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This study systematically analyzed the effects of sintering temperature and compressive stress on the ionic conductivity
of B'"-alumina pellets. The pellets were prepared at three sintering temperatures: 1500 °C, 1550 °C, and 1600 °C, with
some undergoing a separate pre-sintering compression process to induce initial densification. The pellets subjected to the
pre-sintering compression process were sintered under 4 MPa pressure, and their ionic conductivity was measured under
compressive stresses of 6 N, 8 N, and 10 N after sintering. In contrast, the pellets without the pre-sintering compression
process were analyzed under a 10 MPa sintering condition and compressive stresses of 0 N, 1 N, 2 N, and 4 N. At 1550 °C, the
pellets exhibited optimal ionic conductivity, reaching a maximum of 3.99766x10™ S/cm without the pre-sintering compression
process and 2.50621x10™° S/cm with it. At 1500 °C, the conductivity was low due to the small grain size, while at 1600 °C, it
decreased due to insufficient densification. Compressive stress further enhanced conductivity, with the highest performance
observed at stress levels of 4 N and 10 N. These results highlight the importance of optimizing the manufacturing process
for p'-alumina and suggest its potential for application in all-solid-state batteries.
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Introduction to lithium. Particularly in large-scale energy storage
systems like ESS, where stable and cost-effective
Secondary batteries have become a core technology storage technologies are more critical than high energy
for energy storage and utilization in modern society density, sodium-based batteries can provide sufficient
due to their high energy efficiency and minimal design performance.
constraints. They are essential in various fields, including However, when using organic liquid electrolytes, safety
IT devices, energy storage systems (ESS), and electric issues arise due to the continuous degradation of the solid
vehicles (EVs), serving as a foundational technology electrolyte interface (SEI) layer [3]. Similar to lithium-
that supports the shift to a low-carbon society and ion batteries, sodium-ion batteries are not entirely free
sustainable energy transition. In particular, the role of from the risks of fire and explosion. To overcome these
ESS in complementing the intermittency of renewable challenges, solid-state batteries are gaining traction as a
energy and ensuring stable power supply is becoming viable solution, with the development of solid electrolytes
increasingly significant, driving the demand for high- being a key technology for their advancement [4].
performance secondary battery technologies. Solid electrolytes used in solid-state batteries are
Currently, the secondary battery market is dominated primarily classified into oxide-based, polymer-based, and
by lithium-ion batteries; however, issues such as sulfide-based categories, each with its own strengths and
resource depletion and high costs associated with weaknesses. Polymer-based electrolytes suffer from low
their high integration are emerging. To address these thermal stability due to severe flammability, limiting their
challenges, extensive research is being conducted into application. Sulfide-based electrolytes readily interact
new secondary battery technologies that can serve as with moisture in the air, producing H and emitting H>S
alternatives to lithium [1, 2]. Among these, sodium- gas, a highly toxic substance that raises major safety
based secondary batteries have gained attention as an issues [5, 6]. In contrast, oxide-based electrolytes offer
economical and stable alternative, owing to the cost- high ionic conductivity and superior stability, making
effectiveness and extensive reserves of sodium relative them a focal point as next-generation solid electrolyte
materials for solid-state batteries [7, 8, 9].
*Corresponding author: Among oxide-based electrolytes, beta-alumina has
Tel : +82-33-250-6265 . . . .
E-mail: iminho@sau.ac.kr, shlee@kangwon.ac.kr garnered attention as a representative sodium-ion
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ionic conductivity, high chemical and thermal stability,
and excellent electrochemical stability compared to other
materials. Its structure comprises conduction planes and
spinel blocks, which support its high performance. The
conduction planes, composed of loose-packed layers,
allow sodium ions to move freely, providing excellent
ionic conductivity. The spinel blocks consist of densely
packed slabs, where aluminum ions occupy octahedral
and tetrahedral interstices between four oxygen ion
layers [10]. Based on its stable structure and exceptional
durability, beta-alumina is recognized as a key material
suitable for solid-state batteries.

This study aims to optimize the manufacturing
process of beta-alumina pellets and analyze their ionic
conductivity characteristics under varying sintering
temperatures and compressive stress conditions. These
findings are expected to explore the practical feasibility
of beta-alumina-based solid-state batteries and contribute
to accelerating the commercialization of sodium-based
solid-state batteries in the future.

Experimental

In this study, 0.5 g of B"-alumina powder was used
to form samples by applying uniaxial pressure in a
14®-shaped mold, followed by sintering. The sintering
process was conducted at temperatures ranging from
1500 °C to 1600°C in 50 °C intervals, with a heating rate
of 5 °C/min, and held for 10 h at each temperature. The
experimental conditions were divided into two categories
based on the pre-sintering compression process.

In Condition 1, the samples were subjected to
uniaxial pressure of 10 MPa before sintering, followed
by polishing to a thickness of 1 mm and Au sputtering
after sintering. The ionic conductivity was then measured
under external compressive stresses of 0 N, 1 N, 2
N, and 4 N. In Condition 2, a separate pre-sintering
compression process was applied, where the samples
were subjected to uniaxial pressure of 4 MPa, followed
by 60 MPa of isostatic pressure for 1 minute. After
sintering, the samples were polished to a thickness of 1
mm, sputtered with Au, and the ionic conductivity was
measured under external compressive stresses of 6 N,
8 N, and 10 N. An impedance analyzer was utilized to
measure the ionic conductivity of the prepared samples,
and the correlation between applied pressure and ionic
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conductivity was evaluated.

Impedance measurements were performed in the
frequency range of 7 MHz to 100 mHz. The measurements
were conducted at room temperature. After the
impedance measurements, the ionic conductivity values
were calculated by observing the Nyquist plot (Fig. 1).

Result and Discussion

To determine the optimal conditions, thermal analysis
(DSC/TGA) was conducted. As shown in Fig. 2, no
significant weight loss was observed above 500 °C,
indicating thermal stability of the material within this
range. Although the analysis was limited to 800 °C,
it provides useful insight into the absence of low-
temperature phase transitions prior to sintering. This
supports the selection of 1500-1600 °C as the sintering
range, as no precursor decomposition or intermediate
phase changes were detected below 800 °C. For high-
temperature phase evolution, structural analysis such as
XRD was employed to complement the thermal analysis.

The sintering temperature was identified as a key
factor significantly influencing the bulk resistance and
ionic conductivity of B"-alumina pellets. For the pellet
sintered at 1500 °C, the ionic conductivity was measured
to be 2.24687x10° S/cm. This is attributed to the grain
boundaries acting as physical barriers in the ion transport
process, thereby limiting ionic conductivity. In particular,
grain boundaries, which are structurally defective
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Fig. 2. TGA/DSC curves of B"-alumina.

Fig. 1. Equivalent circuit for the EIS of a cell and Schematic of the symmetric cell.
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and inherently imperfect, exhibit significantly higher
resistance at lower temperatures due to the pronounced
effect of these defects. This phenomenon suggests that
insufficient sintering reactions occur at low sintering
temperatures, leading to a substantial increase in contact
resistance between particles. Such an analysis aligns with
previous research findings and underscores the critical
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importance of sintering temperature in determining
the microstructure and electrochemical properties of
materials [11]. At low sintering temperatures, inadequate
bonding between particles hinders the proper formation
of the microstructure, thereby obstructing ion transport

pathways and significantly reducing conduction
performance (Fig. 3).
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Fig. 3. Nyquist plots of B"-alumina pellets sintered at (a) 1500 °C, (b) 1550 °C, (c) 1600 °C, measured under compressive forces

of ON, I N, 2N, 4 N.
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Fig. 3. Continued.

In contrast, the pellet sintered at 1550 °C exhibited
a substantial reduction in bulk resistance, and its ionic
conductivity improved markedly to 3.99766x10° S/
cm. This result indicates that an appropriate sintering
temperature significantly improves the pellet's micro-
structure and facilitates densification, enabling the
formation of efficient ion transport pathways. Under
optimal sintering conditions, the bonding strength
between particles increases, contact resistance decreases
significantly, and obstacles that hinder ionic conductivity
are removed. At this temperature, the pellet demonstrates
a uniform structural characteristic, which effectively
ensures smoother ion transport pathways [11] (Fig. 3).

On the other hand, the pellet sintered at 1600 °C
showed an ionic conductivity of 2.09595%10¢ S/cm,
which is the lowest among all samples. This trend is
interpreted as a result of insufficient densification at high
sintering temperatures. At 1600 °C, the pores were not
completely eliminated, leading to a lower relative density,
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Fig. 4. SEM Images of f-Alumina Sintered at Different Temperatures: (a) 1500 °C, (b) 1550 °C, (c) 1600 °C.
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which in turn disrupted the ionic conduction pathways
and reduced conductivity. These results indicate that
excessive sintering temperatures can negatively affect the
densification of the electrolyte [12] (Fig. 3, 4, Tablel).

When compressive stresses of 0 N, 1 N, 2 N, and
4 N were applied, the ionic conductivity of B"-alumina

Table 1. Relative density depends on the sintering method
and temperature.

Sintering Temperature Relative density
method (°C) (%)

CIP X 1500 87.3

CIP X 1550 85

CIP X 1600 79

CIP O 1500 88

CIP O 1550 91

CIP O 1600 84

1600°C
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pellets showed a distinct improvement with increasing
stress. Notably, the ionic conductivity measured at 0 N
was the lowest under all sintering conditions, indicating
that the high interparticle contact resistance and pores
within the pellet limited the ion migration pathways. In
the absence of compressive stress, the weak bonding
between particles indicates that ion transport does not
occur efficiently. For compressive stresses above 1
N, the ionic conductivity gradually increased. This
phenomenon is likely due to the improved interparticle
contact as compressive stress was applied. Particularly,
at 4 N of compressive stress, the bulk resistance was
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minimized, and the ionic conductivity reached its highest
value (Fig. 3).

In the case of pellets sintered at 1550 °C, those
subjected to a separate pre-sintering compression process
demonstrated a gradual increase in ionic conductivity
with increasing external compressive stresses (6 N,
8 N, 10 N). The ionic conductivity was measured
at 1.75435x10° S/cm under 6 N and improved to
2.50621x10°° S/cm under 10 N [13] (Fig. 5).

These results suggest that compressive stress plays
a positive role in stabilizing the internal microstructure
and enhancing ion migration pathways. They align with
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Fig. 5. Nyquist plots of f"-alumina pellets sintered at (a) 1550 °C, (b) 1600 °C, measured under compressive forces of 6 N, 8 N, 10 N.
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Fig. 6. XRD patterns of B-Alumina pellets sintered at 1500 °C,
1550 °C, 1600 °C.

earlier research demonstrating the positive impact of
compressive stress on enhancing ionic conductivity in
solid electrolytes.

Conclusion

In this paper, the effects of sintering temperature
and compressive stress on the ionic conductivity of
B"-alumina pellets were systematically analyzed. The
results showed that sintering temperature significantly
impacts the microstructure and ionic conductivity, with
1550 °C identified as the optimal condition for achieving
high conductivity due to improved densification and
reduced porosity. Compressive stress played a crucial
role in reducing interparticle resistance and stabilizing
the microstructure, thereby enhancing ionic conductivity.
Higher compressive stress resulted in superior

performance. These findings underscore the importance
of optimizing sintering and compressive stress conditions
to maximize the ionic conductivity of B"-alumina pellets.
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