragonal (red line) and cubic (green line) structures. The
dots represent the intensity of experimental data, the blue
line represents the total intensity calculation.

Table 1. The results of the refinement process for samples with a weight ratio of
between the Bi,;Tis01; and K,CO3 mixture of 1:1.5and 1:2

Refinement Results 1:15 1.2
Goodness of Fit 1.755 1.963
R (expected), Rexp [%] 15.375 16.061
R(weighted profile), Rwp [%] 20.369 22.501
Tetragonal
Spacegroup P4mm
Weight fraction [%] 64.5 80.3
Lattice pameters: a [A] 3.9054 3.9285
b [A] 4.1572 4,0096
Cubic
Spacegroup P-3mm
Weight fraction [%] 35.5 19.7
Lattice pameters: a [A] 4.2138 4.2101

Due to the change in the addition of K,CO3 content in the salt solution at a low sintering temperature of 650°C for 5
hours, it is possible that the reaction is not complete. This can be seen from the presence of cubic BKT content that still
exists. Therefore, crystal imperfections can cause differences in crystallite size and micro-strain, however using the
Williamson-Hall equation to analyze the XRD pattern is more precise than using the Scherrer equation [21], [22].

The full width at half maximum (FWHM) of the experimental XRD peaks was modeled to a Gaussian form. The
actual broadening () of the diffraction pattern is corrected for the experimental broadening (Bex) and the instrumental
broadening (Bin) as B2 = Pexz - Binz, corresponding to each diffraction peak of BKT Due to the influence of the size and
effect of the strain, the Williamson-Hall equation [18] can be modeled from the actual broadening as a result of the
corrected refinement as follows:

B = (KA/D cos 0) + 4e tan © (1)

where (KA/D cos 0) is broadening due to the size (D) and 4¢ tan 0 is broadening due to strain (). The modification of
equation (1) yields,
B cos @ = (KA/D) + 4¢ sin 6 2

where B is the full width at half maximum of the XRD peaks, 0 is the position of the peaks, K is the Debye—Scherrer
constant (0.94 for spherical nanoparticles) , A = 1.5404 Angstroom is the x-ray wavelength. Equation 2 is used to plot the
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graph of B cosO verses sinf and is fitted with linear regression for the data as shown in Figure 4. The inverse of the
intercept on the y-axis at x = 0 gives the crystallite size (D) and the slope of the fit gives the strain (g).
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Figure 4. Wilamson-Hall plots of the tetragonal and
cubic phases for the addition of K,COj ratio (1:1.5
and 1:2), respectively and the linear regression equa-
tion and the statistical R square value

The size of the nanocrystalline BKT for a ratio of 1:1.5 (between the base material content of BTO with the addition
of K,COs3) and 1:2 can be determined by the Wilamson Hall plot approach [17], as shown in Figure 4. The tetragonal and
cubic phases of BKT show small variations in the dimensions of due to displacement of the atomic position for each
addition of K?COs. The crystallite and microstrain sizes determined from the W-H equation have been calculated and
tabulated in Table 2.

Table 2. The microstructure parameters on the crystal size (D) of the
microstrain (g) changed with the addition of K,CO3

Ratio D [nm] €

Tetragonal ~ 1:1.5 80.443 1.097 102
1:2 12.482 -2.17 103

Cubic 1:1.5 9.6531 1.19 107
1:2 3.0742 3.75 10*

Especially for the 1:2 ratio, the negative slope of the tetragonal phase shows that the microstrain that occurs in the
crystal does not have a dominant effect on the broadening of the peaks, as explained for the BaF, sample by Langford
[23], [24].

It was found that the tetragonal and cubic phases were retained in their structure by the addition of K,COg3, even with
slight changes. In other words, the crystallite and microstrain also decreased with the addition of K,COs. But the two
types of phases also have small variations in dimension due to the displacement of the atoms in the unit cell, as shown in
Table 2.

The effect of excess K,CO3 added to Bi,TisO11 produces BKT with two phases (tetragonal and cubic), as well as
changes in crystallite size and micro strain.
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CONCLUSION

Synthesis of BKT using the molten salt method has been successfully carried out in two stages, starting with BTO
synthesis at a sintering temperature of 950°C for 4 hours and then continued by BKT synthesis at 650°C for 5 hours, as
the final product. The effect of excess K,COs addition in BKT synthesis has been successfully identified and characterized
using multiphase Rietveld analysis of the XRD pattern for both stages. The addition of excess K,CO3 to BTO has been
able to affect the formation of BKT compounds with perovskite crystal systems, both tetragonal and cubic. The content
of tetragonal (dominant) and cubic phases was obtained 64.5 and 35.5% for the ratio of BTO and K,COs of 1: 1.5, and
also 80.5 and 19.5% for the ratio of 1: 2, respectively. The largest crystallite size as the tetragonal phase was obtained
80.443 nm on a ratio of 1: 1.5, while the lowest mcrostrain was obtained 3.75x10** from the cubic phase.
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