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Abstract: In this study, the effect of the polyvinyl alcohol (PVA) binder solvent composition on the
electrical properties of sintered 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 ceramics doped with x wt.% Dy,0O3
(0.0 < x <£0.3) was investigated. In the absence of the PVA binder, the specimens sintered at 1260 and
1320 °C for 1 h in a reducing atmosphere showed a single BaTiO3 phase with the perovskite structure.
The relative densities of the specimens were higher than 90%, and the grain morphologies were
uniform for all the solvent compositions. At 1 kHz, the dielectric constant of the specimens depended
not only on their crystal structural characteristics, but also on their microstructural characteristics.
The microstructural characteristics of the specimens with the PVA binder were affected by the ethyl
alcohol:water ratio of the 10 wt.% PVA-111 solution. A homogeneous microstructure was observed
for the 0.1 wt.% Dy,03-doped specimens sintered at 1320 °C for 1 h when the ethyl alcohol /water
ratio of the binder solution was 40/60. These specimens showed the maximum dielectric constant
(er = 2723.3) and an insulation resistance of 270 GQ). The relationships between the microstructural
characteristics and dissipation factor (tand) of the specimens were also investigated.

Keywords: BaTiO3-based ceramics; binder; MLCC; electrical properties

1. Introduction

The rapid progress in the development of novel electronic devices has increased the
demand for miniaturisation and the development of high-efficiency and highly functional
electronic components. With the electrification of automobiles, the research to improve
the performance of passive components, such as capacitors, inductors, and resistors, has
skyrocketed. Among the various passive devices investigated to date, multilayer ceramic
capacitors have been extensively investigated owing to their high energy capacity per unit
size, thermal stability, and high reliability [1-4].

BaTiO3 ceramics are representative ferroelectric dielectrics with a perovskite structure
and are used as the base material for capacitors. BaTiO3; ceramics show several crystal
structural phases depending on the displacement of ions constituting the unit lattice of
the crystal structure. The most important structural characteristic of BaTiO3 ceramics for
capacitor applications is the tetragonality (c/a) of their lattice parameters. To improve the
dielectric properties of BaTiO3 ceramics, various dopant additives that can increase the
dielectric constant (K) of these ceramics are investigated. This is because such dopants can
increase the tetragonality and octahedral volume of the unit cell [5,6].

To realise the application of BaTiO3-based ceramics for high-performance ceramic
capacitors, it is important not only to improve their tetragonality, but also to control
their microstructural uniformity. This is because the microstructural heterogeneity of the
capacitor material reduces the reliability and capacitance of the entire electronic device.

In this study, BaTiO3 ceramics with 0.02 mol of (Bag 5Cag 5)SiO3 were used as the base
dielectric material. The addition of 2mol% (Bag 5Ca 5)SiO3 controlled the highly densified
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microstructure of the specimens in the sintering step and improved the insulation resistance
of the sintered specimens [7]. To investigate the substitutional effect of Dy>* ions on the
dielectric properties of the BaTiO3-based ceramics, the Dy,O3 content of the specimens
was varied from 0.0 to 0.3 wt.% to eliminate the effect of Dy;Oj3 as the secondary phase on
the microstructural characteristics of the ceramics [8,9].

The electrical properties of sintered BaTiO3-based ceramics are affected predominantly
by their microstructural characteristics. Various organic additives are investigated to con-
trol the particle dispersion and/or uniform grain growth of BaTiO3-based ceramics [10-12].
Among the various organic additives investigated to date, the polyvinyl alcohol (PVA)
binder effectively suppresses the separation of powder due to the difference in the par-
ticle sizes and densities of the raw materials for BaTiO3; and the oxide additives [13,14].
Although water is used as the solvent to disperse the PVA additive in ceramic powders,
microstructural heterogeneities, such as pores, are observed in the specimens owing to
the high surface tension of water. This deteriorates the dielectric properties of the speci-
mens [15]. A mixed solution of water and ethyl alcohol as a hydrophilic solvent not only
improves the dispersion of PVA, but also dissolves PVA [16] in ceramic powders, thus
improving their microstructural homogeneity and electrical properties by controlling the
characteristics of the binder solution.

In this study, to effectively control the electrical properties of 0.98BaTiO3-0.02(Bag5Cag 5)SiO3
ceramics by achieving microstructural homogeneity, the composition of the PVA binder
solvent containing ethyl alcohol and water was optimised.

2. Materials and Methods
2.1. Binder Solution Preparation

The solvent composition of the binder solution was optimised to improve the viscosity
of the ceramic powder, increase the adhesion with binder solution, and improve the
electrical properties of the ceramics. According to Khattab et al. [16], the viscosity of a
mixture of 60 vol.% water and 40 vol.% ethyl alcohol is the highest at room temperature.
In addition, to investigate the effect of the viscosity of the binder solvent on the electrical
properties of 0.98BaTiO3-0.02(Bag 5Cag 5)SiOs, solvent compositions (2)—(5) in Table 1 were
selected. Additional 10 wt.% of the solvent was added to the binder solution containing
the raw material and solvent to improve the solubility of PVA-111 (99.9%, Sigma Aldrich,
St. Louis, MO, USA) in the solution [17].

Table 1. Viscosity and surface tension values of the water-ethyl alcohol solutions with different compositions.

Compositions Chemical Formula Density (g/cm®) Viscosity (Pa-s) Surface Tension (N/m)
PVA-111 (R-CH404P)n(99.9%) - - -

1) Water 100% H,0 (99.9%) 0.9971 0.8914 71.97
Water 80 vol.%

@ + ethyl alcohol 20 vol.% ) 0.9548 2.1009 3217
Water 60 vol.%

©) + ethyl alcohol 40 vol.% ) 09125 2.2208 29.63
Water 40 vol.%

@ + ethyl alcohol 60 vol.% ) 08702 19780 25.78
Water 20 vol.%

®) + ethyl alcohol 80 vol.% ) 0.8279 1.6345 24.10

(6) Ethyl alcohol 100% C,H50H (99.9%) 0.7858 1.0740 22.27

The binder solution was prepared by adding 10 wt.% of PVA-111 to a mixture of
distilled water and ethyl alcohol (99.9%, Samchun, Seoul, Republic of Korea) (water vol-
ume/ethyl alcohol volume = 4.00, 1.50, 0.67, 0.25). The compositions of the different binder
solutions prepared in this study are listed in Table 2. The binder solution was homogenised
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using a non-contact sonicator (SH-2300D, Saehan, Seoul, Republic of Korea) at 40 kHz and

65°Cfor1h.

Table 2. Compositions of the binder solutions.

Type of Binder Binder Solution Composition ‘gta}:;{ X?::}I:) ell anlg;?iin
Binder A Water 80 vol.% + Ethanol 20 vol.% with 10 wt.% of PVA-111 4.00
Binder B Water 60 vol.% + Ethanol 40 vol.% with 10 wt.% of PVA-111 1.50 (Szgiﬁgor)
z
Binder C Water 40 vol.% + Ethanol 60 vol.% with 10 wt.% of PVA-111 0.67 65°C1h
Binder D Water 20 vol.% + Ethanol 80 vol.% with 10 wt.% of PVA-111 0.25

2.2. Preparation of Sample

High-purity BaTiO3 (170nm, 99.9%, Fuji Titanium Industry, Osaka, Japan), (Bag5Cag5)SiO3
glass frit powder (99.9%, NYG Co.,Ltd, Amagasaki, Japan) and Dy,03 (99.9%, Solvey,
Brussels, Belgium) powders were used as the starting materials for preparing the ceramics.
The powders were weighed according to the composition of BaTiO3 and Dy,0O3 (x wt.%, 0.0
< x <0.3) in the ceramics. The mixed powders were ball-milled using yttrium-stabilised
zirconia balls for 24 h in ethyl alcohol and dried. Subsequently, the dried powders were
mixed with the 1 wt.% PVA binder solutions (binders A, B, C, and D in Table 2) and pressed
isostatically into 15 mm-diameter disks at 1500 kg/cm?. The pressed disks were sintered
at 1260 and 1320 °C for 1 h in a reducing atmosphere (95% N» and 5% H;) with flow rate
(0.5L/min).

2.3. Evaluation of Physical and Electrical Properties

The apparent densities of the specimens were determined using the Archimedes
method, and their theoretical densities were calculated from their XRD patterns. The rela-
tive densities of the specimens were calculated from their apparent and theoretical densities.
The crystalline phases of the specimens were analysed using XRD (D/max-2500V /PC,
Rigaku, Tokyo, Japan) over the 20 range of 20-70°. Rietveld refinement measurements
were performed on the XRD data method using Fullprof software (WinPLOTR) and the
structural characteristics, such as the lattice parameters, atomic positions, and tetragonality,
of the sintered specimens were analysed. SEM (SU-70/Horiba, Hitachi, Japan) was used to
observe the microstructures of the specimens. Silver electrodes were attached to both the
surfaces of the specimens by firing them at 520 °C for 10 min. The dielectric constants (K) of
the specimens were calculated from their measured capacitances (nF) using an LCR meter
(E4980A, Agilent, Santa Clara, CA, USA) at 1 kHz. The IR of the specimens was measured
at 25°C using an insulation resistance meter (AT683, Applent Ins. Ltd., Chanzhou, China)
at 500 V for 60 s.

3. Results and Discussion

3.1. Physical and Electrical Properties of the 0.98BaTiO3-0.02(Bay 5Cay 5)SiO3 Ceramics Doped
with Dy,03

3.1.1. Physical Properties

The X-ray diffraction (XRD) patterns of the Dy,O3-doped 0.98BaTiO3-0.02(Bag 5Ca5)SiO3
ceramics sintered at 1260 and 1320 °C for 1 h are shown in Figure 1. A single phase of
BaTiO3 with the perovskite structure was observed for the ceramics sintered at 1320 °C
for 1 h, irrespective of Dy,O3 content. According to Roy et al., 2mol% of (Bag5Cag5)SiO3
is sufficient to be dissolved in the BaTiOj lattice [18]. Therefore, (Bag 5Cag 5)SiO3 was not
detected for the entire range of compositions. On the other hand, the specimens doped
with more than 0.2 wt.% Dy,0O3 and sintered at 1260 °C for 1 h showed a Dy,O3 secondary
phase. This is because Dy>* ions dissolve in the BaTiOj structure at temperatures higher
than 1300 °C [19].
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Figure 1. X-ray diffraction (XRD) patterns of the 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 ceramics doped with x wt.% Dy,0O3 (0.0 <
x < 0.3) and (a) sintered at 1260 °C for 1 h and (b) 1320 °C for 1 h.

Table 3 shows the relative densities of the sintered specimens with various Dy,0O3
contents. The relative density of the sintered specimens increased with an increase in
the Dy,O3 content because of the increase in the amount of Dy2+ ions dissolved in the
BaTiOs3 structure. The relative density of the specimens sintered at 1260 °C for 1 h was
88.84-89.49%, while that of the specimens sintered at 1320 °C for 1 h was higher than 90%.
Moreover, it is reported that if microstructural defects and/or pores are considered as
the secondary phase, the dielectric behaviour of a ceramic can be well represented by the
“Maxwell relationship” [20] for relative densities higher than 90% and represents a low
dielectric constant according to the “Niesel equation” modified for the relative density [21].

Table 3. Relative densities of the 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 ceramics with different Dy,0O3 additive contents without
binder solution and sintering temperatures.

Sintering Density Theoretical

Composition Condition (g/cm®) Density (g/cm®) Relative Density

1260 °C 1h 5.3418 88.84%

0.02(Ba0,5Ca0_5)SiO3-0.9SBaTiO3 6.0127
1320°C1h 5.4324 90.35%
0.02(Bag 5Cag 5)5i03-0.98BaTiO; 1260 °C1h 5.3612 60133 89.16%
with 0.1wt.%Dy,03 1320°C1h 5.4853 ' 91.22%
0.02(Bag 5Cag 5)5i03-0.98BaTiO; 1260°C1h 5.3739 60139 89.36%
with 0.2wt.%Dy;03 1320°C1h 5.4421 ' 90.49%
0.02(Bag 5Cag 5)5i03-0.98BaTiO5 1260°C1h 5.3820 60144 89.49%
with 0.3wt.%Dy; O3 1320°C1h 5.4415 ' 90.47%

3.1.2. Electrical Properties

The dielectric constants and dissipation factors (tand) of the Dy,O3—doped (0.0 < x
< 0.3) and sintered 0.98BaTiO3-0.02(Bag 5Ca 5)SiO3 ceramics are shown in Figure 2. With
an increase in the Dy,O3 content, the dielectric constant of the specimens increased, and
the sintered specimens doped with 0.1 wt.% Dy;O3 showed the highest dielectric constant
K of 1878.5, which decreased with a further addition of Dy,0O3, as indicated by Figure 2.
Dy>* incorporation into Ti**-site of BaTiO3 and the formation of oxygen vacancies can be
expected by Equation (1).

2BaO + Dy,03 — 2Bag, + 2Dy} +500 + Vo )
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Figure 2. Dielectric constant and dissipation factor (tand) of the 0.98BaTiO3-0.02(Bag5Cag5)SiO3
ceramics doped with x wt.% of Dy,03 (0.0 < x < 0.3) without binder solution and sintered at 1320 °C
for 1 h.

These oxygen vacancies compensate for the charge reduction and reduce the dielectric
loss by reducing the low electric field loss, which is the dielectric loss due to the 90° domain
shift.

Therefore, the sintered specimens with 0.1 wt.% Dy,03 showed the lowest dissipation
factor (tand) of 0.605, which then increased because of the changes in the microstructural
characteristics of the specimens, as indicated by Figure 3.

(b) (o) (d)

Figure 3. Scanning electron microscopy (SEM) images of the Dy,O3—-doped 0.98BaTiO3 -0.02(Bag 5Cag5)SiO3 ceramics
sintered at 1320 °C for 1 h. (bar: 100 nm): (a) 0.0, (b) 0.1, (c) 0.2, (d) 0.3 wt.% Dy,O3.

The scanning electron microscopy (SEM) images of polished surface of the x wt.%
Dy,0O3-doped 0.98BaTiO3-0.02(Bag 5Cag5)SiO3 ceramics (0.0 < x < 0.3) sintered at 1320 °C
for 1 h are shown in Figure 3. Because the relative density of the specimens was higher
than 90% for all the solvent compositions, dense and uniform grains were observed,
and the grain size did not change significantly with the Dy,0O3 content. However, with
an increase in the Dy,O3 content, the number of microstructural defects, such as pores,
increased, and finally, a decrease in the capacitance and an increase in the dissipation
factor (tand) were observed owing to the decrease in the microstructural homogeneity
of the sintered specimens doped with more than 0.1 wt.% Dy;O3. These results are
consistent with the increase in the number of oxygen vacancies with an increase in the
substitutional Dy3+ dopant ion concentration in BaTiO3 [22,23]. Therefore, the Dy,0O3-
doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 ceramics sintered at 1320 °C for 1 h were further
examined to investigate the effect of the microstructural characteristics of BaTiO3-based
ceramics on their electrical properties.
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3.2. The Effect of the PVA Binder Solvent Composition on the Physical and Electrical Properties of
the Ceramics

To effectively control the microstructural homogeneity and electrical properties of the
0.1 wt.% Dy,O3-doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 specimens sintered at 1320 °C for
1 h, the effect of the PVA binder solvent composition on the microstructure and electrical
properties of the sintered specimens was investigated.

3.2.1. Physical Properties

Figure 4 shows the XRD patterns of the 0.1 wt.% of Dy,O3-doped 0.98BaTiO3-
0.02(Bag 5Ca5)SiO3 specimens sintered at 1320 °C for 1 h with different binders. The
specimens showed the BaTiOj; single phase with the perovskite structure, irrespective of
the binder composition. Rietveld refinement was performed for the specimens sintered
at 1320 °C for 1 h with different binder solutions to investigate the effect of the crys-
talline structural characteristics of the specimens on their electrical properties, as shown
in Figure 5. The dotted lines represent the intensity of the XRD peaks, while the solid
lines represent the calculated intensity. The bottom line denotes the difference between the
observed and calculated values, and the refined plot showed high reliability. The crystalline
structural parameters determined from the Rietveld refinement measurements are listed in
Table 4. The goodness of fit value was within the range of 1.2-1.3, while the Bragg R-factor
value ranged from 2.41 to 2.83 for all the binder compositions. These values confirm the
formation of the tetragonal perovskite structure with the PAmm space group. No change
was observed in the crystal structural parameters, such as the lattice parameter (a, b, c),
unit cell volume and tetragonality, with the variation in the binder solution, as shown in
Table 4.

. v BaTiO;
No binder H .
~ v M v .
= [LA - ) 4 A bt
5 Binder A }
- A\ ’ A ,“ N
e Binder B ) n » 7 B ‘ »
inder
< I \ A A
N - - | . A — —
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‘% ) \ A 1 .
g _ ﬁ‘\ M \ A
- BinderD |
L) -\ J\ -\ A \ -\
" 1 " 1 " 1 i 1
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20 (Degree)

Figure 4. XRD patterns of the 0.1 wt.% Dy,03-doped 0.98BaTiO3-0.02(Bag5Cag5)SiO3 ceramics
sintered at 1320 °C for 1 h with different binders.

Intensity (Arb. units)
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Figure 5. Rietveld refinement patterns of the 0.1 wt.% Dy,O3-doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 specimens sintered at
1320 °C for 1 h with various types of binders: (a) binder A, (b) binder B, (c) binder C, and (d) binder D.
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Table 4. Refined structural parameters of the 0.1 wt.% Dy,0O3-doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 specimens sintered at
1320 °C for 1 h with different binders.

Composition aand b (&) c(A) Unit Cf‘gl:;\)/olume Tetra(f;)ar)lality Gooc};;:ss of Rl_%;:ft% )
No binder 3.9946 4.0115 64.0108 1.00423071 1.2 241
Binder A added specimen 3.9946 4.0116 64.0124 1.00425575 1.2 2.58
Binder B added specimen 3.9948 4.0116 64.0188 1.00420547 1.2 2.83
Binder C added specimen 3.9948 4.0116 64.0188 1.00420547 1.2 2.62
Binder D added specimen 3.9949 4.0117 64.0236 1.00420536 1.2 2.62

As can be observed from Table 5, the specimens showed a relative density of more
than 92% for all the binder compositions. A uniform and homogeneous microstructure was
observed, and the grain size did not change significantly with the variation in the binder
type. However, for the specimens prepared using binders C and D, pores were observed
at the grain boundaries. These results can be attributed to the decrease in the viscosity
and solubility of PVA-111 in the binder solution at high ethyl alcohol volume fractions, as
shown in Table 1.

Table 5. Relative densities of the 0.1 wt.% Dy,O3-doped 0.98BaTiO3-0.02(Bag 5Cag 5) SiO3 specimens with different binders.

Composition Cs;?lt;f:::)i 1(?(;?;1%, D;l;‘ie:);itgilcci?’) Relative Density
No binder 5.4853 6.0133 91.22%
Binder A added specimens 5.5514 6.0123 92.33%
Binder B added specimens 1320°C1h 5.5836 6.0128 92.86%
Binder C added specimens 5.5421 6.0127 92.17%
Binder D added specimens 5.5415 6.0137 92.15%

3.2.2. Electrical properties

Figure 6 shows the relationship between the relative density and dielectric constant
(K) of the 0.1 wt.% Dy,O3—doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 specimens sintered at
1320 °C for 1 h with different binder solutions. It is well-known that the dielectric properties
of barium titanate ceramics are affected by their microstructural characteristics [24-26]. The
dielectric constant (K) of the specimens first increased with an increase in the ethyl alcohol
fraction of the binder solution up to 40 vol.% (binder B) and then decreased. This can be
attributed to the decrease in the viscosity and surface tension of the binder solvent with an
increase in the ethyl alcohol volume fraction, which in turn, resulted in the generation of
pores in the microstructure (Figure 7) and a decrease in the relative density of the specimens
(Table 5) [25].

=@ Relative density

—a— Diclectric constant
93.00 2900

2700
92.50
2500

92.00 2300

2100

Relative density (9/,)

91.50

(3]) ueisuod dSLppPIg

1900

91.00 1700
No binder Binder A Binder B Binder ( Binder D

Figure 6. Relative densities and dielectric constants of the 0.1 wt.% Dy,0O3-doped 0.98BaTiO3-
0.02(Bag 5Cap5)SiO3 specimens sintered at 1320 °C for 1 h with different binders.
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(a)

(b) (c) (d)

Figure 7. SEM images of the 0.1 wt.% Dy,03-doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 specimens sintered at 1320 °C for 1 h
with various types of binders: (a) binder A, (b) binder B, (c) binder C, and (d) binder D (bar: 100 nm).

The dependence of the insulation resistance (IR) of the 0.1 wt.% Dy,Os-doped 0.98BaTiOs-
0.02(Bag 5Caq5)SiO3 specimens sintered at 1320 °C for 1 h on their relative density is shown
in Figure 8. As the microstructure of the sintered specimens could be controlled by varying
the solvent composition of the binder solution, the insulation resistance of the specimens
prepared using binder B increased to 270 GQ) (500 V, 60 s), while the dissipation factor (tand)
decreased to 0.585. The IR and dissipation factor (tand) of the specimens were affected
not only by the microstructural homogeneity, but also by their uniform grain size, which
resulted from the uniform sintering reaction with the optimal composition of the binder
solvent (binder B).

== Insulation resistance
== Dissipation factor
A+ Relative density

P

O 70 90 9
= Z
- —
g 2% =
- -
Z 0 g
=m0 L 70 .;:
z S
= S
=] 190 ‘;
= 60

Py =
= 170 s
7 -
=

=

2
2

No binder Binder A Binder B Binder C Binder D

Figure 8. Insulation resistances, dissipation factors (tand), and relative densities of the 0.1 wt.%

Dy, 0O3-doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 specimens sintered at 1320 °C for 1 h with different
binders.

4. Conclusions

The effect of the solvent composition of the PVA binder on the microstructure and
electrical properties of the Dy,O3-doped 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 ceramics (0.0 < x
wt.% < 0.3) was investigated by varying the volume ratio of ethyl alcohol to distilled water
in the PVA binder solvent. When no binder solution was used, the specimens sintered
at 1320 °C for 1 h in a reducing atmosphere (95% Ny, 5% H;) showed a BaTiOs single
phase with the perovskite structure, irrespective of the Dy,O3 content (x wt.%) (0.0 < x
< 0.3). The highest dielectric constant (K = 1878.5) and improved dissipation factor (tand
= 0.60) were obtained for the 0.98BaTiO3-0.02(Bag 5Cag 5)SiO3 specimens doped with 0.1
wt.% Dy,Os.

When the sintering was carried out at 1320 °C for 1 h, the 0.1 wt.% Dy,0O3-doped
0.98BaTiO3-0.02(Bag 5Cay 5)SiO3 specimens prepared using the PVA binder solution (ethyl
alcohol/water = 40/60 v/0) showed higher dielectric constant (K = 2723.3) than the
specimens prepared by the conventional solid-state reaction without a binder solution
(K =1878.5). This is because the PVA binder solution improved the microstructural uni-
formity of the specimens by improving the reactivity of the ceramic powder at the grain
boundaries. In addition, the IR of the specimens increased from 223.5 to 270.0 G() and the
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dissipation factor (tand) decreased from 0.6 to 0.585 when the optimal PVA binder solution
composition (ethyl alcohol /water = 40/60 v/0) was used because of the improved relative
density and microstructural uniformity of the sintered specimens.
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