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Abstract

The cold sintering process (CSP) emerges as a promising technique for the
low-temperature fabrication of ceramics and composites, enabling high-density
formation under mild conditions. This study explores the application of CSP in two
parts: firstly, the fabrication of y-Glycine (y-GC) ceramic, and secondly, the
development of y-GC composite with ferroelectric materials (BaTiOs; BT). For the y-GC
ceramic, we investigated the influence of sintering temperature and duration on
microstructure and electrical properties. Higher sintering temperatures and longer
holding times promoted grain growth. Notably, the inclusion of transient solvent (DI
water) aided in achieving a compacted microstructure conforming to CSP mechanisms.
Incorporating bacterial cellulose (BC) as a filler enhanced the hardness of the y-GC
ceramic by 10%. A relative density of 97% was achieved at 120°C/24h, preserving the
y polymorph of glycine without undesired transformations. Ferroelectric analyses
revealed a remanent polarization of 0.004 uC/cm? and a coercive field of 1.201
kv/cm.

Subsequently, leveraging y-GC as a transient liquid phase, we fabricated high-
density composites with BT powder via CSP. A y-GC/BT composite with a density of
96.7% was attained at 120°C for 6 h under 10,000 kPa uniaxial pressure. SEM-EDS



mapping indicated complete precipitation-dissolution of y-GC within the CSP
mechanism, filling the interstices between BT particles. XRD and FTIR analyses
confirmed the absence of phase transformation in y-GC. Dielectric measurements
revealed a high dielectric constant (€,) of 3600 and low dielectric loss (tan 8) of 1.20
at 200°C, 100 kHz, for the composite. Hysteresis loop analysis displayed a remanent
polarization (P,) of 0.55 uC/cm? and a coercive field (E,) of 7.25 kV/cm. This research
underscores CSP's potential for low-temperature fabrication of y-GC ceramics and its
capability to utilize y-GC as a transient liquid phase for crafting high-performance

composites at reduced temperatures.
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CHAPTER 1

Introduction

1.1 Research Motivation

Piezoelectric materials have a non-centrosymmetric crystal structure that can
generate displacement between anions and cations, thus producing surface charge
when exposed to dimension change caused by mechanical stress. This change, known
as the piezoelectric effect, was discovered in 1880 by Jacques and Pierre Curie [1].
When piezoelectric materials, such as quartz, tourmaline, and Rochelle salt, are
mechanically stressed, they polarize along the stress direction. Likewise, under the
action of an external electric field, piezoelectric materials can produce a geometric
deformation proportional to the external electric field. The discovery of
piezoelectricity was significantly applied to electronic devices such as piezoelectric

ultrasonic transducers during World War | [2].

In general, most piezoelectric materials used in electronic devices are synthesis
piezoelectric materials such as lead titanate (PbTiO;) [3], lead lanthanum zirconate
titanate (PLZT) [4], and lead zirconate titanate (PZT) [5]. These exhibited very high
dielectric and piezoelectric properties. However, these materials contain lead, and
toxic lead is further enhanced due to its volatilization at higher temperatures,
particularly during calcination or sintering, thus affecting the environment and the
human body [6]. Consequently, the European Union implemented the Restriction of
Hazardous Substances Legislation (RoHs), and there has been a push to develop lead-

free piezoelectric materials [7].

Among the lead-free piezoelectric ceramics, three main groups of lead-free
perovskite ferroelectric oxides have henceforth been considered environment-friendly
alternatives. Mainly include potassium sodium niobate [(K, Na)NbOs; KNN] based-,
barium titanate (BaTiOs, BT) based-, bismuth titanate [Bi;;Na;,)TiOs; BNT] based-

ceramic systems material [8]. Barium Titanate (BT) is a widely used material in



transducers due to its high dielectric constant, good thermal stability, low dielectric
loss, and stable electric properties. Perovskite-type BT-based Multilayer Ceramic
Capacitors (MLCC) are particularly useful. However, conventional MLCCs require the
use of noble metals such as platinum (Pt) or palladium (Pd) as internal electrodes, and
they must be fired in the air at temperatures of 1300 °C or higher. It is important to
control the sintering temperature precisely during MLCC fabrication to prevent metal
diffusion into the dielectric layer, which may cause stress and cracks [9]. However, to
sinter BT-based ceramics, very high temperatures are required, leading to higsh energy

costs which can make the process economically unfeasible [10-13].

A new approach to sintering high-density ceramic materials has been
discovered. This innovative technique is called the cold sintering process (CSP) and
was developed by Randall et al [14] at the Pennsylvania State University. The CSP
method involves uniformly moistening ceramic powder with a specific transient
solution and then sintering it at low temperatures (below 300 °C) under pressure to
achieve the dissolution-precipitation phenomenon. Researchers have successfully
used CSP for water-soluble materials such as sodium chloride (NaCl). The NaCl particles
diffuse throughout the water film, filling voids and precipitating through the dissolution-
precipitation process inherent to CSP. This process can achieve high relative densities
exceeding 90% after 24 hours at room temperature and 75% relative humidity[15]. CSP
has also been effectively employed with various ferroelectric or piezoelectric
materials, including KH,PO,4, NaNO,, CeO,, and BT [16, 17]. CSP can deliver high relative
densities (>98%) of potassium dihydrogen phosphate (KH,PO,4) below 300 °C, with a
processing duration of around 1 h [15]. This finding highlights the potential of CSP as a
promising alternative for sintering at low temperatures. However, CSP cannot be
available in one step for all types of materials. Especially, materials with limited
solubility such as BT due to perovskite structure [18]. Heat treatment is required to

assist the CSP in removing the amorphous phase that forms into dense crystals.

In traditional sintering methods, it is usually difficult to produce uniform

microstructure dense ceramic/ceramic or ceramic/polymer composites. However, Cold



Sintering Process (CSP) can perform this task effectively. One of the important pre-
conditions for cold sintering is that at least one composite material must have the
ability to dissolve in a transient liquid phase. This is necessary for the dissolution-

precipitation process to occur according to the CSP mechanism.

NaCl is often used as a soluble additive to improve the density of Al,SiOs
ceramic. In a study by Ij. Induja and M.T. Sebastian [19], Al,SiOs/NaCl was subjected to
CSP at 120 °C under 200 MPa for 50 minutes, resulting in a density of 91.2%. This is
higher than the density of monolithic Al,SiOsceramic produced by traditional sintering
at 1525 °C, which is only 64.5%. It should be noted that NaCl acts as a new transient
liquid phase and does not form a new phase at grain boundaries. However, the addition

of NaCl does affect the dielectric property of AlSIOs.

A new transient liquid phase must not only be soluble in water but also should
not compromise the properties of the pre-existing material. Glycine (GC) has gained
significant attention as it is the simplest amino acid found in proteins. It can be
crystallized in three polymorphic phases (a, B, and y) under ambient conditions [20,
21]. y-GC and B-GC are known to have piezoelectric properties due to a non-
centrosymmetric polar structure [22]. Among all the phases, y-GC is the most stable
and polarization is about five times larger than that for B-GC [23]. However, it could
dissolve quickly in aqueous solution [24]. But for CSP, the glycine can be used as a

new liquid phase to fabricate composites between y-GC and BT through CSP.

This research employed the CSP method instead of the conventional sintering
process to produce high-density ceramic composites of y-GC and BT at lower
temperatures. y-GC, which acts as a new liquid phase, was used to accomplish the
dissolution-precipitation phenomenon based on the mechanics of CSP. The objectives
of the study can be categorized into two types: 1) To create high-density y-GC ceramics
using the CSP method, and 2) To produce y-GC/BT composites with varying ratios of y-
GC using CSP and investigate the relationship between y-GC content, morphology, grain
growth characteristics, and processing ability, which includes the electrical properties

of all samples.



1.2 Objective of the study

1.2.1. To investigate the transformation of a-GC to y-GC through the
recrystallization process.

1.2.2. To investigate the sintering parameter required to achieve a densely
packed y-GC ceramic via CSP.

1.2.3. To understand the mechanism involved in achieving a high-density
ceramic in CSP.

1.2.4. To investigate the cubic-tetragonal phase in BT through the thermal treatment
process.

1.2.5. To determine the optimal sintering parameter necessary to attain a
densely packed composite of y-GC/BT at varying y-GC ratios via CSP.

1.2.6. To investigate the crystal structure, morphology, and uniqueness of y-GC
ceramic and composite between y-GC and BT at different y-GC ratios.

1.2.7. To investigate the dielectric and ferroelectric properties of y-GC ceramic

and composite between y-GC and BT with varying y-GC ratios.

1.3 Scopes of the study

1.3.1. Study the preparation process of y-GC from a-GC solution by using sodium
chloride (NaCl) powder as an activator through a recrystallization process.

1.3.2. Fabricate high-density y-GC ceramics with varying sintering temperatures and
holding times via CSP.

1.3.3. Investigate the effect of treatment temperature on the transformation of BT
ceramics from cubic to tetragonal phase.

1.3.4. Fabricate high-density composites between y-GC and BT by adding y-GC at
different weight ratios (15%, 30%, 50%, and 90%) through the CSP process.

1.3.5. Study the correlation between the changing amount of y-GC and relative
density at various weight ratios (15%, 30%, 50%, and 90%) using CSP.

1.3.6. The properties of y-GC ceramic and its composites with BT were thoroughly
characterized using Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction

(XRD), Scanning Electron Microscopy (SEM), and X-ray Tomographic Microscopy (XTM).



1.3.7. Investigate the temperature and frequency-dependent dielectric properties
(dielectric constant and dielectric loss) of y-GC ceramic and composites formed
between y-GC and BT at weight ratios of 15%, 30%, 50%, and 90% y-GC.

1.3.8. Investigate the ferroelectric properties of y-GC ceramic and y-GC/BT
composites with varying weight ratios (15%, 30%, 50%, and 90%) by measuring their

polarization-electric field (P-E) hysteresis loops.

1.4 Benefits of the study

1.4.1. Understand the phase transition of a-GC to y-GC by using NaCl powder as an
activator through a recrystallization process.

1.4.2. Understand the important factors (sintering temperatures and holding times) of the
CSP to achieve a densely packed y-GC ceramic.

1.4.3. Understand the mechanism for CSP related to the densification process,
sliding and rearrangement of particles, dissolution-precipitation process, and crystal
growth.

1.4.4. Understand the relationship between varying sintering temperature and holding
time on the microstructure and relative density of y-GC ceramic via CSP.

1.4.5. Understand the relationship between the microstructure of y-GC ceramic at
varying sintering times and temperature to dielectric property and ferroelectric property.

1.4.6. Knowing the optimum sintering conditions to fabricate a high-density y-GC
ceramic via CSP.

1.4.7. Understand the relationship between the microstructure of y-GC ceramic
under varying sintering conditions on their dielectric and ferroelectric properties.

1.4.8. Understand the cubic tetragonal phase transition of BT ceramic under
thermal treatment process.

1.4.9. Understand the microstructure of composites between y-GC and BT
composites through CSP that changes upon the varying amounts of y-GC.

1.4.10. Understand the relationship between the changing amount of y-GC on the relative

density of composites between y-GC and BT composites via CSP.



1.4.11. Knowing the appropriate amount of y-GC for fabricating high-density composites
between y-GC and BT.
1.4.12. Understand the relationship between the changing amount of y-GC on dielectric

property and ferroelectric property of composites between y-GC and BT.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

Piezoelectric materials were applied in various applications, such as sensors
for gas igniters, accelerometers, microphones, and actuator devices, including liquid
inkjet printers. Generally, the piezoelectric materials applied in various applications
are synthetic materials containing many leads. However, it is toxic-enhanced due to
its volatilization at higher temperatures particularly during calcination or sintering,
thus affecting the environment and the human body. Thus, this chapter will mention
lead-free piezoelectric material, sintering at low temperatures, and preparing

composite base lead-free piezoelectric at low temperatures.
2.1 History of Piezoelectricity

Piezoelectricity is an effect related to the change in electric potential created
when a piezoelectric substance is deformed. This was first observed by Carl Linnaeus
and Franz Aepinus in the mid-1800s, but it was not truly understood until it was
demonstrated by two French physicists, Jacques and Pierre Curie, in 1880. They
discovered an unusual characteristic of certain crystalline minerals such as tourmaline,
quartz, topaz, cane sugar, and Rochelle salt. It was found that tension and compression
generated voltages of opposite polarity proportional to the applied load. This
phenomenon is called the piezoelectric effect [25]. The at-first-discovered direct
piezoelectric effect is shown schematically in Figure 2.1a, b. This direct effect is used
in sensor applications such as gas igniters, and accelerometers. The word
piezoelectricity comes from Greek and means electricity resulting from pressure.
Lippman predicted the existence of the converse effect based on fundamental
thermodynamic principles [26], saying that a crystal will deform when an electric
voltage is applied to certain opposite faces of the crystal. Before the end of 1881, the
brothers Curies confirmed experimentally the existence of the converse effect. They
show that if one of the voltages generating crystal was exposed to an electric field, it

lengthened or shortened according to the polarity of the field and in proportion to its



strength, as shown in Figure 2.2a, b. This converse effect is applied in actuator devices

including liquid inkjet printers, camera shutters, etc.

Figure 2.1 shows the direct piezoelectric effect at a) applied compressive stress, and

b) applied tension modified from [27].

Figure 2.2 shows the converse piezoelectric effect at a) and b) are applied electric

field modified from [27].

Piezoelectricity is the coupling between electrical and mechanical
displacements in a material. The direct and converse piezoelectric effect can be

described by basic Equations 2.1 and 2.2 respectively [28].



Direct piezoelectric effect:
D=d,T+¢E (2.1)

Where D is dielectric displacement (C/m?), T is the mechanical stress (N/m?), &" is the
permittivity at constant stress, E is the electric field (V/m) and d; is piezoelectric

charge coefficients direct piezoelectric effect.

Converse piezoelectric effect:
S =sT+ d,E (2.2)

Where S is mechanical strain, S* is mechanical compliance, T is mechanical stress
(N/m?), E is the electric field (V/m) and d: is piezoelectric charge coefficients for the

converse piezoelectric effect.

The discovery of piezoelectricity generated significant interest in the European
scientific community, and it developed as a new field of research in the last quarter
of the 19th century. This research, published in 1910, described the 20 natural crystal

classes in which piezoelectric effects occur.
2.1.1 Crystal classes

The crystals can be divided into 32 symmetry point groups. Out of these 32-
point groups, 21 groups are non-centrosymmetric with one or more crystallographic
unique directional axes and 11 groups are centrosymmetric with non-piezoelectric,
meaning the center of positive and negative charge coincides with each other. Out of
these 21-point groups, 20 belong to the class of piezoelectric. Out of these 20-point
groups, 10 of these represent the polar crystal classes, which show a spontaneous
polarization without mechanical stress due to a non-vanishing electric dipole moment

associated with their unit cell, and which exhibit pyroelectricity. If the dipole moment
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can be reversed by applying an external electric field, the material is ferroelectric, as

shown in Figure 2.3.

Figure 2.3 shows the piezoelectricity and its subdivisions with symmetry groups

(modified form [29]).
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2.2 Perovskite Structure

In general, perovskite is an important class of piezoelectric materials.
Originally, perovskite referred to the mineral calcium titanate, with the chemical
formula CaTiO5 [30]. The mineral was discovered in the Ural Mountains of Russia by
Gustav Rose in 1839 and name after Russian mineralogist Lev Perovskite 1792-1856.
An ideal perovskite structure can be described as a simple cubic unit cell with a
closed-packed face center cubic (FCC) structure. The perovskite structure is written as
ABQOs, where A is a cation with a larger ionic radius on the comers, and B is a cation
with a smaller ionic radius in the body center or octahedral interstitial site and O is
oxygen in the center of the faces. as shown in Figure 2.4. The A site is in 12-fold
coordination, the B site is in 6-fold coordination, and the O site is in 6-fold

coordinated anions.

The ideal perovskite structure is a simple cubic lattice. The simple geometrical
relationship between cations and anions can be used to describe the stability of the
perovskite structure proposed by Goldschmidt in early 1920. The stability of the
perovskite structure is the tolerance factor which can be expressed as following

Equation 2.3 [31].

¢ = (Ra+Ro)
V2 (R + Ro)

(2.3)
where t is the tolerance factor, R4,Rz,and Ro are the ionic radius of the large cation
occupying the A-site, small cation occupying the B-site, and anion (oxygen)
respectively. For ideal cubic symmetry, the tolerance factor is 1. The stable perovskite
structure and tolerance factor should be in the range of 0.8 <t < 1. If t > 1, this
indicates the A site cation is too large and generally precludes the formation of a
perovskite, and if t < 0.8, the A cation is too small, again often leading to alternative
structures [32]. The tolerance factor has been very successful in describing and

predicting oxide and fluoride perovskite stability, i.e., ABX5 compounds where X= 02

or F [33].
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Figure 2.4 ABO; perovskite type unit cell (Modified from [34]).

2.3 Lead-based piezoelectric materials

The lead zirconate titanate (PbZr, Ti,Os; PZT) piezoelectric material is a
crystalline substance that exhibits the piezoelectric effect, which means it generates
an electrical charge when subjected to mechanical stress. A group of researchers led
by T. Sawaguchi discovered this material in the late 1950s.[35]. Lead zirconate
titanate is a solid solution of lead zirconate (PbZrO;) and lead titanate (PbTiOs) which
is a perfect sample of polycrystalline ceramics. Currently, PZT is the most widely
used piezoelectric material for numerous electric devices utilizing actuators, sensors,
and transducers [36]. Above the curie temperature (T,) [37], PZT obtains a cubic

perovskite structure where the A-site is Pb?* (large cation) on the comers, B-site is Zr**
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and Ti** in the body center and O is oxygen in the face centers, as shown in Figure

2.5a.

Figure 2.5 a) Perovskite structure of PZT and b) Structure of PZT under an electric

field (Modified from [38, 39]).

The rigid lattice structure of atoms and their bonding affinity allow positive
ions to move within the structure under external forces, including force, pressure,
stress, strain, heating, and electric or magnetic fields. In the case of the PZT unit cell
structure, an external electric field causes the B-type atom to move from its original
position, resulting in polarization within the crystal. This movement generates a
charge deviation, which produces electricity in piezoelectric materials. Under the
influence of an electric field, the material expands slightly along the axis of the
electric field and contracts a little in the perpendicular direction. Figure 2.5b shows
the PZT unit cell structure under the influence of an external electric field. There are
so many developments in phase diagram of PZT crystals. The form of the crystalline
structure exhibited by PZT is dependent on the percentage concentration of metal

oxides. The phase diagram of the PZT system as a function of temperature and
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chemical composition is shown in Figure 2.6a. A generally accepted phase diagram of
PZT says that the ferroelectric compositions with rhombohedral and tetragonal
symmetry on the two sides of the morphotropic phase boundary (MPB) on the polar
axis are <111> and <001>, respectively. The MPB, which separates rhombohedral Zr-
rich from tetragonal Ti-rich PZT, has a very narrow composition range. Under loading
conditions, the ferroelectric rhombohedral phase is transformed into the ferroelectric
tetragonal phase, which is mainly responsible for the changes in charges or
polarizations at the piezoelectric crystal surface. The compositions in the MPB region
are commercially interesting because they have shown high dielectric permittivity
and piezoelectric electromechanical coupling factors, as shown in Figure 2.6b [40].
The enhanced dielectric and piezoelectric properties of the commercial composition
are generally associated with a large ionic displacement upon field application due to
the rotation of the polar axis. Furthermore, other systems of lead base systems
exhibit excellent piezoelectric and dielectric properties such as Pb(Mg;,5Nb,,3)O-

PbTIOs [41] and Pb(Zn, sNb,,5)05-PbTiO; [42].

Figure 2.6 a) shows a Phase diagram for PZT, with relevant regions labeled, and b)

enhanced dielectric and piezoelectric properties in PZT. [40, 43].
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However, lead-based piezoelectric materials contain lead, which affects the
environment and human health because of the toxicity of lead oxide in volatile
during processing, including sintering and calcination process. Therefore, legislation of
the European Union, such as Waste from Electrical and Electronic Equipment (WEEE)
and Restriction of Hazardous Substances (RoHS) directives and End-of-Life Vehicles
(ELV), restrict the use of six hazardous substances, including the lead, in electronic
equipment. To prevent toxicity, lead-free piezoelectric materials have been receiving

considerable attention to replace lead-based piezoelectric materials.
2.4 Lead-free piezoelectric materials

Since the early 2000s, researchers have been working to develop a new
generation of lead-free piezoelectric materials. Piezoelectric materials can convert
mechanical stress into electrical energy, and they are widely used in various
industries, including sensors, actuators, energy harvesting devices, and communication
technologies. However, lead-based piezoelectric materials have been under scrutiny
due to their harmful effects on the environment and public health. Therefore, the
development of lead-free piezoelectric materials has been a crucial research area in
recent years. Among the lead-free piezoelectric materials, potassium sodium niobate
[(K,Na)NbO, KNNJ, bismuth sodium titanate [(Bi,Na)TiOs, BNT], and barium titanate
(BaTiOs, BT) have gained the most attention. These materials have shown promising
properties, such as high piezoelectric coefficients, good thermal stability, and
mechanical strength. The successful development and commercialization of lead-
free piezoelectric materials would have significant economic and environmental

benefits.
2.4.1 Potassium sodium niobate (KNN)

KNN materials are extensively studied piezoelectric systems due to their large
d33 and high temperature curie (T.) over the last decade. [44]. KNN is a solid solution
of ferroelectric KNbO; and the antiferroelectric NaNbO;. The phase diagram of KNbOs-
NaNbO; is exhibited in Figure 2.7. The MPB at near the 50:50 ratio of KNbO ;-NaNbO,
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separates two tetragonal phases at high temperatures and two orthorhombic phases
at room temperature, with different tilting of the oxygen octahedral [45]. Moreover,
(K0.5Na0.5) NbO3 is a good candidate for high-temperature piezoelectric applications
because it has a high Curie temperature (T.) of about 420 °C. Nevertheless, it’s

difficult to obtain fully dense (K, 5Nags5) NbO5 ceramics by ordinary sintering.

Figure 2.7 Phase diagram of KNbO;-NaNbO; [46].
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2.4.2 Bismuth Sodium Titanate (BNT)

Bismuth Sodium Titanate (BNT) or (BigsNags) TiO; was first reported by
Smolenskii et al. In 1961 [47]. BNT ceramic is one of the ABOs-type ferroelectric
perovskites with a rhombohedral crystallographic structure at room temperature,
which is replaced by Na+ and Bi3+ complex ions at the A-site. The A-site ions of BNT
ceramics are located at the eight corner positions of the octahedron, and the B-site
ions are at the body center of the octahedral structure [48], as shown in Figure 2.8a.The
high curie temperature (T,.) 320 °Cand a phase transition point from ferroelectric to
antiferroelectric T,= 200 °C. However, data on piezoelectric properties of BNT ceramic
are scarce because it is difficult to pole this ceramic due to a large coercive field (E.)
is 73 kV/cm, a large saturation polarization (P,) 45 pC/cm? and high remanent
polarization (P,) is 35 uC/cm?[48] as shown in Figure 2.8b, which seriously hinder its
practical application. However, the comprehensive properties of BNT system can be
significantly improved by doping or by incorporation with other components to form
solid solutions. In addition, BNT ceramics need sintering temperature (>1200 °0) to

obtain the dense body.

Figure 2.8 a) Schematic of the BNT perovskite structure [49] and b) The polarization-
electric field (P-E) loops of BNT [48].
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For application, BNT base multilayer ceramic capacitors (MLCCs) have
attracted comprehensive attention due to the characteristics of small equivalent
series resistance (ESR), high-rated ripple current, complete varieties and specifications,
small size, and low leakage current. Jia et al. [50] conducted a study on
0.9[0.94(Big sNag s TiO5-0.25NaNb05)-0.06BaTiO;]-0.1CaZrO; MLCCs. The study found
that these MLCCs exhibited excellent temperature stability in a recoverable energy
storage density (W) at the E. of 120 kV/cm, even in temperature ranges as low as -
55°C to -175°C. This indicates that the MLCCs have the potential to be used as high-

temperature ceramic capacitors, as shown in Figure 2.9.

Figure 2.9 a) A schematic of multilayer ceramic capacitor architecture, b) view of
CZ10-based MLCC chip of 1812 case size, c) cross-sectional microstructure of CZ10

MLCCs, and d) EDS analysis performed across two internal electrodes [50].
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2.4.3 Barium Titanate (BT)

Barium Titanate (BT), with the chemical formula BaTiO5, was discovered in
1946 by Wul and Goldman [51]. BT was the first ferroelectric material due to its high
dielectric constant and low loss characteristics. It finds wide applications in capacitors
and multilayer capacitors (MLCs), and as a piezoelectric material for microphones and
other transducers [52]. Furthermore, BT belongs to the class of perovskites, like the
mineral CaTiOs, with the general formula of ABOs, where the A-site is Ba®* on the

corners, the B-site is Ti** in the body center, and O is O% in the face centers.

Figure 2.10 The Ba?* cations are located on the A-sites and Ti** on the B-sites

(modifies from [53]).
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2.4.3.1 Structural phase transitions in barium titanate

BT is the first discovered ferroelectric perovskite. Its ferroelectric properties
relate to a series of four structure phase transitions. These four structure phases of
BT are rhombohedral, orthorhombic, tetragonal, and cubic as a function of the
temperature. The Curie point (T.) of BT is 120 “C. Above 120 G, it has an original cubic
structure, which is Centro-symmetric and possesses no spontaneous dipole. It is
stable up to 1460 °C and above this temperature a hexagonal structure is stable [54].
When the temperatures are below the Curie point, crystallographic changes in BT
occur; first, at about 120 ° C, a ferroelectric transition between the cubic, paraelectric,
and ferroelectric phases of the tetragonal structure takes place. At 5 °C, the transition
to a phase of the orthorhombic structure goes on and at -90 °C to the low-
temperature phase having a trigonal structure [55]. The crystallographic changes of BT

are shown in Figure 2.11.
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Figure 2.11 shows the unit cell of the four phases of BT a) Cubic structure, stable
above 120 oC, b) Tetragonal structure, stable between 120 °Cand 5 DC, c)
Orthorhombic structure, stable between 5 °C and -90 °C and d) Rhombohedral
structure, stable below -90 OC, the dotted lines in (b,c, and d) delineate the original

cubic cell. Arrows indicate the direction of the spontaneous polarization, P, in each

phase. (modified from [56]).

Moreover, the phase transition of BT corresponds to a change in the values of
the lattice parameter [57]. These changes can be related to structural distortion,
lengthening of the bonds, or their shortening, so crystallographic dimensions of the
BT lattice change with temperature. For the tetragonal phase, polarization (P) is
parallel to the edge of the crystal unit cell, while for the orthorhombic (a=c<b) and
rhombohedral phases (a=b=0), it becomes parallel to the face diagonal and the body

diagonal, respectively, as shown in Figure 2.12.
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Figure 2.12 Lattice parameters as a function of temperatures [57].

2.4.3.2 Dielectric Properties of BT

BT was the first material used to manufacture dielectric ceramics capacitors,
multilayer capacitors, etc. It is used for this application due to its high dielectric
constant and low dielectric loss. The values of the dielectric constant depend on the
synthesis way, which means purity, density, grain size, etc. [58]. The dielectric
constant is also dependent on temperature, frequency, and dopants. The
temperature dependence of the dielectric constant is measured with a small field
along the pseudo-cubic edge, as shown in Figure 2.13. The BT has a phase transition
from tetragonal to cubic (Tc) that occurs at 120 ° C with the highest dielectric
constant. It was also a transition point from the ferroelectric to the paraelectric phase
[52]. In addition, the temperature dependence of the dielectric constant was reported
in several papers, where BT was prepared by different types of synthesis. For
example, Kim et al. [11] prepared BT powder by the Pechini process, they reported
that the influence of grain size on the dielectric constant value. The various grain
sizes were obtained from 0.86 to 10 um and measured the temperature dependence
of the dielectric constant. At room temperature, the dielectric constant was 4500 and
1800 at the Curie points 6200 and 7000, for 0.86 um and 10 um grains, respectively.

They concluded that as the grain size increased, the dielectric constant decreased at
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most studied temperatures, and they determined that the specimen with grain sizes

of 0.86 um exhibited the highest dielectric constant for the temperature range below

the Curie point, as shown in Figure 2.14.

Figure 2.13 Dielectric constants of BT as a function of temperature [59].
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Benlahrache et al. [60] prepared pure barium titanate (BT) using the
conventional method of milling and calcination. They conducted measurements by
examining the frequency dependence of the dielectric constant, as shown in Figure
2.15. The samples were sintered at a temperature of 1500 °C for 2 hours with an
applied bias of 100 V. At room temperature, the dielectric constant decreases for
frequencies below 1 kHz. However, for higher frequencies, the dielectric constant
changes slightly and tends towards a constant value. The dielectric constant of BT
remains constant at normal temperatures, but at higher temperatures, it behaves
differently and requires further investigation. Many works have mentioned the
preparation of pure BT, and the method chosen for its synthesis depends on the cost
and, more importantly, the final application. In the following paragraphs, we will

discuss the process of preparing pure BT.

Figure 2.15 Frequency dependence of relative dielectric constant at various

temperatures, when polarized at 100 V. Pure BT sintered at 1500 “C/2h [60].
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2.4.3.3 BT synthesis methods
2.4.3.3.1 Chemical methods for BT synthesis

Chemical synthesis has grown through techniques such as hydrothermal
methods. The advantage of chemical methods is the quasi-atomic dispersion of
constituent components in a liquid precursor, which facilities the synthesis of
crystallized powder with submicron particles and high purity at low temperatures.

The properties of the powder may vary as different preparation methods are used.
2.4.3.3.1.1 Hydrothermal Method

The hydrothermal method is attractive for synthesizing BT powder, because
the combined effects of solvent, temperature, and pressure on the reaction
equilibrium can stabilize desirable products while inhibiting formation of undesirable
compounds. In addition, hydrothermal synthesis also makes it possible to prepare BT
powder in a single processing step. Boulos et al. [61] synthesized BT powders by the
hydrothermal method using two different titanium sources TiCl; and TiO,. The barium
source was BaCl,"H,0. Synthesis was performed at 150 °C and 250 °C. SEM
micrographs of BT powders show spherical highly crystallized elementary grains with
size in the range 40-70 nm for samples prepared from TiCl; at 150 °C and 80-120 nm
at 250 °C. the average particle size for powders obtained from TiO, at 150 °C or 250

°C was 40-70 nm as show in Figure 2.16.
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Figure 2.16 SEM image of BT powders prepared from TiCls a) at 150 ‘C b) at 250 C,

prepared from TiO, ¢) 150 "C and b) 250 C 611,

(a)

Figure 2.17 TEM images showing the typical shape of a particle from the a) as-
synthesized powder and b) powder obtained after calcination at 1000 °C for 4 hours

[62].

Norfarina et al. [62] They synthesized BT nanoparticles through the

hydrothermal method and calcined them at 1000 ° C. After calcination, they found
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that highly crystalline BT was obtained. The particle size of the BT-calcined powder
increased to 11.66 nm, indicating crystal growth. Moreover, the shape of the particles
for the as-synthesized powder changed from ellipsoid-like to cube upon calcination,

as shown in Figure 2.17.
2.4.3.3.2 Conventional solid-state reaction

Barium Titanate (BT) is usually produced by a solid-state reaction, which
involves ball milling of Barium Carbonate (BaCO3) or Barium Oxide (BaO) and Titanium
dioxide (TiO2). The mixture is then calcined at high temperature. However, in some
reports, the required calcination temperature was as high as 800 °C to 1200 °C, while
in others, it was 1300 °C. The BT powders produced by this method are highly
agglomerated, have a large particle size (2-5 pm), and high impurity contents, which
result in poor electrical properties of the sintered ceramics. These issues arise due to
inherent problems such as high reaction temperature and heterogeneous solid-phase

reaction.[63]

L. Simon-Severat et al. [64] synthesized a BT powder through a solid-state
reaction. The BT powder was prepared by heating a mixture of BaCO; and TiO, at
high temperatures. The processing steps involved ball milling for 2 hours, calcining at
1150°C for 4 hours, and then mixing the calcined product for 3 hours. The precursor
solid-state powder was studied by XRD, and the results showed that the BT
perovskite phase started to appear at temperatures between 780°C and 800°C. At
950°C, both orthorhombic and rhombohedral BaCO; phases were observed. At
1050°C, there was no BaCO; present, but only a small amount of rhombohedral

BaCO; and well-formed BaTiOs, as shown in Figure 2.18.
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Figure 2.18 XRD results in the temperature of the precursor solid-state reaction

powder: (1) BaCOs; (2) TiO,; (3) BaTiOs; (4) rhombohedral BaCOs; and (5) Ba,TiO, [64].

2.4.3.4 Applications

BT was the first polycrystalline ceramic material ever discovered that exhibited
ferroelectricity, During the 1950s, it was considered a serious candidate for
piezoelectric transducer application [65], actuator [66], especially, the main

application of BT-based ceramic is in multi-layer ceramic capacitors (MLCCs) [67].
2.4.3.4.1 Multi-layer ceramic capacitors (MLCCs)

Multi-layer ceramic capacitors (MLCCs) are highly regarded for their superior
frequency characteristics, high reliability, excellent volumetric efficiency, and high
breakdown voltage. The demand for MLCCs in the smartphone, portable PC and the
automotive industry has led to a global shortage of these capacitors. MLCCs consist
of multiple dielectric layers and inner electrodes that are stacked in parallel. Figure

2.19 depicts a schematic diagram of the detailed structure and fabrication procedure
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of MLCCs. MLCCs are typically manufactured through the following process. Firstly,
fine ceramic powders for dielectric layers are mixed with a binder, solvents, and
additives such as dopants and sintering aids. This mixture is made into a slurry and
cast into thin sheets using a tape-casting method. Once dried and cut into equally
sized sheets, the green sheets are screen-printed with a metal paste. The required
number of green sheets are stacked with inner electrodes slightly offset from each
other. Pressure is then applied to the stacked green sheets to laminate them. The
laminated sheets are cut into the desired chip size. After cutting, the binder in chips
is burned out and then sintered. To connect the internal electrodes in parallel,
termination is made on the chip through tumbling, dipping, and firing processes. After
the completion of electrical testing for quality, the fabrication of MLCC chips is

completed.

Figure 2.19 shows the MLCCs architecture and its fabrication process [9].
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However, there are several issues in the fabrication process of high capacitance
MLCCs. The sintering temperature control is important to fabricate MLCCs. Because
high sintering temperature (>1200 “0) of dielectric materials causes the metal diffusion
into the dielectric layer, residual stress, and mechanical crack due to sintering
shrinkage, which result in poor performance and malfunction. To solve this problem,

a new sintering process to lower the sintering temperature was developed.

The oldest manufacturing technique that has been documented back to
25,000 BC is the sintering of ceramic materials. Sintering is still a crucial process in the
manufacturing of advanced ceramic products today, despite its ancient beginnings.
However, the material to migrate between solid-solid interfaces, and conventional
sintering procedures call for high temperatures and prolonged holding times. As a
result, sintering procedures are always changing to accommodate brand-new
industrial and technological demands. Creating high-quality products through
sustainable production without harming the environment is currently the key
challenge. Alternative sintering techniques have developed as a result, which lowers
the time, temperature, energy, and prices compared to conventional sintering

processes.
2.5 Sintering Process

The sintering process is the process of compacting and forming a solid mass
of material by pressure and heat without melting it to the point of liquefaction.
Sintering process as part of a manufacturing process used with metal, ceramics,
plastics, and other materials. The atoms in the materials diffuse across the boundaries
of the particles, fusing the particles, reducing porous, and creating one solid piece as
shown in Figure 2.20. The sintering process consists of three stages. Before sintering,
in the first stage called initial stage grains were contacted with each other, grain
boundary areas grew, and grains started to merge. In this stage, grains were smaller
than merged grains formed. However, pores were larger than before the sintering
process. In the second stage, the neck was formed between adjacent grains. There

were small numbers of large grains instead of large numbers of small grains. Pores
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were smaller than pores before sintering. Grain growing was continued in this stage.
Therefore, this stage is called intermediate stage. In the final stage, merging was
completed. The grains were larger than calcined ceramic grains. Small pores were
formed, and the surface area was decreased. It is smaller than the surface area in the
other two stage [68]. However, the sintering temperature does not have to reach the
melting point of materials, sintering is often chosen as the shaping process for
materials with extremely high melting points such as barium titanate, tungsten, or

molybdenum.

Figure 2.20 shows the sintering effect (modified from [69]).

To understand the sintering process, the sintering process can be understood
by the mass transport mechanism (Figure 2.21). The atomic materials will be diffused
by the drive force. The driving force is therefore a part that results in the reduction of
the free energy in the system. It is a help atomic diffuses from a point of high
concentration to a point of low concentration. As sintering progresses, the two spheres

move together.
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Figure 2.21 showing the diffusion paths from the GB to the neck surface and the

development of a pore (2D projection) modified from [70].

This movement is an essential step in densification, which proceeds through
six mechanisms: Surface Diffusion (SD), Volume Diffusion (VD), Evaporation-
Condensation (E-C), Grain Boundary Diffusion (GB), and Plastic Flow (PF). Especially, the
mechanism of GB is the most important mechanism to facilitate material compaction.
The diffusion from the grain boundaries to the pores contributes to neck formation. At
the same time, it causes densification. There are six mechanisms for material transfer

and some of the processes are listed in Table 2.1.

Table 2.1 Mechanism and Transport in sintering (Diffusion to the Neck) (modified
from[70])
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2.5.1 Grain growth

Grain growth is used to describe grain size enlargement. Grain growth occurs in
dense materials or in porous materials at high temperatures. The larger grain size is
accompanied by the disappearance of some small grains. In porous materials, the grain

size increases while the number of grains and pores decreases.

Grain growth and grain size are related to relative density. Initially, the particles
are randomly aggregated and when heated in the sintering process, the grain growth is
limited by porosity. As the sintering process progresses until the density reached 92%,
the porosity was eliminated. Thereafter, rapid grain growth takes place in areas of
particle density during continuous sintering. The final porosity will be eliminated. After

that, the final product is characterized by highly dense ceramic particles.

The average grain size increases during the grain growth, the amount of grain
boundaries in the system are decreased to maintain the overall volume. Grain
boundaries of equal energy and colliding at exactly the three-grain boundary form an
angle of 120°to each other. This can be explained by Figure 2.22, which can be seen

that if all interlocking grain boundaries form an angle of 120°, hexagonal grain is
obtained. Grain with grain boundaries on more than 6 sides, when grain boundaries are
displaced, these grains expand. The size of the grain has grown. But if the grain with
the number of grain boundaries is less than 6 sides, when the grain boundaries move

towards to the center of curvature, these grains shrink until they disappear.
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Figure 2.22 shows the complex microcrystalline structure in two dimensions with an

arrow showing the direction in which the grain boundaries are moving [71].

2.5.2 Stage of sintering

The stage of sintering can be divided into 3 stages: Initial stage, Intermediate
stage, and Final stage. These three steps affect the density and microstructure as
shown in Figure 2.23. The density increases progressively as the particles move into
each other. The other factors occurring in the sintering process can be summarized as

shown in Table 2.2.
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Figure 2.23 shows the example of microstructure characteristics of ceramics produced
can be divided into 3 stages: a) initial sintering, b) intermediate sintering, and ¢) final

sintering, [72].
2.5.2.1 Initial sintering

It involves the movement of powder particles into contact with each other by
diffusion without changing their shape. It can be observed that the curvature of the
particle surface breaks away at this stage and the neck grows at the point of contact
between the powder particles. The relative density of this early specimen may
increase from 50% to 60%, due to the increase packing of the powder particles, as

shown in Figure 2.23a.
2.5.2.2 Intermediate stage

During this period of sintering, it was found that the size of the neck began to
grow and the porosity in the sample began to decrease rapidly. As particles move
closer to each other causing the specimen to shrink significantly. There is grain growth
going on, the shrinkage of the specimen that occurs the most during this period
causes the relative density of the specimen to be as high as 90%, as shown in Figure

2.23b.
2.5.2.3 Final stage

The last stage of sintering is when the pores in the specimen begin to close
themselves and are gradually eliminated from the specimen by relying on the

diffusion mechanism of air from the pores out along the grain boundary and then fall
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off the surface of the specimen. This will increase the density a little more from 95%
to 99%, and the grain size will increase in the final sintering stage, as shown in Figure

2.23c.

Table 2.2 summarizes characteristics that occur in each stage of the sintering process.

2.5.3 Temperature zone in the sintering process

According to the temperature period, the sintering temperature is divided into
3 periods: preheat/pre-sintering zone, Sintering zone, and Cooling zone, which affects

the density of the ceramic.
2.5.3.1 Preheat/Pre-sintering zone.

Because forming ceramics often adds fillers or lubricants. Therefore, during
the initial sintering preparation is the removal of all fillers, lubricants, and other
organic contaminants. Elemental decomposition and oxidation of transition metals
occur if present in the specimen. The temperature in the kiln of this zone slowly

increases.
2.5.3.2 Sintering zone

Once the liquid phase has been removed at first zone, the ceramic specimen

will enter the sintering. This is an important period that causes the ceramic density
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process because particles move towards each other through diffusion and then
connect to each other. This is when porosity decreases will cause changes in the

microstructure.
2.5.3.3 Cooling zone

When the ceramics are fully solidified from the sintering, the temperature will
drop in the cooling zone. This is the time when trying to maintain the ceramic
condition to prevent cracks and involves phase transitions in the structure. If the
material has already undergone a phase change during de-tempering, the material

has a rapid phase change and will cause cracks in the ceramic specimen.
2.5.4 Liquid phase sintering (LPS)

Liquid Phase Sintering (LPS) is a process used in powder metallurgy or ceramic
processing to bond particles together to form a solid material. In LPS, a liquid phase
is introduced to the powder mixture, typically through the addition of a sintering aid
or a eutectic composition. During sintering, the powder particles are heated to a
temperature where the liquid phase forms. This liquid phase facilitates the movement
of particles, promoting particle rearrangement and neck formation between adjacent
particles. As the temperature continues to rise, the liquid phase helps in the
redistribution of mass, leading to densification and the formation of a solid structure.
Liquid phase sintering offers several advantages, including enhanced densification,
improved mechanical properties, and the ability to produce complex shapes. It is
commonly used in the production of various materials, including ceramics, metal

alloys, and composites.

The classic stages of liquid phase sintering (LPS) involving mixed powder that
forms a liquid on heating typically include the following steps: 1) Particle
rearrangement: Initially, the powder mixture is compacted into a green body with
loosely packed particles. During the early stages of heating, the particles begin to
rearrange themselves due to surface energy minimization and the application of heat.

2) Formation of liquid phase: As the temperature increases, certain components
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within the powder mixture reach their respective melting points or eutectic
compositions, leading to the formation of a liquid phase. This liquid phase is often
generated by the presence of sintering aids or impurities intentionally added to the
powder mixture. 3) Capillary action and particle coalescence: The formation of the
liquid phase enables capillary action, which draws the liquid into the interparticle
voids. This capillary action helps in the wetting of particle surfaces by the liquid
phase, promoting particle coalescence and neck formation between adjacent
particles. The liquid bridges between particles act as a temporary bonding agent
during sintering. 4) Densification and mass transport: With further heating, the liquid
phase facilitates mass transport mechanisms such as diffusion, viscous flow, and
surface diffusion. These mechanisms lead to the rearrangement of particles and the
densification of the material. The liquid phase aids in the removal of pores and voids,
resulting in increased density and improved mechanical properties. 5) Final
solidification: As the sintering process progresses and the temperature reaches the
solidus temperature of the liquid phase, the liquid begins to solidify. At this stage, the
necks formed between particles become more rigid, contributing to the development
of a solid structure. 6) Cooling and final properties: Once the sintering process is
complete, the material is allowed to cool down gradually. During cooling, the
solidified microstructure is stabilized, and the final properties of the sintered material,

such as density, microstructure, and mechanical properties, are determined.

These classic stages of liquid phase sintering are crucial for achieving desired
densification, microstructure, and properties in the final sintered product, as shown in
Figure 2.24. The process parameters, composition of the powder mixture, and
characteristics of the liquid phase play significant roles in controlling the kinetics and

outcomes of liquid phase sintering.
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Figure 2.24 The classic stages of liquid phase sintering involving mixed powder which

form a liquid on heating (modified from [73]).

2.5.5 Other types of sintering

Traditional sintering is a process that requires high temperature above 1000 °C
and takes a long time, resulting in significant energy consumption. Therefore, a new
sintering method was developed between 1976 and 2016 to address this issue. The

different types of sintering methods can be seen below.
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2.5.5.1 Hydrothermal reaction sintering

Hydrothermal Reaction Sintering (HRS) is a highly effective method for
producing ceramic materials with very high relative density. According to Equation
2.4, the reaction between highly pure metal powder or chips and water at a specific
temperature (500-1000°C) and pressure (100 MPa) leads to the formation of sintered
metal oxide (MeO) and hydrogen (H,) gas [74].

Me + H,O — MeO + H, (2.4)

The H, gas leaving the system induces the reaction to proceed more efficiently,

resulting in better compression of the component.

Hirano and Somiya [75] demonstrated a method for producing pure chromium
oxide (Cr,03) tablets using chromium (Cr) powder, as illustrated in Figure 2.25a. The
process involved mixing chromium powder and water, which were then placed in a
platinum capsule. The capsule was sealed with an electric arc and placed in a test
tube pressure vessel (Figure 2.25b). Applying a pressure of 98 MPa at 1000°C for 3 hours
resulted in a relative density of 99.2%. The sintered specimen had an average grain
size of 10 ym with a range of 3 um. Figure 2.26 shows a scanning electron micrograph
of the fracture surface of the specimen, which mostly occurred through grains with

typical brittle fracture cleavage steps and river patterns.
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Figure 2.25 a) HRS stages of Cr,0s, and b) apparatus used for hydrothermal reaction
sintering [74].

Figure 2.26 shown scanning electron micrograph of fracture surface of pure Cr,0,

specimen sintered under hydrothermal conditions, 1000 oC, 100 kg/cm?, 3h [75].
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2.5.5.2 Hydrothermal hot pressing

Hydrothermal hot pressing (HHP) [76] is a process for sintering inorganic
powders under hydrothermal conditions but at lower temperatures (below 500 °C)
compared to HRS. HHP is similar to the natural process of lithification in geology, as
the processing temperatures are as low as those seen in geological environments. It
can also be referred to as a geo-mimetic process. For HHP to be successful, two
prerequisites must be met. Firstly, the sample needs to be compacted under
hydrothermal conditions. Secondly, there should be a way for water to escape.
Compression helps to pack the initial powder, preventing the development of
shrinkage cracks. The speed at which water is removed from the powder mixture
affects compaction. Without a way for water to escape, it remains in the pores and
prevents densification. The final density achieved in HHP depends on processing
temperature, pressure, time, and the amount of water used. The schematic drawing
of the HHP equipment and the autoclave detail are shown in Figure 2.27a and b,

respectively.

Figure 2.27 shown a) HHP equipment details 1: crane for adjusting the furnace
position, 2: pump, 3: ram, 4: autoclave push rod, 5: thermocouple, 6: autoclave, 7:

induction furnace [77]. b) hydrothermal hot pressing autoclave [78].
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The first application of HHP was conducted on a mixture of a-quartz and
amorphous silica. After the addition of NaOH, including aqueous solutions, the blend
was pressed under 180 MPa pressure. The sample was then placed in an autoclave
which was heated in between 120 and 350 “C under 27 MPa pressure for 30 min [77].
In other studies, CaCO; and, subsequently, TiO, were formed. In the process, TiO,
(800 nm average particle size) was mixed with water, placed in an autoclave, and
compressed by the push rod to 200 MPa pressure while heated to 350 °C for 30 min.
The shape of the CaCO; powder surface showed some change after hot-pressing. The
original shape of the CaCO; powder remained in an experiment consisting of only
preliminary compression at ambient temperature (Figure 2.28a). the shape of the
CaCOs; hot-pressing at 200 C (Figure 2.28b). the shape of the CaCO; powder surface
became smoother and rounder after hot-pressing at 300 °C, and the formation of

necks and deformation of some particles were also observed (Figure 2.28c).

Figure 2.28 Scanning electron micrographs of a) fractured surface of compressed

starting sample, and HHP sample at b) 200 “Cand ©) 300 C [79].

2.5.5.3 Spark plasma sintering

Spark Plasma Sintering (SPS) is a sophisticated powder metallurgy technique
used to consolidate powders into dense materials with tailored microstructures and

enhanced properties. In SPS, a pulsed direct current and pressure are applied
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simultaneously to the powder compact. This process facilitates rapid heating due to
the joule heating effect, which occurs when an electrical current passes through the
powder bed, generating localized heating at the particle interfaces. The simultaneous
application of pressure ensures uniform densification and helps to eliminate porosity.
SPS offers advantages such as shorter processing times, lower sintering temperatures,
and the ability to process a wide range of materials, including ceramics, metals, and
composites, making it a versatile technique in materials science and engineering. The
working principle of the spark plasma machine (Figure 2.29) is to fill the powder of
material into the graphite crucible. The direct current power supply system directs a
direct current pulse through the specimen to rapidly heat it up while the pressure
system applies pressure through the graphite core to the workpiece. Therefore, the
specimen is obtained with high density in a short time by using lower temperatures

than traditional sintering.

Figure 2.29 shows a typical SPS system (modified form [80]).
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Compared to traditional sintering methods, Spark Plasma Sintering (SPS) offers
significant advantages, including much shorter sintering times (typically 1-20 minutes
per cycle) and lower sintering temperatures (approximately 200-500°C). These lower
temperatures contribute to better material properties compared to traditional
methods. However, challenges arise during specimen forming, which can be quite
complex, and although the sintering temperature can be reduced, there may still be

limitations in achieving significant reductions [81].

The structure depicted in Figure 2.30a-d illustrates a titanium alloy (Ti-6Al-4V)
reinforced with nanoscale TiN particles. The sintering process occurred at a
temperature of 1,100°C, under a pressure of 50 MPa, and with a heating rate of
100°C/min under vacuum conditions. In Figure 2.30a, the alternating alpha and beta
phases are evident in the pure alloy. In contrast, the alloy reinforced with nanoscale
TiN particles exhibits a relatively homogeneous distribution of TiN particles

throughout the titanium alloy matrix, achieved during plasma spark sintering [82].

Figure 2.30 shows the structure of a titanium-based sintering compound with TiN
nanoparticles. a) pure titanium alloy (Ti-6Al-4V) does not contain TiN particles, b)

2%Vol TiN, c) 4%Vol TiN, and d) 6%Vol TiN [82].
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Aluminum-silicon carbide composites with ratios of 50% and 70% were
fabricated using a plasma-sintering process at a temperature of 600°C, under
pressures of 50 and 80 MPa, with a heating rate of 100°C. The structure post-sintering
is depicted in Figure 2.31, revealing an even distribution of silicon carbide particles
serving as reinforcement, without agglomeration due to the particles of the reinforced
phase. The particles exhibit nearly the same size as the matrix material, particularly
noticeable in composites containing 70%wt silicon carbide. However, some porosity
or gaps may be present, and chipping of silicon carbide particles can occur,

potentially due to specimen preparation regardless of pressure and compaction [83].

Figure 2.31 illustrates the microstructure of aluminum-silicon carbide composites post-

spark plasma sintering, featuring compositions of 50wt% and 70wt% silicon carbide[83].
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2.5.5.4 Microwave sintering

Microwave sintering (MW) is an advanced processing technique used to
consolidate powders into solid materials by applying microwave radiation as the
primary source of heat. This method operates on the principle of electromagnetic
radiation in the microwave frequency range (typically 300 MHz to 300 GHz) interacting
with the material being sintered. During microwave sintering, the material is exposed
to microwave radiation, which penetrates the material and rapidly heats it
volumetrically. Unlike conventional heating methods that primarily heat the
material's surface, microwave radiation can heat the material from within due to the
interaction with polar molecules or ions present in the material. This volumetric
heating leads to uniform temperature distribution throughout the material, promoting
rapid and efficient sintering. The main component of a microwave sintering process,
as shown in Figure 2.32, is the microwave sintering furnace. It includes a microwave
generator to produce radiation, a waveguide system to direct the radiation, a sintering
chamber where materials are placed, temperature control systems, cooling
mechanisms, and safety features. These components work together to efficiently
sinter materials using microwave radiation, offering advantages such as faster heating

rates and improved material properties [84].

Figure 2.32 shows sketch of the microwave sintering process (modified from [85]).
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Hirofumi Takahashi et al. [86] conducted a study on the piezoelectric
properties of BaTiOs; ceramics using hydrothermally synthesized BaTiO; powders with
nanoscale-size particles, densified through microwave sintering. The SEM
microstructures (Figure 2.33 a-c) depict specimens fabricated by a) hydrothermal
synthesis and microwave process (H-MW), b) hydrothermal synthesis and conventional
process (H-CV), and c) solid-state reaction and CV process (S-CV). The H-MW
specimens, sintered at 1,320°C with a heating rate of 600°C/h and maintained for 30
minutes, exhibit the smallest average grain size. Notably, the maximum piezoelectric
constant ds; value observed for specimens processed via microwave sintering reaches

350 pC/N.

Figure 2.33 shows SEM micrographs comparing the microstructures of specimens
produced by different processes: a) hydrothermal synthesis with MW, b) hydrothermal

synthesis with CV, and ¢) solid-state reaction with CV. [86].

S.D. Ramarao et al. [87] conducted research on the microwave sintering and
microwave dielectric characteristics of ZnWQO, ceramic compounds. They sintered
ZnWO; ceramic pellets in both a normal resistive heating furnace and a multi-mode
microwave furnace. The research team sintered the samples at 1,100 °C for 1 h, 2 h,
and 3 h to understand the impact of the duration of microwave sintering. These
samples were identified as ZnW-MS-1h, ZnW-MS-2h, and ZnW-MS-3h respectively.

Figure 2.34 shows the microstructure of both conventionally sintered (ZnW-CS) and



49

microwave sintered ZnWO, compounds. It is evident from the figure that the
microwave sintered compounds (ZnW-MS-1h, ZnW-Ms-2h, ZnW-MS-3h) have a uniform,
smaller grain size in comparison to the conventional sintered compound (ZnW-CS).
The average grain size of the microwave sintered compound is smaller than that of
the conventionally sintered compound, indicating that the microwave sintered

compound has a lower and more uniform grain size distribution than ZnW-CS.

Figure 2.34 depicts the surface morphology of ZnWO,; compounds, comparing
conventional sintering a) with microwave sintering b), ¢), d). Microwave sintered
compounds exhibit a more uniform grain distribution and smaller grain size compared

to conventionally sintered ones. [87].
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2.6 Cold Sintering Process (CSP)

Cold sintering process or CSP is a new process that is instead of the traditional
sintering process. Such processes still require high temperatures due to the slow solid
state diffusional processes, or high temperature needed to form a liquid. Therefore,
CSP has become a new alternative and demonstrates for the first time that a wide
range of inorganic materials and ceramic-based composites can be sintered at much
lower temperatures than previously thought possible by using either an acidic or basic

aqueous solution as a low-temperature solvent for the solution-precipitation process.

CSP can be defined as the process where an inorganic powder is densified in
the presence of a transient typically between 1 and 10 vol%. During cold sintering, the
liquid phase becomes the medium for mass transport. Water is the most common
cold sintering liquid; many other organic and ionic liquids can be used depending on
the solubility of the materials. The moist powder is subsequently loaded into a
conventional pellet die to which mechanical force and heat are applied. Pressures and

temperatures typically span the range between 100 and 500 MPa and room

temperature to 300 °C, respectively. The details of CSP mechanism are described

below.
2.6.1 Mechanism of CSP

The mechanism of CSP is depicted in Figure 2.35, consisting of two stages. At
stage |, the homogenized ensembles the powders were added with a liquid phase,
which can be water or water with volatile solute [15, 88]. The liquid phase serves as a
lubricant and smooths the particle surface. The added liquid is beneficial to particle
rearrangement as it partially dissolves sharp particles edges, leading to spaces for
particles sliding. The densification at this stage is mainly through the external pressure
(i), where the liquid phase readily redistributes itself and fills into particle interstitials.
Accordingly, this early stage of sintering results in the initial particle compaction,

contributing mostly to the total sample shrinkage (S,).
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Next, stage Il begins at the solid-solid interface, involving dissolution at
intergranular interfaces and mass transport through diffusion. Here, the ion dissolved
from the particles diffuse through the water film, causing gradual dilution of solute
concentration away from the solid surfaces. Subsequently, precipitation occurs in
pores and lead to neck growth at grain-grain interstitials. As a result, the sample
undergoes a slight shrinkage. When the temperature and time are raised, the liquid
volume is substantially reduced. Once precipitation is completed, the number of
particle-particle contacts is significantly increased; crystal growth may occur via the
coalescence of small crystallites into relatively larger ones. Notably, the crystal growth
stages are strongly dynamic in nature, being driven by water evaporation and a
supersaturated liquid at the temperature right above its boiling point. This triggers a
large chemical driving force for the solid and liquid phases to reach an equilibrium
state. Accordingly, temperature and time play a crucial role in this stage, as they
enhance solubility while speeding up dissolution and grain growth. During the grain
growth state, the initial grain undergoes a gradual and controlled increase in size,
influenced by factors such as temperature and time. Throughout this process, the
average size transitions from an initial value of D, to the final value of D;. The
densification rate varies with temperature, initially rising rapidly before becoming
constant. The densification process may slow down at high temperatures due to

evaporation [89, 90].



52

Figure 2.35 Schematic illustration of microstructure and major mechanisms during the

Cold Sintering Process. (modified from [14]).

From the CSP stages above (Figure 2.35), since a liquid phase is introduced into

the solids at this stage, three types of interfaces are hence considered here:

1. Pressure solution or liquid-enhanced creep at the solid-solid interface,
performance-enhancing liquid creep is generally related to dissolution at the inter-
grain interface and diffuse mass transport. The dissolution occurs at the contact
between grain-grain with solute dispersed along the water film, and then it will
precipitate into the pores space and fill into the grain-grain interstitials. The pressure
dissolution should take place in the particle ensembles, since the particle-particle
contacts become more prevalent under applied pressure, especially in the materials

with limited or negligible solubility.

2. Marangoni flow at the liquid-liquid interface. The Marangoni effect was first
realized in the phenomenon of “tears of wine” in 1855 [91]. From the fluid flow
perspective, it describes a mass transport along the liquid-liquid interface due to a
surface tension gradient between them,; this surface tension gradient can arise from a
gradient of chemical concentration or a gradient of temperature. In a fixed temperature

environment, the dissolving of materials takes place at the water film layer close to
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the solid surface. Marangoni flow could be generated by a concentration gradient,
where the solute concentration in the aqueous solution gradually dilutes as it moves
away from the solid surface. Additionally, the above-mentioned or==pressure
enhanced dissolution between grains could be another source to yield a concentration
gradient, in which case a local nonuniform solute distribution is manifested at the

particle-particle contact region.

3. Diffusionphoresis at the solid-liquid interface. Diffusiophoresis describes the
transport of colloidal particles driven by a chemical concentration gradient of solute,
and it does so by producing a slip velocity at the solid-liquid interface to drive colloids
migrating through fluids. Generally, there are two types of diffusiophoresis:
electrophoresis, involving electrolyte systems, and chemiphoresis, in nonelectrolyte
systems. In the case of electrophoresis, the particle movement is caused by a
spontaneous electric field, whereas for chemiphoresis the transport is driven by a
pressure gradient across the particle owing to particle-fluid interactions, such as

repulsive steric exclusion or attractive van der Waals interaction.

In thermodynamics, the wet particle compact and its ambient surroundings
form an open system. As the temperature is raised, the subsequent dissolution-
precipitation and crystal growth stages are primarily gsoverned by a strong dynamic
process that is created through water evaporation that enables a supersaturated state
of the liquid phase at a low temperature right above the boiling point of the liquid,
triggering a large chemical driving force for the solid and liquid phases to reach an
equilibrium state. Specifically, two possible routes could be adopted to serve the same

purpose.

1. The first one takes place through direct precipitation, where ionic species
and/or atomic clusters diffuse into the liquid and then precipitate on crystal sites with
lower chemical potential, as they are thermodynamically more favorable. The mass
transport during this process minimizes the excess free energy of the surface area and
removes surface and porosity as the material forms a dense solid. Simultaneously, the

shape of the crystallite accommodates when the epitaxial crystal growth proceeds: a
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rounded configuration is generally manifested when the liquid phase is prevalent,
while polyhedron with flat facets is normally developed when the volume of liquid is
substantially reduced. Once a thorough precipitation is done, the particle-particle
contacts are significantly increased, and further Ostwald Ripening crystal growth may
occur via the coalescence of small crystallites into relatively larger ones if the dynamic

driving force is still strong enough to trigger this process.

2. The second route is taken in a step manner, where a metastable glass phase
or intermediate compound is formed to bridge the initial solutes and final product.
This process is well known in geochemistry and is referred to as Oswald Step Rule.
Under this process, a supersaturated solution often nucleates an amorphous phase
with least stable state, especially when its nucleation rate is larger than that of the
more stable phases; and then the target crystal is achieved through a recrystallization
of the glass phase. This route offers an alternative pathway to lower the free energy
of the system, but it also creates metastable phases that may limit the desired driving
force for crystallization, since the grain-boundary diffusion activity is significantly
suppressed by the viscous amorphous phase. However, this problem can be solved

by heating it to help crystallize it or the growth of the crystal.

The precipitation process is largely affected by the mass transport, hence
enhanced transport via above-mentioned mechanical-chemical effects (namely
pressure dissolution, Marangoni effect, and diffusiophoresis transport) should also

contribute to the precipitation or crystal growth stage.
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At the CSP can produce dense ceramics at substantially reduced temperatures,
the requirement for Gibbs free energy reduction in the ceramic ensemble system
during CSP should be less compared to that in conventional sintering routes as show
in Figure 2.36. CSP is performed in a multistep manner; for each step, the free energy
barrier is relatively lower and could be easily overcome with the assistance of various

mechanical-chemical coupling effects or hydrothermal reactions.

Figure 2.36. Corresponding Gibbs free-energy evolution compared to conventional

sintering [14].

2.6.2 Related High-density Materials using CSP.

The Cold Sintering Process (CSP) offers versatility in terms of the types of
materials that can be processed. Some of the materials commonly used in CSP
include: 1) Ceramics: CSP has been applied to various ceramic materials, including
oxides (such as alumina, zirconia, and titania), nitrides (such as silicon nitride), and
carbides (such as silicon carbide). CSP enables the consolidation of these ceramic
powders at much lower temperatures compared to conventional sintering methods.
2) Polymers: Polymer-based materials, such as thermoplastics and elastomers, can
also be processed using CSP. The low processing temperatures of CSP are particularly

advantageous for polymers, as they prevent thermal degradation and enable the
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incorporation of temperature-sensitive additives or reinforcements. 3) Composites:
CSP has been used to fabricate composite materials by combining ceramics,
polymers, metals, or other materials. These composites can exhibit tailored
properties, such as enhanced mechanical strength, thermal stability, or electrical
conductivity, depending on the combination of constituents and processing
parameters. 4) Biological Materials: CSP has shown promise in processing biological
materials, such as proteins, enzymes, and nucleic acids, which are typically sensitive
to high temperatures. By using mild processing conditions, CSP allows for the
fabrication of biomaterials with preserved bioactivity and functionality. 5) Functional
Materials: CSP has been explored for the fabrication of various functional materials,
including piezoelectric ceramics, ferroelectrics, thermoelectric materials, and
photocatalysts. The ability to process these materials at low temperatures enables
the retention of their unique functional properties. 6) Glass and Glass-Ceramics: CSP
has been applied to the consolidation of glass and glass-ceramic materials, offering
advantages such as improved transparency, tailored microstructures, and reduced
processing costs compared to conventional glass-forming techniques. Overall, the
versatility of CSP allows for the fabrication of a wide range of materials with tailored
properties and functionalities. This makes CSP a promising technique for various
applications, including electronics, energy storage and conversion, biomedical
devices, and environmental remediation. Table 2.3 lists various materials for which

CSP is used that have different mechanical and electrical functions after CSP.
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Table 2.3 displays several complex oxide that are available through the Cold
Sintering Process (CSP). [92]

In 2016, much research studied the CSP and successfully applied it to various

materials as follows.

1. The CSP of sodium chloride (NaCl) [92], NaCl powder was compressed using
a uniaxial compressor with a 12.5 mm of die with a pressure of 5 MPa. At room
temperature sintering kinetics of a 55% dense NaCl compact held at either 75% or
85% relative humidity (RH) for up to 24 h as shown in Figure 2.37a. The salt samples
densify from 55% to 69% in 5 h and to 90% relative density after 24 h in 75% RH air.
The sample sintered at room temperature and 85% RH densify to 64% and 90% density
after 2 h and 10 h, respectively, the microstructures of the 90% dense at RT sintered
NaCl consist of grains of approximately 20 to 30 um in average size as show in Figure
2.37¢c, d. The grain growth is like that observed in many liquid phase thermally sintered

ceramics because of the high solubility and long holding time. In Figure 2.37b, they
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compare the densification kinetics of NaCl when thermally sintered at 600 “C and 700
°C. Even though these samples were heated at 600 ‘Cand 700 °C they are only 84%
dense after 50 min and 10 min, respectively. The microstructure shows little grain
growth relative to the initial NaCl powder around 3 um because of the large amount
of porosity in Figure 2.37 e, f. With high aqueous solubility at room temperature, salts
like NaCl can easily densify with a small fraction of uniformly distributed water, thus
demonstrating the power of the proper solvent for cold sintering. In the case of
sparingly soluble materials, like ceramics, the cold sintering temperature and pressure

are raised to enhance solubility and the process of densification.

Figure 2.37 Comparison of relative densities of = 3 um diameter NaCl under a) cold
and b) conventional thermal sintering conditions. Microstructures of NaCl sintered at
c) room temperature and 75% relative humidity (RH) for 24h, d) room temperature

and 85% relative humidity for 10 h, e) 600 °C for 50 min, and f) 700 °C for 10 min [92].

2. The CSP of Sodium Nitride (NaNO,), NaNO, powder was mixed with 7 wt% of

deionized water for 1-2 min and then uniaxially pressed under 350 Mpa at 120 °C for
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1 min to 3 hin a steel die to achieve dense pellets. The die was preheated at 120 C
more than 1 h before hot pressing. The as-prepared ceramic pellets were then baked
at 120 °C for 6-12 h to remove possible water residue. They found the cold-sintered

NaNO, ceramics reach a 98% relative density [14].

3. The CSP of potassium hydrogen phosphate (KH,PO,) [14], the CSP was
performed at a temperature of 120 °C right above the boiling point of water, with the
assistance of an external uniaxial pressure of 350 MPa. Figure 2.38 displays the density
evolution of cold-sintered KH,PO, ceramics as a function of cold sintering time. It is
interesting to notice that highly dense ceramics, >98% of relative density, can be even
achieved in an extraordinary short time of 1 min. After a mechanical polishing, the
cold-sintered pellet looks semi-transparent (image inset). Correspondingly, the SEM
image of the fractured surface also demonstrates a dense micromorphology

(micrograph inset).

Figure 2.38 Density evolution of KH,PO, as a function of Cold Sintering time at 120 C
and 350 MPa. The inset shows a photograph of the cold-sintered transparent KH,PO4
with a thickness of 0.43 mm, as well as a SEM micrograph for the dense

micromorphology. A theoretical density of 2.338 g/cm® was adopted for KH,PO, [14].
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4. The CSP of barium titanate (BaTiO3) [14], Ba(OH),/TiO, suspension was made
by mixing corresponding chemical with deionized water. Ba (OH),/TiO, suspension
25wt% was added to BaTiO3; nanoparticles. The mixtures were ground using pestle
and mortar. The mixture was uniaxially pressed under 430 MPa first at room
temperature for 10 min, and then the temperature was ramped up to 180 "C with a
rate of 9 ‘C/min. The temperature was isothermally kept for 1 min to 3 h to obtain a
series of samples. The as-prepared ceramic pellets were first baked at 200 °C
overnight to remove possible water residue, and then further annealed at 700 °C-900
°C for 3 h with a temperature ramp rate of 5 “C/min in air. Figure 2.39 shows the
densification curve as a function of cold sintering time, the bulk ceramics with up to
90% relative density are achieved after isothermally sintering the ceramics at an
extraordinarily low temperature of 180 °C for a short time of 30 min. On the other
hand, the BaTiO5 ceramics are prepared via the conventional thermal sintering route
where dense solids are generally obtained at much higher temperatures of 1,200 C-
1,400 °C for several hours. After annealing the corresponding ceramics cold sintered
at each time interval, another densification curve is obtained and has been found to
exhibit a similar tendency with the cold sintered one. The density is slightly improved
by a few percent and the presented densification curves clearly indicate that this
hydrothermal-assisted CSP is feasible to obtain dense ceramic solids, and the

resulting density is decisive to the final density after heat treatment.

In the case of desiccants such as NaCl, NaNO,, and KH,PO,, the structure of
these substances can easily react with water. For this reason, the solution-precipitation
process can occur easily. However, for substances with low solubility, water cannot be
used as a solvent, such as BaTiOs. Therefore, it is necessary to select the solution
appropriately to occur in the solution-precipitation process. In this work, we will choose

gamma-glycine and will discuss it further.
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Figure 2.39 Density evolution of cold-sintered and subsequently annealed BaTiOs;

ceramics as a function of cold-sintering time [14].

2.7 Amino acid

Amino acid is a biomolecule that has both amino and carboxyl functional
groups as components. Amino acids are the building blocks of protein, the building
blocks that are present in all living things. Proteins have different biological functions,
such as being enzymes and hormones that help speed up reactions within living things.
These properties depend on the type and sequence of amino acids in a protein. In
general, an amino acid structure formula consists of as amino group at the alpha
position of the carboxyl group and a side chain or R substituent, which is different in

each type of amino acid [93].
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Figure 2.40 General structural formula of amino acids [94].

The structure of amino acids (Figure 2.40) consists of base amino groups and
acidic carboxyl group. In aqueous solution at pH close to neutrality, amino acids exist
as zwitterions, i.e., as dipolar ions with both NH;" and CO, " in charged states. Thus, the

overall structure is NH;"™-CHR-CO,".
2.8 Glycine

Glycine is the simplest amino acid, both in terms of its chemical structure and
its role in biological systems. Glycine is extensively utilized in various domains including
biological functions, food and beverage production, pharmaceuticals, cosmetics, and
industrial processes. However, its application in electronics is somewhat limited.
Although it demonstrates promise in areas such as dielectric materials, semiconductor
doping, surface passivation, and bioelectronics, challenges such as limited conductivity
and compatibility with electronic materials impede its widespread adoption.
Additionally, concerns arise regarding sglycine's biological origins and potential
interactions with electronic components, impacting device reliability and long-term

stability. Nonetheless, ongoing research endeavors aim to leverage glycine's distinctive
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properties for specialized electronic applications. Glycine, with the chemical formula
NH,CH,COOH, crystallizes into three polymorphs o, B, and y depending on
crystallization conditions [21]. The metastable a-glycine (0-GC) lacks piezoelectric
properties, while the unstable B-glycine (B-GC) exhibits piezoelectricity due to its non-
centrosymmetric structure. Furthermore, the addition of inorganic salts like NaCl
significantly enhances the secondary nucleation of the piezoelectric y-glycine (y-GC)
while inhibiting a-GC primary nucleation, facilitated by ion-glycine interaction and the

formation of linear head-to-tail glycine chains [95].

In 2012, Heredia et al. [96] reported robust and continuous nanoscale
ferroelectricity in piezoelectric y-GC for the first time. Additionally, Hu et al. [23] found
that the polarization of y-GC is about five times stronger than that of B-GC due to
spirally aligned dipoles along the axis, as opposed to randomly oriented dipoles in B-

GC as shown in Figure 2.41 [97].

Figure 2.41 Calculation polarization and structure of B-glycine, y-glycine (Ps;), and v-

glycine (Ps,) [23].

2.8.1 Effect of common inorganic salts on glycine polymorphic transformation

The formation of the thermodynamically stable y-GC phase typically involves

careful preparation methods that often include the use of acids, bases, and inorganic
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salts. This process is crucial for obtaining the desired phase of glycine, as different
conditions can lead to the formation of alternative phases such as a-GC or B-GC. In
Inorganic salts, it was found that various monovalent cation salts (e.g., NaCl and KNOs,
which do not cause solution pH to shift) effectively induce y-GC, while typical
divalent cation salts (e.g., MgSO,, Ca (NOs),, and Mg (NO3),) hardly induce y-GC. Among
a few studies, NaCl was particularly chosen to examine its effect on glycine
polymorphic crystallization. It was observed experimentally that NaCl promotes the
nucleation of y-GC during solution-mediated transformation from a-GC to y-GC, which

was attributed to a particular salt ion-glycine ordering in solution [98].
2.8.1.1 Solution-Mediated Polymorphic Transformation

After introducing a-GC crystals into the a-GC saturated solution at 23°C, the
glycine concentration in the liquid phase remained virtually unchanged, and the solid
phase retained its a-GC form until the onset of secondary nucleation, initiating the
formation of stable y-GC. The induction time for y-GC secondary nucleation was
calculated based on this onset. As the process progressed, the presence of y-GC
increased while a-GC decreased in the solid phase. Eventually, a-GC disappeared
entirely, and only y-GC remained in the solid phase even before the solution

concentration reached o-GC solubility, as illustrated in Figure 2.42.
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Figure 2.42 Illustration of the evolution of a typical solution-mediated glycine
transformation in the presence of 2.5 m NaCl, highlighting the onset and the

corresponding induction time of y-GC secondary nucleation [98].

2.8.2 Growth of nonlinear optical y-GC crystals

M.Narayan Bhat and S.M. Dharmaprakash [99] grew y-GC from a-GC solution.
This solution was distributed in various beakers. Pre-determined amounts of analytical
grade sodium chloride (NaCl) were added to these beakers to obtain solutions having
glycine and sodium chloride in the ratio 1:1 to 6:1. The resulting solution was filtered
twice and then heated on a water bath maintained at constant temperature until the
volume was sufficiently reduced. A small quantity of each sample was allowed to
evaporate in a dish to obtain seed crystals. It was observed that the sample containing
glycine and NaCl in the ratio 3:1 gave good bulk crystals of larger dimensions 12 mm

x 11 mm x 11 mm with perfect external morphology in Figure 2.43.
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Figure 2.43 photograph of y-GC crystal with containing glycine and NaCl in the ratio 3:1
[99].

The y-GC crystal underwent primary characterization through chemical analysis,
X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) to determine
the crystal and its phase purity. Elemental analysis of the y-GC was done using HERAUS

Carbon, Hydrogen, and Nitrogen analyzer, and the results are displayed in Table 2.4.

Table 2.4 CNH analysis of y-GC crystal

The functional groups in y-GC crystal were analyzed by the Fourier transform
infrared (FTIR) technique and recorded in the range 400-4,000 cm; the characteristic
absorption peaks are observed in the range from 400 to 1,600 cm™ and shown in Figure

2.443a. The peaks observed at 504.2, 607, and 694 cm! are attributed to carboxylate
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groups, while the absorption peaks at 1,111, and 1,131 cm™ are attributed to the NH;*
group. Thus, the carboxyl group is present as a carboxylate ion, and the amino group
exists as an ammonium ion in y-GC. Of the remaining peaks, those at 893 and 1,033
cm™ are attributed to the CNN group, and the peak at 910 cm-1 is assigned to the CH,
group. The XRD pattern helps to identify the phases of glycine. For y-GC, the position
of the peaks was found to be in good agreement with the data available in JCPDS files,
as shown in Figure 2.4db. The highest intensity peak is at plane 110. The cell
parameters were found to be a=b=7.04065 A, c= 5.4842 A space group P3; [100].

Figure 2.44 a) IR spectra and b) powder XRD pattern of y-GC [101].

In addition, y-GC crystals were also used to analyze the weight change of the
substance based on its thermal properties via Thermogravimetric analysis (TGA). The
analysis was performed under a Nitrogen atmosphere in the temperature range of 40-
300 °C. it was found that at approximately 215 °C, the y-GC crystals begin to endow
heat, causing a phase change back to a-GC. When the temperature is raised to about
256 °C, the weight of the y-GC crystal decreases rapidly. It results from the thermal
decomposition of y-GC crystals at that temperature. The analysis results are shown in

Figure 2.45.
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Figure 2.45 TGA/DTA curves of y-GC [101].

2.8.3 Control of piezoelectricity in amino acids by super-molecular packing

Previous research has found that there are many other biological materials that
have piezoelectric properties. As mentioned in section 2.1, piezoelectric materials are
materials that can generate electric current through mechanical stress. Conversely, by
applying an electric field, the material structure will be deformed. Guerin et al. [102]
studied the piezoelectric properties of amino acids, and they found that out of 20
amino acids, only glycine had no chiral properties. Glycine crystallizes in three different
crystal forms: a, B, and y. The crystallization of a-GC occurs in the centrosymmetric
space group P2,/c, which precludes piezoelectricity. On the other hand, B-GC and vy-
GC belong to the non-centrosymmetric space groups P2; and P3,, respectively and so
should exhibit a non-zero piezoelectric response. In addition, the density functional
theory (DFT) was used to predict piezoelectric coefficients in the three ambient
polymorphs of glycine. The result shown in Table 2.5 is the elastic stiffness constants
calculated using DFT. It is worth noting that all but the longitudinal shear stress

coefficient cgs computed for achiral a-GC are very similar to those of B-GC, even though
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a-GC is centrosymmetric and thus non-piezoelectric. The value of cg in a-GC is four
times larger than that in B-GC. The computed cqq and cgg Values for B-GC are relatively
low, which suggests a high shear compliance and potentially high shear piezoelectricity
in this polymorph. On the other hand, y-GC shows higher values of c4q and cgg indicating
a lower shear compliance. In addition, the relative permittivity of glycine polymorphs
is shown in Table 2.6. The DFT-computed relative permittivity tensors of the three
glycine polymorphs. The values calculated for glycine polymorphs are consistent with
those of other amino acids (relative permittivity of 2.13-2.39) calculated using density
functional perturbation theory (DFPT). The average dielectric constant calculated in

this study is 2.5 for y-GC.
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Table 2.5 Computed electric constants of the three ambient polymorphs of glycine

with and without dispersion corrections (modified from [102])
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Table 2.6 Computed relative permittivity and dielectric constant of the three ambient

polymorphs of glycine. (modified from [102])

Under the influence of mechanical stress, a crystal undergoes deformation,
causing ions in the crystal to shift from their equilibrium positions. This creates
electrical dipole moments. For a net polarization to develop, the dipoles formed
within the unit cell of the crystal must not cancel each other out. Centrosymmetric
crystals such as a-GC experience symmetrical movements of ions. The dipoles in the
unit cell cancel each other, resulting in no net polarization (Figure 2.46a). When a
crystal lacks center of symmetry, any mechanical deformation will cause the ions to
move in a non-symmetrical manner. This results in the creation of a net polarization,
as shown in Figures 2.46b-e. The Figure displays molecules with their carbon, hydrogen,
oxygen, and nitrogen atoms colored in cyan, white, red, and navy blue, respectively.
It is worth noting that the crystallographic a, b, and c axes of the crystals have been

aligsned with arbitrarily chosen 1-, 2- and 3-axes, respectively.
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Figure 2.46 Supramolecular packing directs piezoelectric response in glycine amino
acid crystals. a) Computed molecular dipoles (green arrows) in the centrosymmetric a-
GC preclude piezoelectricity. The molecular dipoles in a-GC sum to zero and produce
no net polarization. b) Molecular dipoles in B-GC sum to a spontaneous polarization
(red arrow) along the 2-axis. ¢) Molecular dipoles contributing to the experimentally
observed high shear piezoelectricity in B-GC. When strained in the shear plane normal
to the 3-axis the distance between glycine molecules increases. d) Molecular dipoles
in the unit cell of y-GC sum (red arrow) to a spontaneous polarization along the 3-axis.

e) A top-down view of the y-GC unit cell along the [001] crystallographic direction [102].
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2.9 Composite

Composite materials are fabricated from two or more constituent materials,
each possessing notably disparate chemical or physical properties, which are
amalgamated to yield a material with properties distinct from those of its individual
components. Throughout the completed structure, the constituent elements retain
their separate and discernible identities, thus demarcating composites from mere
mixtures and solid solutions. A composite material comprises a matrix phase, within

which the reinforced phase materials are uniformly dispersed and integrated.
2.9.1 Types of composite materials

Composites are categorized into three primary types: 1. Polymer matrix
composites (PMCs), 2. Metal matrix composites (MMCs), and 3. Ceramic matrix
composites (CMCs). These categories can be further subclassified based on the nature
of the reinforcing agents, which include particles, fibers, and whiskers, as depicted in

Figure 2.47.

Figure 2.47 Classification of composite materials according to the type of matrix and

their characteristics reinforcing substances. (Modified from [103]).
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2.9.1.1 Polymer matrix composite (PMC) [104]

Polymer matrix composites (PMCs) utilize high-strength reinforcement fibers to
effectively absorb and distribute forces, thereby enhancing the material's ability to
withstand higher loads without deformation. This reinforcement mechanism is
illustrated in Figure 2.48, depicting the basic mechanical properties of polymer

composites under force application along the fiber orientation.

Figure 2.48 Mechanical properties of polymer composites are compared with

component materials (modified from [105]).

Within the polymer matrix category, there are two primary subdivisions:
thermosetting matrix and thermoplastic matrix, each exhibiting distinct thermal
behaviors. Thermosetting polymers feature a crosslinked molecular structure,
rendering them rigid and brittle. Conversely, thermoplastic polymers possess a linear

or branched molecular arrangement, enabling them to soften and flow upon heating
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beyond their melting temperature. Additionally, thermoplastics exhibit adhesive

properties and demonstrate environmental durability.
2.9.1.2 Metal matrix composite (MMC) [106]

Metal matrix composites (MMCs) have been engineered to enhance the fatigue
resistance of metals, notably aluminum and titanium. Reinforcement within MMCs can
take the form of particles, fibers, or whiskers. It is imperative that the reinforcing agents
for metals exhibit both high strength and high heat resistance, as metal fabrication
typically involves exceedingly high temperatures. Furthermore, it is essential that the
reinforcement materials do not induce corrosion within the metal matrix. This ensures

the integrity and longevity of the composite material in demanding applications.
2.9.1.3 Ceramic matrix composite (CMC) [107]

Ceramic matrix composites (CMCs) address the inherent brittleness of ceramic
materials, which are prone to fracture and lack repairability once cracks occur. The
incorporation of reinforcements into the ceramic matrix significantly enhances the
mechanical properties of the composite, imparting greater stiffness and durability.
Reinforcements play a crucial role in mitigating crack propagation during operation,
thereby preventing catastrophic failure. Utilized in various forms such as particles,
fibers, or whiskers, reinforcements for CMCs encompass a range of materials including
alumina, silica, silicon carbide, and carbon. These reinforcements, when combined
with ceramic matrices such as cement, carbon, or silicon carbide, contribute to the

overall strength and resilience of the composite material.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

This section explains experimental procedures used for the preparation of
powders ceramic processing and characterization of y-GC powder, BT powder, and y-
GC ceramic and y-GC/BT composite ceramics. The characterizations of y-GC ceramic

and y-GC/BT composite-based ceramics describe physical and electrical properties.

3.1 Chemicals

The chemical purity, solutions, and supplier of raw materials used for

preparations y-GC ceramic and y-GC/BT composite ceramics are listed in Table 3.1.

Table 3.1 Specifications of the starting precursors and solutions used in this study.

3.2 Equipment

1. Beaker sizes 100, 250, 500, and 1,000 ml
2. Cylinder size 100 ml

3. Glass stirrer

4. Magnetic stir bar

5. Plastic scoop and metal scoop

6. Filter paper (Whatman, England)



7. Pressure-reducing filter

8. Weighing paper

9. Digital scale

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Hot plate

Petri dish

Oven
Thermometer
Dropper

Blender

Centrifuge machine
Test tube

Pipette size 1 ml

Freeze-dry machine

20 Pestle and Mortar

21. Ball mill and ball mill grinding bottle
22. Tungsten carbide block

23.
24.

25. Temperature controller

3.3 Powder preparation

Heat jacket
Hydraulic press

3.3.1 Powder preparation of y-GC

7

In this study, y-GC powder was prepared using a recrystallization process by

mixing glycine commercial powder 56 g and sodium chloride 15 g in 100 ml DI water.

The glycine solution was stirred at 200 rpm for 5-6 h before being filtered with a
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pressure-reducing filter to remove any residual sediment from the solution. Then the

solution is left in an oven at 35 C for 25 days (Figure 3.1).

Figure 3.1 Procedure for growing gamma glycine crystals using sodium chloride.

After 25 days, remove the glycine crystal from the solution with tweezers and
place it on a pressure-reducing filter to spray with a saturated glycine solution to
wash the residual salt. The preparation of saturated glycine solution is shown in

Figure 3.2. The glycine crystals were rinsed around 3-4 times. After washing the

crystals, the crystals were placed on a petri dish and dried at 35 °C for 2 days.

Figure 3.2 The preparation of saturated glycine solution.
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Figure 3.3 Procedure for collecting and washing y-GC crystals.

After passing 2 days, 20 g of y-GC crystals were coarsely ground with a pestle
and mortar before the ball milling, as shown in Figure 3.3. Prepare 100 ml of 95%
ethanol by volume in a cylinder and pour into a 250 ml beaker. Then, about half of
the ball mill grinding was added into the ball mill bottle, and 20 ¢ of y-GC powder was
poured into the ball mill bottle, followed by 100 ml of ethanol. The ball mill bottle
was tightly closed and placed in a ball mill machine for 3 h. After 3 h, the ball mill
bottle was removed from the ball mill machine, and the y-GC powder was separated
by a steel sieve, placed on a 250 ml beaker, and all the ingredients in the bottle were
poured onto the steel sieve. The sieve will filter the ball mill granules, while the
ethanol and y-GC powder will pass into the bottom beaker. Use the ethanol contained
in the ethanol cylinder to spray the ball mill bottle, ball mill grinding, and sieve until

clean without y-GC powder remaining. After that, the ethanol mixed with y-GC powder
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was filtered with a pressure-reducing filter to separate the y-GC powder from the

ethanol. The y-GC powder was baked at 60 °C for 2 days.

Figure 3.4 The process of grinding y-GC crystals with a ball mill machine.
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3.3.2 Powder preparation of bacterial cellulose (BC)

Take 1000 ¢ of coconut jelly in syrup and pour into a sieve to remove coconut
jelly from the syrup: rinse with DI water 3-4 times (Figure 3.5). After that, coconut jelly
was boiled in DI water using a 1000 ml beaker. A magnetic stirrer was inserted into the
beaker and put on the stirrer with a heat of 70-80 °C for 30 min. Repeat about 10-15
times. Before freeze-drying, take boiled water to sugar test with benedict in a 1:1 ratio,
i.e., 1T ml of boiled water per 1 ml of benedict was pipetted into the test tube and
brought to heat. Note that the benedict color must not change. If Benedict’s color
changes from blue to brown, coconut jelly must be boiled in DI water continuously
until the Benedict test does not change color. After removing all the sugar in the
coconut jelly, rest the coconut jelly until it cools down. Then, weigh 200 ¢ of coconut
jelly and blend with a blender until fine. 50 ¢ of finely spun coconut jelly was freeze-

dried at -40 °C for 24 h to prepare the bacterial cellulose powder.

Figure 3.5 The preparation of bacterial cellulose powder with freeze-dry process.
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3.3.3 Powder preparation of barium titanate (BT)

In this part, weigh 10 ¢ of barium titanate (BT) powder commercially by weight
boat, pour the BT commercial powder into the crucible, and close the crucible lid
tightly before entering the muffle furnace (Figure 3.6). Next, put the crucible into the
muffle furnace and heat it to 1200 °C for 12 h, 10°C/min.

Figure 3.6 The preparation of barium titanate (BT) powder

After that, BT was prepared via acid treatment by weight BT commercial 5 ¢ and
weight BT after calcined at 1200 °C/12 h for 5 ¢. The acid solution was prepared by
pipetting 5.73 ml of 99% by weight of acetic acid solution into a 100 mL volumetric flask
and adjusting the volume with deionized water (DI water) to 100 ml, as shown in Figure

3.7.

Figure 3.7 The preparation of 1M acetic acid
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Pipette 25 ml of 1M acetic acid solution into 50 ml of the beaker, as shown in

Figure 3.8. The acid solution was prepared in 2 lots for BT commercial and BT after
calcined at 1200 ‘C/12 h. Then, pour 5 g of BT commercial into beaker 1 and pour 5 g of
BT after calcined at 1200 ‘C/12 h into beaker 2 and then stir for 1 h at a temperature of
80 C. After treatment, the BT powder was washed with DI water until the pH is

neutral. Filter the solution with a pressure-reducing filter and put it in the oven at 60 °
C for 24 hours before use. Before use, 3.68 ¢ of BT calcined after acid treatment and
1.32 ¢ of BT commercial after treatment were ground well in a mortar and grinder for

5 min, as shown in Figure 3.9.

Figure 3.8 The preparation of BT powder via acid treatment.
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Figure 3.9 Preparation of the mixture between BT commercial and BT calcined at

1200 C/12h after acid treatment.

3.4 Ceramic via a cold sintering process

3.4.1 y-GC ceramics

Weight 0.9207 ¢ (92wt%) of y-GC powder and 0.0093 g (1wt%) of BC powder and mixed
in a mortar for 2 min. Then, 7wt% (0.07 ¢) of DI water was added and ground in a
pestle and mortar for 2 min. Next, 0.1 g of the mixture was load in a tungsten carbide
block before placed on a hydraulic pressure machine and applied pressure of 2,000
kPa at varying sintering temperature and holding time (0 OC/Oh, RT/6h, RT/12h, RT/24h,
60°C/6h, 60°C/12h, 60°C/24h, 120°C/6h, 120°C/12h, and 120°C/24h) for densification.
After cooling, the cold-sintered y-GC ceramic was removed from the block for

characterization. The detail is shown in Figure 3.10.
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Figure 3.10 The preparation of y-GC ceramic via cold sintering process

3.4.2 Y-GC/BT composites ceramics

Weight 0.14 ¢, 0.28 ¢, 0.46 ¢, and 0.84 ¢ of a y-GC according to the ratio of
15wt%, 30wt%, 50wt%, and 90wt%, respectively. Mix with BT powder and ground in a
pestle and mortar for 5 min. Then, 7wt% (0.07 ¢) of DI water was added to the mixture
by using a pestle and mortar for 5 min. Next, 0.3 g of the y-GC/BT mixture was loaded
in a tungsten carbide block and placed on a hydraulic pressure machine and applied
pressure of 10,000 kPa at a holding time of 6 h and sintering temperature of 120 °C for
1 h for densification. After cooling, the cold-sintered y-GC/BT composite ceramics were

removed from the block for characterization. The detail is shown in Figure 3.11.
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Figure 3.3 The preparation of y-GC/BT composites via cold sintering process

3.5 Characterization of ceramics
3.5.1 Physical properties and structure determination
3.5.1.1 Density measurement

The density of y-GC ceramic pellets and y-GC/BT composite pellets is an index
of their quality, which is dependent on impurities and pores. It was determined by
measuring the pellets' mass and dimensions. The degree of densification, or the ratio

of actual density to theoretical density, was calculated using Equation 3.1 [108].
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- —,— o)
Pr = eaina X 100% (3.1)

where p, is the relative density (%), m is a mass of the cold-sintered pellet (¢), d and
h are the diameter (cm) and thickness (cm) of the cold-sintered pellet, respectively;
and p; is the theoretical density (g/cm?) of composites which was calculated using
Equation 3.2.

P = (3.2)

(5:)+(5)

Where m = 1 and m, is the mass fraction of y-GC and m, are the mass fraction of BC,
and BT, respectively; p, is the theoretical densities (g/cm?) of y-GC and p, are
theoretical densities of BC, and BT, which were calculated according to the Equation

3.3.

nA
B VCNA

p (3.3)

when n is the number of molecules per unit cell, 4 is the formula weight (¢/mol), V,
is the volume per unit cell (cm*/unit cell), and N, = 6.023 x 10> / mol. In addition, a
mass fraction can be calculated according to Equation 3.4.

m;
Meraction = Mot (34)
o

When Mgqcrion 1S @ Mass fraction, m; is a mass of y-GC, BC, and BT, my,, is the mass of

the mixture.
3.5.1.2 X-ray diffraction analysis (XRD)

After sintering of y-GC ceramics and y-GC/BT composites ceramics, the crystal
structure and phase transition of all ceramics was carried out using the X-ray diffraction
(XRD) technique. XRD is a versatile, non-destructive analytical technique used to
analyze physical properties such as phase composition, crystal structure, and
orientation of powder, solid, and liquid samples. X-ray scattering is caused by the
interaction of X-rays and crystal lattices in materials, in which X-rays scattered from
distinct lattices interfere with one another and generate a diffraction pattern when the

incident angle of the X-ray beam changes. The interaction of the incident rays with the
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sample produces a diffracted ray when conditions satisfy Bragg’s Law as an Equation

3.5.
nA = 2dsin® (3.5)

Where n is the diffraction order (n=1 is first order, n=2 is second order, n=3 is third
order), A is the wavelength (nm), d is a lattice spacing (nm), and 6 is an angle
(degrees). This process is like matching fingerprints in a crime scene investigation. The
most comprehensive compound database is maintained by the ICDD (International
Center of Diffraction Data) and JCPDS (Joint Committee on Powder Diffraction
Standard).

In these studies, the x-ray diffraction results of y-GC powder, y-GC ceramic, BT
powder, and y-GC/BT composites were obtained from a Smart Lab X-ray
diffractometer, as shown in Figure 3.12. The source of the X-ray used Cu-K, radiation
with A= 1.5418 A. The data of X-ray diffraction were collected in the 26 scan range of
5-50° for y-GC powder and y-GC ceramic. However, BT powder and y-GC/BT composites
were collected in the 20 scan range of 10-80 °C. The phase was determined by
comparing the major peaks to the values listed on the JCPDS data. In addition, the
instrument merges a heat-flux type DSC with an XRD, which was measured to

investigate the temperature of the transformation of y-GC to a-GC.
3.5.1.2.1 In-situ X-ray diffraction

In-situ X-ray diffraction is one of the operating modes of an X-ray diffraction
analyzer with an auxiliary device, namely a cold-heat device. This makes it possible to
study changes in crystal structure and composition as test conditions change. In
addition, the addition of such equipment makes it possible to analyze changes in
substances from room temperature up to 1,500 °C. It is also possible to study the

thermal behavior of sample substances.



89

In this work, the y-GC ceramic at condition 120 °C/24 h was investigated in the
26 = 10-40°. The composite was placed on an aluminum square-shaped stage (8 mm
* 8 mm), and the temperature was increased from RT to 300 °C at a heating rate of

40°C/min.

Figure 3.12 X-ray diffractometer, RIGAKU smart lab

3.5.1.3 Transform Infrared Spectrometer (FTIR)

FTIR is a common form of infrared spectroscopy. All infrared spectroscopies act
on the principle that when infrared (IR) radiation passes a sample, some of the radiation
is absorbed. The radiation that passes through the sample is recorded. Because
different molecules with their different structure produce different spectra, the spectra
can be used to identify and distinguish among molecules. The advantage of this
technique is it does not destroy the sample, it is significantly faster than older
techniques, and it is much more sensitive and precise. A molecule’s covalent bonds
will selectively absorb radiation of specific wavelengths, which changes the vibration
energy in the bond. The type of vibration (stretching or bending) induced by the
infrared radiation depends on the atoms in the bond. Because different bonds and
functional groups absorb different frequencies, the transmittance pattern is different

for different molecules. The output of the FTIR spectrum was recorded on a graph
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known as an interferogram with wavenumber (cm™) recorded on the X-axis and
transmittance recorded on the Y-axis. In this study, FTIR was studied to examine the
functional group of materials. The y-GC powder and y-GC ceramic were used in an
attenuated total reflectance (ATR) mode and recorded between 700-4000 cm™.
However, the BT powder and y-GC/BT composites sample will be used in the FTIR
transmittance mode for recording between 400-4,000 cm™. The FTIR detector is shown

in Figure 3.13.

Figure 3.13 Fourier transform Infrared (FTIR), SHIMADZU, IR Tracer-100.

3.5.1.4 Scanning Electron Microscopy (SEM)

SEM is a highly versatile technique used to obtain high-resolution images and
detailed surface information of samples. It is a type of electron microscopy that uses
a focused beam of electrons to scan the surface of a specimen and generate images
at a much greater resolution compared to optical microscopy. The resolution of SEM
instruments can range from < 1 nanometer up to several nanometers. SEM uses an
electron beam that is produced at the top of the column in the electron gun and
accelerated through the column at a specified accelerating voltage (1 keV-30 keV).

Condenser lenses and apertures act to reduce the beam diameter. The final lens in
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the column is the objective lens, which focuses the beam on the sample surface.
The diameter of the beam in an SEM can range from <1 nanometer up to 20
nanometers, depending on the type of electron gun, accelerating voltage, and lens

configuration (Figure 3.14).

In this study, the surface morphology of ceramic was observed using SEM
(Quanta FEG-250, FEI), as shown in Figure 3.15. The y-GC powder, BT powder, and all
ceramic were attached on stainless steel stubs and using carbon adhesive tape. After

that, the top surface of the sample was coated by a gold layer.

Figure 3.14 The component and operation of SEM [109].
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Figure 3.15 Scanning Electron Microscope (SEM, Quanta FEG-250, FEI).

3.5.1.4.1 Energy dispersive X-ray spectroscopy (EDS)

EDS is an analytical technique used for the elemental analysis or chemical
characterization of a sample. The EDS analysis can be used to determine the
elemental composition of individual points or to map out the lateral distribution of
elements from the image area. The EDS has an analytical capability that can be

coupled with several applications, including SEM and TEM.

In this work, the y-GC/BT composites at various y-GC content (15wt%, 30wt%,
50wt%, and 90wt%) were performed to analyze the chemical components of

materials.

3.5.1.5 Transmission Electron Microscopy (TEM)

TEM is a technique of imaging the internal structure of solids using a beam of
high-energy electrons transmitted through the solid. This technique is unlike optical

microscopes, which rely on light in the visible spectrum. TEM can reveal stunning
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details at the atomic scale by magnifying nanometer structures up to 50 million

times.

In this work, the size and shape of the BT commercial powder and BT after
calcined at 1,200 ‘C/12 h were measured and analyzed by TEM (FEI, Model: TECNAI

G2 20, Netherlands). The TEM is shown in Figure 3.16.

Figure 3.16 Transmission electron microscopy (TEM, FEI, Model: TECNAI G2 20, Netherlands).

3.5.1.6 Synchrotron X-ray Tomographic Microscopy (SR-XTM)

SR-XTM utilized the X-ray beam generated from the synchrotron light source
in the X-ray imaging. When the X-ray beam is projected onto the sample, the X-ray

beam that passes through the sample creates an X-ray pattern from the differential
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absorption of the sample. The scintillator is used to convert the transmitted X-ray to
visible light to acquire the X-ray image. Then, it is magnified by the objective lens
coupled microscope and finally recorded by the high-resolution camera (sCMOS
camera). A typical SR-XTEM scan is carried out by acquiring the X-ray images around
the sample for at least 180°. After the scan, all X-ray images are calibrated by flat-
field correction with bright and dark current images. The resulting X-ray images are
inputted in computational processing to obtain the sinograms and the reconstructed
tomographic images based on the filtered back-projection algorithm. The collection
of reconstructed images (also referred to as tomograms) reflects the cross-sectional

details of the sample in three dimensions. The SR-XTM is shown in Figure 3.17.

In this work, y-GC ceramic at condition 120 “C/24h and v-GC/BT composites at
varying y-GC content of 5wt%, 30wt%, and 90wt% were conducted by SR-XTM at
beamline 1.2W, Synchrotron Light Research Institute (SLRI), Thailand. X-ray projections
of the sample were collected for a complete dataset, spanning 180° with 0.1-degree
increments. Artifacts were minimized by attenuating polychromatic X-rays with a 350-
micron-thick aluminum foil, averaging 11.5 keV. Projections were captured using an
sCMOS camera with a 1.44-micrometer pixel size. Data was pre-processed and
reconstructed in 3D using the Octopus Reconstruction software. The reconstructed

images were visualized using Drishti software.

Figure 3.17 Synchrotron X-ray Tomographic Microscopy (SR-XTM)
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3.5.1.7 Vickers hardness test

Vickers hardness test determines hardness in materials within the
microhardness test load range. This approach employs force to assess sagging
markings on the material's surface. Vickers uses a diamond square-based pyramid-
shaped indenter and a microscope to observe the impression and diagonals. The
measuring pressure ranges from 10 gram- force (¢f) to 100 kilogram-force (kgf). If the
measuring pressure is less than 1 kef, it must be polished using a machine or electric
polisher before testing to obtain the most accurate test results. It is suitable for

measuring the hardness of steel.

In this study, the y-GC ceramic was measured by a Vickers hardness tester
(Figure 3.18) to confirm the improvement in the hardness properties of the material
when bacterial cellulose was added. The y-GC ceramic was placed on the sample
stand under the press. The diamond indenter was moved down slowly until it
touched the sample, applied 1 kg of force, and held for 5 min before removing it

from the sample. In this test, the samples were repeated 5 times.
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Figure 3.18 Hardness tester (Shimadzu, Model: HMV-2T).

3.5.2 Electrical Analysis
3.5.2.1 Sample preparation

Before measuring electrical properties, all ceramic samples were polished for
both sides and made parallel. Then, the cold-sintered pellet's top and bottom
surfaces were coated with silver paste and dried in air at 100 °C for 30 min before

measurement.
3.5.2.2 Ferroelectric property measurement

The ferroelectric material measures polarization as a function of the electric

field (P-E hysteresis loop). The P-E hysteresis loop describes the dynamic nonlinear
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polarization switch behavior as a function of the field. The saturation polarization (P),
remnant polarization (P,), and coercive field (E.) can be obtained from the ferroelectric

hysteresis loop.

In this study, the polarization-electric field (P-E) hysteresis loop was
determined at room temperature using a standard ferroelectric test system (RT66A)
from Radiant Technologies (Figure 3.19), for y-GC ceramic at condition RT/24h, 60°
C/24h, and 120°C/24h were measured at an electric field of -5 to 5 kV/cm. For Y-
GC/BT composites, varying y-GC from 15wt%, 50wt%, and 90wt% were measured at
an electric field of -20 to 20 kV/cm. During the measurement, the ceramic sample
was immersed in silicone oil to prevent the breakdown from the side area of the

samples.

Figure 3.19 Ferroelectric Tester

3.5.2.3 Dielectric property measurement

The dielectric property measurement is mentioned in the determination of
the phase transition temperature, relative permittivity () or dielectric constant, and
loss ’Eangent (tand). The capacitance measurements determined the relative
permittivity and loss tangent value based on the following Equation 3.6.

Eo&rA

c=— (3.6)
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Where C is the capacitance (Farad), d is the ceramic thickness, 4 is the surface area of
the sample, and & is the permittivity of free space, 8.854 x 102 F/m. In this study,
the dielectric property measurements of y-GC ceramic and y-GC/BT composites were
recorded using an LCR meter (Agilent E4908A), as shown in Figure 3.20, for y-GC ceramic
at condition 120 ‘C/24h were measured from 100 Hz to 1 MHz at RT to 150 C. v-GC/BT

composites were measured from 100 Hz to 2 MHz at RT to 200 C.

Figure 3.20 LCR meter (Agilent E4908A)
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CHAPTER 4
TOWARDS THE PREPARATION OF ORGANIC

FERROELECTRIC COMPOSITES: FABRICATION OF A
GAMMA-GLYCINE-BACTERIAL CELLULOSE COMPOSITE
VIA COLD SINTERING PROCESS

Based on article published in journal of Materials Research and Technology

The cold sintering process (CSP) has emerged as a revolutionary technique for
low-temperature processing of ceramics and composites, enabling high-density
fabrication at low temperatures. In this study, we demonstrated the implementation
of CSP in fabricating the y-glycine (y-GC)-bacterial cellulose (BC) composite and
evaluated the effect of sintering temperature and holding time on the microstructure
and electrical properties. Our findings revealed that an increase in sintering
temperature and holding time leads to grain growth, as the transient solvent (water)
facilitates the closely-packed microstructure. Moreover, the addition of BC as a filler
into the y-G matrix leads to a composite with a 10% increase in hardness when BC was

uniformly distributed in y-GC. The composite with a relative density of 97% was

successfully obtained at 120°C/24 h, preserving the y polymorph of glycine without
the unwanted transformation commonly observed with traditional sintering. We also
reported the dielectric and ferroelectric properties of the y-G-BC composite, exhibiting
a remanent polarization of 0.004 pC/cm? and a coercive field of 1.201 kV/cm. Our
findings suggest that CSP is a promising approach for low-temperature processing and
fabrication of ceramics, especially when incorporating structurally sensitive filler such

as organic ferroelectric, to achieve high-performance composites.

4.1 Introduction
Piezoelectric materials have the unique property of converting mechanical
forces into electricity and vice versa. Inorganic piezoelectric materials, such as lead

zirconated titanate (PZT) [110], aluminum nitride (AIN) [111], zinc oxide (ZnO) [112],
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and barium titanate (BaTiOs) [113, 114], exhibit this effect due to ions rearrangement
within their crystal structures which lack the inversion symmetry [115, 116]. These
materials are commonly used as ultrasonic motors and actuators, precision motion
control and positioning devices, microfluidics, implantable medical devices, and
piezoelectric nanogenerators [115-118]. However, inorganic piezoelectric materials
have some drawbacks, including limited strength and durability, poor temperature
stability, high cost and difficulty of processing, inflexibility, poor biocompatibility,
potential toxicity to the environment and human health, making them less attractive
for biomedical and related applications [115],[116].

Recently, organic piezoelectric materials, including glycine [119], collagen [120],
silk [121], self-assembled diphenylalanine peptide nanotubes (PNTs) [122], graphene
[123], and chitosan [124], are attracting increasing attention due to their notable
advantages [125] such as such as high biocompatibility, flexibility, and processability.
However, they have relatively low piezoelectric coefficients and poor mechanical
properties. Despite these limitations, organic piezoelectric materials hold great promise
in the field of biomedicine, particularly for implantable devices and sensors, due to
the reduced risk of adverse biological responses. Improvements in the fabrication
techniques, molecular design, and characterization methods are necessary to address
these challenges and to expand their potential applications in various fields [126, 127].
Among organic piezoelectric materials, glycine has gained considerable attention due
to its simplicity as the simplest amino acid found in proteins [20, 127]. It crystallizes
into three polymorphs depending on crystallization conditions: o, B, and y. The
metastable a-glycine (a-GC) phase has a centrosymmetric structure and possesses no
piezoelectricity, while the unstable B-glycine (B-GC) phase has a non-centrosymmetric
structure and consequently shows piezoelectricity [128]. The addition of inorganic salts
(such as NaCl) significantly promotes the secondary nucleation of the piezoelectric y-
GC while simultaneously inhibiting the a-G primary nucleation. This is possible due to
ion-glycine interaction and the formation of linear head-to-tail glycine chains [129].
Despite initial reports of low piezoelectric coefficients, recent studies [23, 130] have
shown that glycine exhibits strong piezoelectric properties, with piezoelectric
coefficients comparable to or better than those of conventional organic piezoelectric

materials [119]. In 2012, Heredia et al. [131] reported robust and continuous nanoscale
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ferroelectricity in piezoelectric y-GC for the first time. Additionally, the polarization of
v-GC is about five times stronger than that of B-GC due to spirally aligned dipoles along
the axis, as opposed to randomly oriented dipoles in B-GC [97]. However, when
compared to inorganic piezoelectric materials, y-GC still possess a lower piezoelectric
output.

However, the synthesis of y-GC crystals through traditional re-crystallization
processes does not allow doping or compositing. While the properties could be
improved when y-GC ceramics is composited with other materials, the transformation
of y-GC at high temperatures remains a challenge that affects its piezoelectric and
ferroelectric properties. The current limitation regarding the densification of ceramics
can be addressed by utilizing the cold sintering process (CSP) [132-135]. This innovative
low-temperature sintering approach has proven to be effective in densifying ceramic
materials. The recent study conducted by Randall et al. [14] reported that the CSP is
capable of delivering high relative densities (>98%) of potassium dihydrogen
phosphate (KH,PO,4) below 300 C, with a processing duration of around 1 h. This finding
highlights the potential of CSP as a promising alternative, based on the "dissolution-
precipitation" phenomenon, to conventional high-temperature sintering methods [136,
137]. Accordingly, CSP is an innovative, promising approach for the preparation of y-G
composites by utilizing the low-temperature processing conditions which could
impede the conventional y-GC transformation typically at >200 °C [20, 128]. This
research seeks to improve the density, mechanical, piezoelectric, and ferroelectric
properties of y-GC, an organic piezoelectric/ferroelectric material. Additionally, the
study aims to explore new methods for the fabrication of high-performance
composites using biomaterial-based fillers such as bacterial cellulose, thereby

expanding the range of their potential applications.

4.2 Experimental procedure

4.2.1 Gamma glycine (y-GC) preparation

Ficure 4.1a Shows a schematic illustration of the y-GC synthesis via a
recrystallization process. An amount of 56 ¢ of commercial-grade glycine (NH,COOH,
99% purity from Sigma-Aldrich) and 15 g of sodium chloride (NaCl, analytical-grade

from Carlo Erba) in a 3:1 mol ratio were dissolved in 100 mL deionized water (DI water),
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stirred for 5 h at room temperature (RT), then filtered with a vacuum filtration twice.
The obtained liquid was kept in an oven at 35 °C for 25 days for the o- to y-
transformation. The y-GC crystals were obtained after 25 days, which were ground using
a ball mill apparatus for 3 h to make the y-GC powder.

4.2.2 Bacterial cellulose (BC) preparation

BC powder was prepared by washing and soaking 700 ¢ of nata de coco from
the local manufacturer (Bifern, ASP Inter Food Co., Ltd) in 1000 mL of boiled water,
with the water replaced every 30 min until pH 5. Then, the obtained nata de coco
paste was blended in a wet blender, poured into trays, and freeze-dried at -40 °C for
24 h.

4.2.3 Fabrication of y-GC/BC composites via CSP

Figure 4.1b Illustrates the fabrication of y-GC/BC composite via CSP. y-GC
powder and BC powder were mixed in a mortar for 2 min. Then, DI water was added,
and the mixture was ground in a pestle and mortar for 2 min. The weight ratio of y-GC:
BC: DI water was 92: 1: 7. Next, 0.1 g of the y-GC-BC mixture was placed in a tungsten
carbide block and subjected to uniaxial pressure of 2,000 KPa at RT-120 °C for 6-24 h
for densification. After cooling, the cold-sintered y-GC/BC composites was removed
from the block for characterization. For comparison, the traditional sintering process
(TSP) was also employed. The y-GC powder underwent uniaxial pressing at pressure of

2000 KPa followed by sintering in air at a temperature of 200 “C for a duration of 24 h.
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Figure 4.1 Schematic illustration of a) preparation of y-GC, and b) fabrication of the y-
GC-BC composites via CSP.

4.2.4 Characterization
The relative density of y-GC-based composites was calculated by measuring
mass and dimensions of the cold-sintered pellet. The degree of densification, or the

ratio of actual density to theoretical density, was calculated using Equation 4.1 [108]

=—" X 100% (a.1)
P warnpy © " |
where: p, is the relative density (%), m is mass of y-GC-BC composites (g), d and h are
diameter (cm) and thickness (cm) of the pellet, respectively; and p; is the theoretical

density (g/cm®) which was calculated using Equation 4.2



104

m

Pt = W (4.2)

Py P,

where m = 1, m; and m, are the masses of y-GC and BC, respectively; p; and p, are the
theoretical densities (g/cm?) of y-GC and BC, respectively, which were calculated

according to Equation 4.3.
nA
p= VeNgy

(4.3)

where n is the number of molecules per unit cell, 4 is the formula weight (g/mol), V.

is the volume per unit cell (cm®/unit cell), and N,= 6.023 X 10%/mol.

Fourier-transform infrared spectroscopy (FT-IR, SHIMADZU, IRTracer-100) in an
attenuated total reflectance (ATR) mode was recorded between 700-4000 cm™ and
the resolution 4 cm™ with 45 accumulation scans. Crystal structure of the composite
was characterized by X-ray diffraction (XRD, RIGAKU smart lab, 20 = 5-50°) and
compared to the JCPDS database. LeBail refinement of the unit cell parameters was
performed using JANA2006 software. The average crystallite size of y-GC-BC
composites was calculated using Debye Scherrer Equation 4.4.

KA
~ Bcose

(4.4)

Where D is the crystallite size, K is known as the Scherer’s constant (K = 0.94), Ais
wavelength of X-ray radiation (1.5418 A), 8 is a full width at half maximum (FWHM) of
the diffraction peak, and 6 is the angle of diffraction [138]. A simultaneous XRD-DSC
instrument (Rigaku Co., Tokyo, Japan) was also utilized to further characterize the y-
GC-BC composite. The instrument merges a heat-flux type DSC with an X-ray
diffractometer (Cu Kq, 40 kV, 30 mA; and 26 = 10-40°) to obtain accurate readings.
The composite was placed on an aluminum square-shaped stage (8mm x 8mm), and
the temperature was increased from RT to 300°C at a heating rate of 40°C/min. The
morphology and grain size of the y-GC-BC composite were observed using an SEM
(Quanta FEG-250, FEI). SR-XTM was conducted at beamline 1.2W, SLRI, Thailand. X-ray
projections of the sample were collected for a complete dataset, spanning 180 “with
0.1-degree increments. Artifacts were minimized by attenuating polychromatic X-rays

with a 350-micron-thick aluminum foil, averaging at 11.5 keV. Projections were
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captured using an sCMOS camera with 1.44-pm pixel size. Data was pre-processed
and reconstructed in 3D using the Octopus Reconstruction software. The
reconstructed images were visualized using Drishti software. The Vickers test was
examined using a micro hardness tester (Shimadzu HMV-2T, 1 kg load). Hardness

values were calculated using Vickers hardness Equation 4.5.

1.854 XF

HV= —az (4.5)

where HV represents a Vickers hardness (kg/mm?), F is the applied load (g), and d is
the diagonal length (mm) of the indentation cavity. To determine the dielectric
properties of the y-GC-based composite, top and bottom surfaces of the pellet were
coated with silver paste and dried in air at 100 °C for 30 min. The dielectric constant
(g,) and loss tangent (tan &) of the y-GC-BC composites were recorded using an LCR
meter (Agilent E4A908A) from 100 Hz to 1 MHz at RT, 50, 100 and 150 °C. Polarization
versus electric field hysteresis loops of selected samples were recorded at RT using a

standard ferroelectric test system (RT66A) from Radiant Technologies.

4.3 Results and discussion

Figure. 4.2 is the SEM image showing the microstructure of the y-GC-BC
composites compressed at 2,000 kPa and sintered at varying temperatures (RT, 60, and
120 °Q) for a duration of 6-24 h. After removal from the tungsten carbide block, the
composites appeared as white pellets with a diameter of 1 cm and a thickness of
approximately 1 mm. Firstly, at the fixed holding time of 24 h, the y-GC-BC composite
sintered at RT had a porous and uneven surface, with a small grain size of
approximately 1.45 + 0.73 um (Figure 4.2a). With increasing sintering temperature to 60
°C (Figure 4.2b) and 120 °C (Figure 4.2¢), the surface became smoother, and the grain
size increased to 1.76 + 1.20 um and 2.27 + 0.99 um, respectively. In other experiments
where the temperature was fixed at RT and the time was varied, the composite
sintered for 6 h had a small grain size of 1.42 + 0.81 um (Figure 4.2d) and a porous
surface. The grain size increased with increasing holding time to 2.01 + 1.02 um (12 h,

Figure 4.2e) and 2.39 + 1.48 um (24 h, Figure 4.2f). Clearly, the sintering temperature
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and holding time both affect the grain size and densification, as they play important

roles in accelerating the density and the densification process.

Figure. 4.2 SEM images of the cold-sintered y-G-BC composites prepared at different

conditions: (a) RT/24h (b) 60 €/24h (c) 120 &/24h (d) RT/6h (e) RT/12h and (f) RT/24h.
The insets show the corresponding digital of the pellet.

The mechanism of CSP is depicted in Figure 4.3, consisting of two stages. At
stage |, the homogenized ensembles of the y-GC/BC composite was added with a liquid
phase, which can be water or water with volatile solute (i) [15, 139]. The liquid phase
serves as a lubricant and smooths the particle surface. The added liquid is beneficial
to particle rearrangement (i) as it partially dissolves sharp particles edges, leading to
spaces for particles sliding. The densification at this stage is mainly through the external
pressure, where the liquid phase readily redistributes itself and fills into particle
interstitials. Accordingly, this early stage of sintering results in the initial particle
compaction (yellow frame), contributing mostly to the total sample shrinkage (S1)

[140].

Next, stage Il begins at the solid-solid interface [141], involving dissolution at
intergranular interfaces and mass transport through diffusion. Here, the ions (dissolved
from the particles) diffuse through the water film (iii (a-ii)), causing gradual dilution of
solute concentration away from the solid surfaces. Subsequently, precipitation occurs

in pores (iii(a-iii)) and lead to neck growth at grain-grain interstitials. As a result, the
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sample undergoes a slight shrinkage (S2). When the temperature and time are raised,
the liquid volume is substantially reduced. Once precipitation is completed, the
number of particle-particle contacts is significantly increased; crystal growth may occur
via the coalescence of small crystallites into relatively larger ones. Notably, the crystal
growth stages (iv-b) are strongly dynamic in nature, being driven by water evaporation
and a supersaturated liquid at the temperature right above its boiling point. This triggers
a large chemical driving force for the solid and liquid phases to reach an equilibrium
state. Accordingly, temperature and time play a crucial role in this stage, as they
enhance solubility while speeding up dissolution and grain growth. During the grain
growth state, the initial grain undergoes a gradual and controlled increase in size,
influenced by factors such as temperature and time. Throughout this process, the
average grain size transitions from an initial value of D, to a final value of D;. The
densification rate varies with temperature, initially rising rapidly before becoming
constant. The densification process may slow down at high temperatures due to

evaporation [89, 90].
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Figure 4.3 Schematics of CSP mechanism at various stages adapted from ref.
[14],[139],[142]. Stage | involves compression and particle sliding: i) particle
compaction, ii) particle sliding and rearrangement. Stage Il involves the dissolution -
precipitation and crystal growth shown in iii) and iv). Details of these two steps of
Stage Il are shown in a) incorporating dissolution, ion diffusion, precipitation-neck

formation; and b) water evaporation and crystal growth.
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The relative density of the y-GC/BC composites was plotted in Figure 4.4a and
b, illustrating its dependence on CSP parameters such as sintering temperatures and
holding times. The results revealed that increasing the sintering temperature in CSP
from RT to 120 € (Figure 4.4a) increased the relative density from 93.9 + 1.8% to 97.4
+ 1.5%. This is attributed to the improved mass transport and composite deformation
at elevated temperature, leading to the improved bonding between particles and
elimination of pores. The holding time also affected the relative density, as shown in
Figure 4.4b. It is rationalized that a longer holding time allows for the enhanced
dissolution of ions into DI water, and for a greater amount of precipitates around grain
boundaries, thereby decreasing the local distance between particles and promoting
mass transport The relative density of y-GC/BC composites via CSP (97%, 120 &, 24 h)
was found to be higher than that from the traditional sintering process (TSP, 85%, 200
&, 24 h).

The densification of the y-GC/BC composite was also correlated with hardness,
as seen from the micro-hardness test (Figure 4.4c) which is suitable for small scale
samples. We observed an increase in hardness value from 58.2 + 0.56 (TSP) to 78.1 +
1.88 (CSP) for y-GC. However, these values are smaller than 86.3 + 0.66 for the y-GC/BC
composites prepared via CSP, presenting an increase of approximately 10%. The
Vickers hardness of the y-GC can be attributed to the H-bonded chains of which are
interconnected by lateral NH+**O H bonds, resulting in a three-dimensional network.
However, the brittle y-GC is prone to cracking by pressure as depicted in Figure 4.4d
[143]. The addition of BC filler increased the hardness of the y-GC/BC composite due
to strong crosslinking between the amine groups of y-GC and the hydroxyl groups of
BC as demonstrated in Figure 4.4e-f. The 3D distribution of the y-GC/BC composite on
a macroscale was confirmed using Synchrotron Radiation X-ray Tomographic
Microscopy (SR-XTM), which showed that BC was evenly distributed over the y-GC

surface (Figure 4.5a).



110

Figure 4.4 The relative density of y-GC/BC composite after CSP at a) various sintering
temperatures and b) various holding times. c) Vickers hardness number (HV, 1 kg load) of
the y-GC/BC composite via TSP (blue) and the 120 ‘C/24h via CSP (red). CSP diagram of d)
v-GC via CSP, and e) after adding BC; f) the chemical structure showing hydrogen bonds

between amino groups of y-GC and hydrogen groups of BC.

The different y-GC/BC composites were also characterized using ATR-FTIR. The
NH," stretching vibrations were observed in all spectra as the broad band at 3091 cm”

! as depicted in Figure 4.5b-i. The zoom-in in Figure 4.5b-ii shows a strong
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asymmetrical (C=0)O stretching with the highest intensity at 1573 cm™ (peak 1), NH
bending vibration of NHs* at 1492 cm™ (peak 2), (C=0)O symmetrical stretching at
1390 cm™ (peak 3), and CH, wagging with the lowest intensity among four peaks at
1328 cm! (peak 4). The ratio of the intensity (1) of these four peaks, where |5 > I > |,
> 1y, and I,/l; = 1.27 is unique to a-glycine [144]. For B-GC, the characteristics intensity
sequence is |y > I, > 14 > l4, and I,/15 = 1.02 [145]. Lastly, the characteristics intensity
sequence for y-GCis Iy > I3 > |, > Ig, with I,/l; = 0.96 [101]. Therefore, if I; is maximum,
and |,/15 ratios are between 0.96 and 1.02, slycine is presumably a mixed phase
between B-GC and y-GC. Note that B-GC can rapidly transform to a-GC and y-GC in the
presence of moisture at room temperature, but it is metastable in dry air. It is
deduced from the sequence of intensities and the calculated I,/1; of 1.36, that the
glycine in the y-GC/BC (TSP) composite is a-GC. On the other hand, the ATR-FTIR
results of the y-GC/BC composite prepared via CSP indicated that glycine is in the y-
GC form (I,/1; = 0.76) without phase transformation commonly observed with the TSP
employing higher temperatures (>200 &). The presence of the carboxylic acid group
resulted in the donation of its proton to the amino group, forming a dipolar ion with
a strong hydrogen bond viz. HsN* CH,COO. These zwitterions adopt an antiparallel
arrangement and subsequently the non-centrosymmetric cell with

piezoelectric/ferroelectric properties.

The X-ray diffraction (XRD) patterns of the y-GC/BC composites prepared
through TSP and CSP are presented in Figure 4.5c. Consistent with ATR-FTIR results, all
peaks of the sample prepared through TSP corresponded to the standard data in JCPDS
number 32-1702 of a-GC. This contrasts with the y-GC phase (JCPDS 06-230) for the
composites prepared through CSP. In addition, LeBail refinement using the JANA2006
software was performed, and the results are shown in Figure 4.5c (calculated peak,
black line; observed peak, +; shift patterns, green line; and the Bragg peak positions,
black). The refinement parameters are selectively tabulated in Table 4.1. The lattice

parameters obtained for the sample prepared through TSP were a = 5.492(5) A, b

11.704(9) A, and c = 5.125(4) A, confirming the monoclinic structure of the a

polymorph. The lattice parameters of the sample obtained from CSP were a = b

7.031(1) A and ¢ = 5.478(1) A, indicating a hexagonal structure characteristic of the y
polymorph. Accordingly, XRD analysis confirmed that the CSP successfully preserved
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the y polymorph of glycine which would provide the piezoelectric properties. The
crystalline size, estimated using Equation 4.4, is not significantly different between CSP

(23.8 nm) and TSP (21.4 nm).

To further investigate the temperature-dependent phase transformation of the
v-GC/BC composite, the simultaneous differential scanning calorimetry (DSC) and XRD

analyses were performed. The heat flow curve, as depicted in Figure 4.5d, show three
distinct steps at 160, 190, and 225 &. The first one corresponds to the melting of BC

[146]. Next, the other two steps reflect the y-GC transformation. At 190 &, the mixture

of y-GC and a-GC was formed, resulting from the breaking of the 3D network of H-
bonds in the crystal lattice [128, 147]. This temperature is comparable to 185.5 ¢ [148]
and 187 C [149], in the literature, and is complete at 215 Eﬁ, as confirmed by X-ray
diffraction. Accordingly, the third DSC peak at 225 ¢ indicates the decomposition of
glycine [150] . The temperature dependence of the phase transformation explains why
TSP which requires a higher sintering temperature of >200 ¢ will not preserve the y

polymorph of glycine.
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Figure 4.5 a) X-ray tomographic 3D visualization of y-GC/BC composites via TSP and the
120 &/24h via CSP and BC dispersion phase b) i. ATR-IR spectrum and ii. The zoom-in; c)
LeBail refinement of the XRD patterns of the y-GC/BC composites via TSP and the 120
&/24 h via CSP; and d) in-situ XRD patterns and the simultaneous heat flow curve of the
120 &/24 h y-GC/BC composites.
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Table 4.1 LaBail refinement parameters and calculated data from XRD pattern using

JANA2006 software.

Lattice parameters

R-
Samples Angles structure  polymorph
a (A) b (A) c (A parameters
)
R, = 9.12
5.492 11.704 5.125 a=90.0 Rup=16.76
TSP g=1113 Monoclinic  Alpha (o)
(5) 9) (4) ¥ =900 Rexp = 5.61
GOF = 2.26
R, = 7.92
7.031 7.031 5.478 a=90.0 R.p=10.47
CSP =900 Hexagonal — Gamma (y)
(1) (1) (1) Y = 1200 Rexp = 7.87
GOF =1.33

The dielectric responses of the y-GC/BC composites were investigated as a
function of temperatures and frequencies. The temperature dependences of the ¢,
and tan & for the 120 &/24 h y-GC/BC composites from RT to 150 ¢ at selected
frequencies are shown in Figure 4.6a-b. Figure 4.6a indicated that ¢ increases gradually
with increasing temperature due to the increased mobility of the polar segments.
Specifically, the cellulose sub-unit comprises of polar -OH groups in glucopyranose
rings oriented in the equatorial direction. Meanwhile, y-GC exists as a dipolar ion as
discussed above. The alignment of these polar groups from two components
contributes to an increase in orientation polarization, resulting in a higher dielectric
constant of the composite. Figure 4.6b Illustrates the temperature-dependence of tan
o at different frequencies. At 100 Hz, the tan 6 peak is observed at 105 ¢, with the
peak shifting to higher temperatures as frequency increases. The maximum tan & values

are found to be 123 & and 140 € for 1 kHz and 10 kHz, respectively. The tan & peak
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corresponds to the transition from a crystalline to an amorphous phase of BC. The
results agree well with the DSC results shown in Figure 4.5d. However, the different
temperature occurrence may be attributed to the use of different measurement

techniques.

Figure 4.6¢ Illustrates the frequency-dependent variation of the g, at different
temperatures ranging from RT to 150 C. At low frequencies, the &, value is high, typical
for space charge polarization at the grain boundaries. As the frequency increases, the
g, decreases for all temperatures, indicating a decrease in polarization due to the
dielectric dispersion behavior. This behavior is influenced by the distribution of charges
and the statistical motion of interfacial polarization effects. Figure 4.6d demonstrates
the effect of frequency on tan d at different temperatures. At 50 ¢, the tan & peak is
identified around 103 Hz. This peak shifts to higher frequencies as the temperature
increases. The maximum is formed due to the dielectric relaxation, which is mainly
found in organic molecules through ionic motion and molecular dynamic motion. It is
noteworthy that at 150 ¢ a rapid increase in tan & is observed at low frequencies,

suggesting the onset of direct current conduction.

An electric field can induce polarization reversal/switching in ferroelectric
materials, which is one of their most significant characteristics. This switching of
domains within ferroelectric materials is responsible for the occurrence of ferroelectric
hysteresis loops. Figure. 4.6e shows the polarization-electric field (P-E) hysteresis loops
of the y-GC-BC composites prepared under different conditions, i.e., RT/24 h, 60 &/24
h, and 120 &/24 h, where the voltage ranges from -5 to 5 kV. The polarization (P,) is
similar in the RT/24 h and 60 /24 h samples, but it significantly increases in the 120
&/24 h sample. In contrast, the coercive electric field (E.) remains constant for the
RT/24 h and 60 C/24 h samples but significantly decreases for the 120 &/24 h sample
(Figure 4.6f). It can be observed that the hysteresis loop is saturated, especially for the
120 &/24 h v-GC-BC composite, indicating good ferroelectric characteristics with
saturated polarization (Py), P, and E, of 0.013 uC/cm?, 0.004 uC/cm? and 1.201 kV/cm,
respectively. Table 4.2 presents a comprehensive comparison between the ¢, P, and
E. of diverse piezoelectric biomaterials and the y-GC-BC composite. The experimental

results provide evidence of a direct relationship between the density of the sample
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and its mechanical, dielectric, and ferroelectric properties, substantiating the successful

fabrication of high-density y-GC/BC composite ceramics by CSP.

Figure 4.6 Temperature dependence of a) the dielectric constant and b) loss tangent;
and the frequency dependence of c) the dielectric constant and d) loss tangent of
the 120 /24 h v-GC-BC composite; e) the ferroelectric properties of y-GC/BC
composites prepared at the conditions RT/24 h, 60 ¢/24 h and 120 &/24 h, at the
electric field of 5 kV/cm. And f) the corresponding P, and £, values.
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Table 4.2 A comparison of dielectric constant (g,), remanent polarization (P,), and coercive

electric field (E,) of various piezoelectric biomaterials with y-GC/BC composite.

£
Piezoelectric ' P. E.
Material Type 100 Hz- Ref
Biomaterials uC/cm?®  kV/cm
1MHz
PZT Ceramic 1,250.00 22.75 8.60 [151, 152]
Inorganic
ZnO Crystal 4.00 16.31 6.11 [153]
piezoelectric
BaTiO;4 Ceramic 1,135.00 12.60 30.00 [154]
materials
LiINbO, Ceramic 62.00 - - [155]
Chitin nanofiber Protein 8.00 0.178 62.00 [156]
Bone Tissue 9.20 0.620 0.85 [157]
Egeshell Tissue 19.00 0.460 20.00 [158]
Organic
Onion skin Cellulose fibrous 32.80 0.068 10.00 [159]
piezoelectric
Silk Semi-crystalline 3.40 0.050 35.00 [160]
materials
B-Glycine-Chitosan Amino-Protein 3.50 - - [161]
v-Glycine-BC Amino-Cellulose 12.00 0.004 1.20 This work

4.4 Conclusion

The present study reports the successful fabrication of y-GC-BC composite
ceramic using CSP. The optimized process was carried out at 120 &/24 h under
applied uniaxial pressure of 2000 kPa, resulting in a high density of 97%. IR and XRD
results confirmed the y-GC phase stabilization without any transformation to the
metastable a-GC. The incorporation of BC into the y-GC matrix led to significant
improvements in the Vickers hardness. This improvement can be attributed to the
formation of strong hydrogen bonds between the amino acids of y-GC and the
hydroxyl groups of BC. The electrical behavior of the composite was studied by
examining temperature-dependent (RT to 150 “0) and frequency-dependent (100 Hz-
1 MHz) dielectric properties. The composite exhibited a high dielectric constant of

984 with low tan 8. The ferroelectric properties were also determined by measuring
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the P-E hysteresis loop, where the 120 /24 h v-GC-BC composite ceramic exhibited
the highest P, = 0.013 pC/cm2 and P, = 0.004 pC/cm?. Our results clearly demonstrate
the potential of CSP to successfully fabricate the high-density y-GC-BC composite

ceramics at low temperatures.
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CHAPTER 5

THE ROLE of Y- C,HsNO, AS a NEW TRANSIENT LIQUID
PHASE IN COLD SINTERING PROCESS OF BaTiO,
COMPOSITES

Based on article published in Journal of Advanced Ceramics

Lead-free piezoelectric materials, like barium titanate-based (BT-based), have
excellent piezoelectric properties, but require high temperatures (above 1300 °C) for
ceramic fabrication, leading to high costs and energy loss. The cold sintering process
(CSP) offers a solution to these issues and is gaining worldwide attention as an
innovative fabrication route. In this work, we proposed an alternative organic
ferroelectric phase, gamma-glycine (y-GC) that acts as a transient liquid phase to
fabricate high-density composites with barium titanate (BT) at low-temperature
through a CSP. Our findings show that the density of 15 y-GC/85BT reached 96.7%
when sintered at 120 °C for 6 hours (h) under 10,000 kPa uniaxial pressure. The SEM-
EDS mapping of the composite suggested that y-GC completely underwent the
precipitation-dissolution process and, therefore, filled between BT particles. Moreover,
XRD and FTIR confirmed the preservation of y-GC without the undesired phase
transformation. In addition, the ferroelectric and dielectric properties of the y-GC/BT
composites were reported. The high dielectric constant () was 3600, and the low

dielectric loss (tan 8) was 1.20 at 200 °C, 100kHz, with 15 y-GC/85BT composite. The
hysteresis loop showed a remanent polarization (P,) of 0.55 uC-cm™ and a coercive
field (E.) of 7.25 kV-cm™. Our findings reaffirmed that organic ferroelectric material (y-
GC) can act as a transient liquid phase in a CSP that can successfully and sustainably

fabricate y-GC/BT composites at low temperatures while delivering outstandingly high

performance.
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5.1 Introduction

In recent years, a groundbreaking low-temperature sintering technique known
as the cold sintering process (CSP) was discovered by Randall et al. [162] at
Pennsylvania State University in 2016, has emerged as a highly effective method for
producing dense ceramic materials. The CSP involves homogenizing powdered
inorganic compounds with a transient liquid phase. This blending process yields a
uniform mixture characterized by the presence of a transient liquid phase, typically
constituting 1 to 10% of the total volume. Utilizing pressures ranging from 100 MPa to
700 MPa and temperatures below 300°C, CSP facilitates the evaporation of solvents
and the densification of inorganic compounds, resulting in the formation of high-
density sintered materials [163]. The core processing variables of CSP, including the
transient liquid phase, sintering temperature, pressure, and holding time, play pivotal
roles in driving the densification process of materials [139]. Of particular significance,
the transient liquid phase substantially contributes to the dissolution-precipitation
phenomenon within CSP. This mechanism enables the partial dissolution of sharp
particle edges, thereby creating spaces for particle rearrangement. Moreover, the
liquid phase readily redistributes itself, filling particle interstitials and fostering grain
growth [142]. CSP has been successfully applied to water-soluble materials such as
sodium chloride (NaCl), where NaCl particles diffuse throughout the water film, filling
voids and precipitating through the dissolution-precipitation process inherent to CSP.
Consequently, CSP can achieve high relative densities exceeding 90% after 24 h at
room temperature and 75% relative humidity. Furthermore, CSP has been effectively
employed with various ferroelectric or piezoelectric materials, including KH,POy,
NaNO,, CeO,, and BT [17, 164]. Notably, KH,PO, and NaNO, exhibit high relative
densities (>98%) comparable to conventionally sintered materials, even when treated
at temperatures below 120 °C under 350 MPa without additional treatment. However,
for materials with low water solubility, a tailored liquid solution becomes imperative.
In a similar vein, Hanzheng Guo et al. [165] employed CSP to fabricate high-density
BT ceramic at temperatures below 200 °C. By utilizing a 25wt% Ba(OH),/TiO, solution
as a transient liquid phase and consolidating at 180°C under 430 MPa pressure, they
achieved a relative density of 95%. However, a subsequent annealing step at 900 °C,

while achieving characteristics comparable to conventionally sintered counterparts,
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nullified the advantage of low-temperature manufacturing, preventing the production
of new composites below 300 °C. Addressing the limitation, Tsuji et al. [166]
successfully fabricated dense and high-quality BT materials via cold sintering at 300
°C in single-step using NaOH-KOH eutectic fluxes. Nevertheless, the severe conditions
of strong alkaline fluxes at 300 °C restrict the fabrication of innovative composites
with additives such as polymers, 2D materials, and fibers due to the necessity of
appropriate quick kinetics for the congruent dissolution of the ceramic phase’s
surface ions to ensure dense ceramic manufacturing.

Despite these challenges, recent studies have demonstrated the feasibility of
co-sintering various materials through CSP, enabling the fabrication of novel
composite materials. Notably, low melting point materials such as thermoplastic
[167], thermosetting [168], and 2D-nanostructured materials [169] can serve as
transient liquid phases in CSP, modifying matrix material qualities including density,
strength, hardness, and electrical properties [170, 171]. For instance, Jing Guo et al.
[169] conducted CSP to manufacture a cold co-sintering process of 2D-MXene and
ZnO at 300 °C for 1 h under 250 MPa pressure, resulting in improved electrical
conductivity with the addition of up to 5wt% Ti;C,T, MXene. Takao Sada et al. [172]
successfully co-sintered BT and PTFE using Ba(OH),-8H,0 flux, bridging the
temperature gap between ferroelectric ceramics and polymers, albeit with challenges
related to non-homogeneous polymer distribution. Similarly, Subramaniyan Vinoth
and Sea-Fue Wang [173] effectively prepared BT/poly(vinylidene difluoride)
nanocomposites, albeit with issues regarding the homogeneity of polymer distribution
and unclear ferroelectric properties attributed to grain boundary microstructure [174].
In our previous work, we found that organic ferroelectric materials, including y-GC,
can be fabricated into a composite with bacterial cellulose (BC) powder via CSP and
achieved satisfactory ferroelectric effects at conditions 120 * C/24h [175]. The y-GC is
the thermodynamically most stable phase and exhibited piezoelectric effects at
room temperature because it has a winding hydrogen bond network, unlike the other
two main phases (a and B phase) [176, 177]. Moreover, its water solubility qualifies it
for usage as a transient liquid phase in a CSP [24, 178].

The present study proposes the use of y-GC phase to fabricate piezoelectric

composites via the cold sintering process (CSP). The y-GC phase is an ideal transient



122

liquid phase that induces excellent dissolution-precipitation phenomena during the
CSP. Moreover, it exhibits remarkable ferroelectric properties that do not interfere
with the properties of the primary phase. The focus of this research is to determine
the optimized quantity of y-GC phase for high-density BT composite through the CSP.
A comprehensive examination of the time and temperature conditions applied in the
CSP is conducted to refine the fabrication process and enhance the overall

performance of the resulting composites.

5.2 Experimental procedure

5.2.1 Gamma glycine (y-GC) preparation

The y-GC compound was synthesized using a method described in literature
[175]. Firstly, 56 ¢ of commercial-grade glycine and 15 ¢ of sodium chloride in a 3:1
molar ratio were dissolved in 100 mL of deionized water (DI water) by stirring for 5 h
at room temperature (RT). The resulting mixture was then filtered using vacuum
filtration, and the obtained liquid was kept in an oven at 35 °C for 25 days. During
this aging process, a-G crystals were transformed into y-GC crystals. The y-GC crystals
were then washed with saturated glycine solution, ground for 3 h using a ball mill,
and finally placed in the oven for an additional 2 days. This process resulted in the
successful synthesis of y-GC crystals.

5.2.2 Barium titanate (BT) preparation

Two types of BT powders were employed: (i) as purchased, a

commercial product from Inframat Advanced Materials, LLC (BaTiO3; nano-powder,
99.95%), and (i) Heat-treated commercial BT powder at 1200 °C for 12 h in air. Both
powders (untreated, and heat-treated) were separately stirred with 1 M acetic acid
solution at 80 °C for 1 h. Then, the pH of the suspension was adjusted to neutral, and
the respective BT powders were filtered prior to drying in an oven at 60 °C for 24 h, as

schematically shown in Figure 5.1a.

5.2.3 Fabrication of y-GC/BT composites via CSP

To optimize packing density, a specific ratio of 73.6/26.4, determined by
theoretical predictions for dense random packing, was employed for mixing BT
particles of both nanometer (untreated particles) and micrometer (heat-treated

particles) sizes. Subsequently, the fabrication process of composites involving y-GC
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and BT via CSP was initiated by precisely measuring 2.208 g of heat-treated BT and
0.792 g of untreated BT. These two types of BT were thoroughly combined in a
mortar for a duration of 5 minutes to ensure homogeneity. Following this, varying
proportions (15%, 30%, 50%, and 90% by weight) of y-GC powder were incorporated
into the BT mixture and meticulously blended manually in the mortar for an
additional 5 minutes. Subsequently, 7wt% of DI water was introduced into the blend,
which was then ground for an additional 5 minutes to facilitate thorough mixing. Next,
0.3 grams of the resulting y-GC/BT mixture were meticulously deposited into a
tungsten carbide die. In the context of the CSP, the initial mixture undergoes
continuous compression via a straightforward uniaxial pressure of 10 MPa. Heating is
facilitated by a resistance jacket enveloping the die system within the CS equipment
employed. The heating jacket demonstrates the capability to ramp up the
temperature at a steady rate of 3 °C per minute, reaching a maximum temperature of
120 °C. The specified heating temperature and duration were maintained for 6 hours.
The CSP apparatus utilized in this investigation was constructed as depicted in Figure
5.1b (I-1l). Once the process was completed, the cold-sintered y-GC/BT composite
was allowed to cool before being extracted from the block for subsequent

characterization analysis.
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Figure 5.1 Schematic illustration of the fabrication process of the y-GC/BT composite
via CSP.

5.2.4 Characterization

Although the Archimedes method is renowned for its precision in determining
density, its utility in our investigation was hampered by the solubility properties of y-
GC in polar solvents. Traditional organic solvents employed in Archimedes' principle,

such as water, ethanol, isopropanol, and acetone, were deemed incompatible with
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our samples due to their inherent polarity. Moreover, the use of nonpolar solvents
posed a risk of altering the phase or stability of y-GC. Additionally, the metastable
nature of y-GC warranted cautious immersion protocols, as it could lead to phase
transitions in glycine. Consequently, we adopted an alternative approach to determine
sample density, relying on measurements of mass, thickness, and dimensions. By
employing 12 samples, we aimed to account for inherent variations within the sample
set, thereby obtaining a more comprehensive representation of density. Densification
calculations were performed using Equation 5.1, elucidating the ratio of actual density

to theoretical density [175],[179].
im

R==———7—x100% 5.1
(mdZhp) " &1

where R is the relative density (%), m is the mass (¢) of the pellet, d is the diameter
(cm) of the pellet, h is the thickness (cm) of the pellet, and r is the theoretical
density calculated from the Equation 5.2.

m

p = (m-}_ my_GC) (52)

PBT  Py—GC

where Mpr and M,,_g¢ represent the masses of BT and y-GC in the composite
pellet; ppr and Py, _gc represent the theoretical densities of BT and y-GC, which are
6.02 g/cm? and 1.59 g/cm?, respectively [175, 180].

The phase purity and crystal structure of the cold-sintered y-GC/BT composite
at varying weight ratios from 15% to 90% were identified by X-ray diffraction (XRD,
RIGAKU smart lab) with Cu Ko (A = 1.5418 A) radiation in the range of 26 = 10° to 80°.
The XRD results were compared to the JCPDS database. Moreover, LeBail refinement
of the unit cell parameters was performed using JANA2006 software. The crystallite
size estimation calculated for the corresponding phase was done by using the

Scherrer Equation 5.3.

] KA
- (FWHM xcos8)

(5.3)

where L refers to the crystallite size, K is the Scherrer constant (K = 0.94), 1 is the
wavelength of the radiation, @ is the diffraction angle of the peak, and FWHM is the

full width at half maximum.
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The BT and y-GC powders were subjected to Fourier-Transform Infrared
Spectroscopy (FT-IR, SHI-MADZU, IRTracer-100) measurement in a transmission mode
from 400 to 4,000 cm™ with a resolution of 4 cm™ to confirm the presence of
functional groups. The morphology, particles size and grain size of untreated / heat-
treated particles and cold-sintered y-GC/BT composite were observed by field
emission scanning electron microscopy (FE-SEM, TESCAN, model MIRA) and
transmission electron microscopy (TEM, FEI, Model: TECNAI G2 20, Netherlands). In
addition, energy dispersive X-ray spectroscopy (EDS-mapping) was performed to
analyze the chemical components of materials. Particle size and particle size
distribution were measured and analyzed through examination and quantitative
analysis using ImageJ software. The three-dimensional (3D) X-ray image of the cold-
sintered y-GC/BT composite was obtained using Synchrotron Radiation X-ray
Tomographic Microscopy (SR-XTM) technique at beamline 1.2 W, SLRI, Thailand. X-ray
intensity was controlled by attenuating polychromatic X-rays with a 350 pm-thick
aluminum foil. X-ray images were captured using a microscopic lens system and
recorded by an sCMOS camera with a 1.44-pm pixel size. The X-ray images dataset
was converted into sinograms, which were used in the Octopus Reconstruction
software. The reconstructed images were visualized using Drishti software. The
dielectric behavior including dielectric constant (g,) and loss tangent (tan &) of cold-
sintered y-GC/BT composites was studied using an LCR meter (Agilent E4908A) from
RT to 200 °C at frequencies ranging from 100 Hz to 2MHz. The polarization versus
electric field hysteresis (P-E) curves of cold-sintered y-GC/BT composites were
measured at RT by a standard ferroelectric test system (RT66A) from Radiant

Technolosgies.

5.3 Results and Discussion

The morphology of the commercial nano-crystallites BT powder (untreated
particles) is presented in Figure 5.2a, where SEM imaging showcases randomly
distributed particles, with a smaller subset exhibiting homogeneously spherical -
shaped particles of smaller size. ImageJ analysis revealed a Gaussian distribution of

particle sizes, indicating a relatively uniform particle size population. The mean
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particle size was determined to be 75.85 + 13.65 nm, with a narrow size distribution.
The skewness and kurtosis values were close to zero, suggesting symmetry and a
moderate peak, respectively. After the heat treatment process, agglomerates of
varying sizes became apparent, as depicted in Figure 5.2d. The SEM images revealed
a bimodal distribution with peak particle sizes observed at 1.39 + 0.03 ym and 4.83 +
0.11 um. This distribution suggests the presence of two distinct populations of
particles within the sample, possibly indicating different stages of aggregation or
variations in particle formation mechanisms [181]. It's noteworthy that the heat-
treated particles exhibit sizes within the micron range, which are more than 30 times
larger compared to the untreated particles. BT particles of both nanometer and
micrometer sizes will be mixed at a specific ratio determined by theoretical
predictions for dense random packing. The TEM bright field image, the selected area
electron diffraction (SAED) pattern, and the high-resolution TEM image (HRTEM) of BT
powders before and after heat treatment at 1,200 °C for 12 h are shown in Figure
5.2b-c, e-f. For the untreated powder (Figure 5.2b), the particles appear nearly
spherical with an average diameter of 78.14 + 19.12 nm. The inset SAED pattern
shows a polycrystalline diffraction ring made up of separate diffraction spots,
indicating the polycrystalline nature of the nanoparticles [182]. Further fringes in BT
were detected by HR-TEM. Figure 5.2c exhibits lattice fringe with the interfering
distance at 0.287 nm, which corresponds to the crystal plane (110) spacing of the
cubic BT phase (JCPDS card no. 075-0213, d (110) = 0.283 nm). In contrast, the BT
powder, after heat treatment at 1,200 °C for 12 h (Figure 5.2e), demonstrates particle
agglomeration, resulting in a tenfold increase in the average particle size compared
to the untreated powder. The inset SAED pattern shows the bright spots assigned to
the lattice atoms that were spaced crystallographically with perfect plan orientation
of BT, suggesting high crystallinity and structural perfection for the tetragonal
perovskite structure [183]. Clear lattice fringes are observed (Figure 5.2f) with the
measured interplanar spacing of about 0.286 nm corresponding the crystallographic
plane (101) of tetragonal BT (JCPDS card no. 079-2265, d (1o;) = 0.285) [184, 185].
These results confirmed that a high-temperature calcination results in phase

transformation of BT from cubic to tetragonal.



128

Moreover, the XRD pattern (Figure 5.2g) was consistent with the above results
and the LeBail refinement. All the peaks (blue lines) are indexed (JCPDS card no. 079-
2265) for cubic phase formation of the space group Pm-3m. The lattice parameters
were a=b=c= 4.0067 A and V = 65.3 A. The parameters of refinement are Ry, = 10.59,
Rup = 16.62 and GOF = 2.01. The R factors present a good agreement between refined
and experimental XRD profiles for BT. The average crystallite sizes as estimated by
Scherrer formula Equation 5.3 was 20.33 nm using the (110) major diffraction peak.
After calcination of BT at 1,200 °C/12 h, the diffraction peaks (red line) are sharp and
narrow, indicating high crystallinity. All peaks are indexed (JCPDS card no. 075-0213)
for tetragonal phase, as judged from the splitting of the (200) diffraction plane into
(002) and (200) at 51.02°and 56.3°, respectively. Lattice parameters were a = b =
3.9919 A, ¢ = 4.0321 A and V = 64.3 A, which belongs to space group of P4/mmm
[186]. The parameters of refinement are R, = 11.59, R, = 17.04 and GOF = 1.97. The
average crystallite size was 27.56 + 3.12 nm. These findings suggest that the tetragonal

structure of BT phases is generated through high-temperature calcination.

The BT powder before and after calcination were characterized by FTIR in
transmission mode as shown in Figure 5.2h. For the BT powder before calcination,
the absorption bands appeared at 3507 cm™, which corresponded to the stretching
mode of O-H groups. The band at 1637 cm™ is characteristic of the O-H bending from
the physically adsorbed water on BT nanoparticles. The strong absorption at 487 cm™
is assigned to the bending vibrations of the Ti-O bond in [TiO4* octahedron. It is also
a characteristic absorption of BT powder [187]. Notably, the intensity of the O-H
stretching vibration bands at 3507 cm ™ and 1637 cm™ became weaker as the
calcination temperature increased, showing clearly instead the metal-oxygen (Ti-O)

band stretching [188-190].

The y-GC powder and the mixed BT powder were mixed at a varying weight
ratio (15, 30, 50, and 90wt% of y-GC powder) and grounded in a mortar, followed by
addition of 7wt% of DI water and another grinding. Then, 0.3 ¢ of the y-GC/BT mixture
was loaded into a tungsten carbide block, and a pressure of 10 MPa was applied. CSP

was carried forward for 6 h before heating to 120 °C. At the end of the process, the
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tungsten carbide block was cooled, and the y-GC/BT composite pellets were

removed.

Figure 5.2 SEM images of a) BT commercial powder before calcination and d) BT after
calcination at 1,200 °C for 12 h. b), e) show TEM images of BT powder before and
after calcination at 1200 °C for 12 h respectively. The inset shows the corresponding
SAED patterns. o), f) the high-resolution TEM and the white frame showing the lattice
fringe. @), h) XRD and FTIR results of BT powder before and after calcination at 1200
‘Cfor 12 h.

The white pellets, depicted in the inset of Figure 5.3, possess a diameter of 1
cm and a thickness of approximately 0.7 mm. In the case of a composite sintered
with 15wt% of y-GC (Figure 5.3a), the surface predominantly comprises 85wt% BT,

resulting in densely packed BT particles and a smooth surface with reduced pore
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count. Subsequently, with an increase in y-GC content to 30% (Figure 5.3b), the
surface remains smooth, albeit with small porous areas emerging. Upon further
escalation of y-GC content to 50wt% (Figure 5.3c), the surface manifests large particle
clusters, nanoparticle dispersion throughout the matrix, and some filling of gaps,
leading to heightened porosity and surface unevenness. The average grain size
measures 3.92 + 1.75 um. Notably, at 90wt% y-GC (Figure 5.3d), irregularly arranged
large clumps of y-GC particles, numerous small grain sizes (average grain size of 6.67
+ 4.17 um), and substantial interparticle voids are observed. Additionally,
nanoparticles are dispersed within the matrix. The SEM results underscore that an

optimal y-GC content of 15wt% fosters the formation of dense y-GC/BT composites.

Figure 5.3 SEM images of cold-sintered composites between y-GC and BT as prepared
through CSP at varying amount of y-GC: a) 15wt% b) 30wt% c) 50wt% and d) 90wt%.
The bottom-left insets show the corresponding digital image of the pellet. The white

frame on top-right shows morphological features under 10,000 x magnification.
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Furthermore, SEM mapping and EDS analysis were conducted to explore the
chemical composition of the composites, leveraging X-ray emissions pertaining to the
constituent elements. The presence of y-GC and BT was confirmed by the detection
of Ba, Ti, N, C, and O. SEM mapping of 15wt% y-GC pellets (Figure 5.4) reveals large
agglomerations of Ba (Figure 5.4c) and Ti (Figure 5.4d), with gaps between them filled
with Nitrogen (N) (Figure 5.4f) and Carbon (C) (Figure 5.4g), elements characteristic of
v-GC. Furthermore, EDS measurement (Figure 5.4h) confirms the presence of Ba, Ti, O,
N, and C elements in the composites, with Ba, Ti, and O comprising 41.2%, 18.4%,
and 19.6% by weight, respectively. The Ba and Ti signals correspond to the BT
content in 15wt% y-GC pellets, affirming y-GC's capacity to bind BT and form a

ceramic composite via CSP.

Figure 5.4 The SEM-EDS mapping of 15wt% y-GC pellet: a) SEM image at a magnification
of 3,000x for the composite 15wt% y-GC/BT. b) All mapping elements. c-g) Mapping
image of Ba, Ti, O, N, and C elements in the composites. h) The EDS spectrum with the

table in the inset showing a quantitative result obtained for Ba, O, Ti, C, and N.
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The XTM images of the composites containing 5wt%, 30wt%, and 90wt% of y-
GC/BT were obtained using Synchrotron Radiation X-ray Tomographic Microscopy (SR-
XTM). These images provide a macroscopic view of the 3D distribution of the
components, distinguishing between two distinct phases represented by orange (y-
GC) and purple (BT). For the composites containing 5wt% y-GC (Figure 5.5a) and
30wt% y-GC (Figure 5.5b), BT acts as the matrix phase, with y-GC evenly dispersed
over the BT surface. Additionally, in certain regions, the y-GC phase precipitates and
fills the gaps between BT particles. However, as the y-GC content increases to 90wt%
(Figure 5.5¢), BT becomes uniformly distributed within the y-GC matrix. The XTM
image verifies that the y-GC phase is dispersed throughout the specimen, with
instances of agglomeration and precipitation between BT particles, a finding
consistent with SEM observations. These XTM findings offer valuable insights into the
spatial arrangement and distribution of y-GC and BT phases within the composites,
shedding light on their microstructural characteristics and providing essential

information for understanding the composite's properties and behaviors.



133

Figure 5.5 X-ray tomographic 3D visualization of y-GC/BT composites via CSP at varying
y-GC contents a) 5wt% b) 30wt% and c) 90wt% respectively.

The relative density of the y-GC/BT composites, as determined by Equation
5.1, is illustrated in Figure 5.6a. As the weight percentage of y-GC increases from 15%
to 90%, a corresponding trend of decreasing relative density is observed, declining
from 96.7 + 1.2% to 82.7 + 1.1%. These findings align closely with the observations
from SEM imaging. With a decrease in y-GC content, the particles of BT exhibit a more
compact arrangement compared to the composites containing 90wt% v-GC, primarily

due to the inherently higher density of BT. Furthermore, the presence of y-GC serves
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to fill the interstitial spaces between BT particles, thereby reducing pore formation.
This phenomenon contributes to the overall reduction in porosity and subsequent
enhancement in relative density. The relative density can be explained by a
mechanism as reported in the previous study [175]. It was found that pressure,
sintering temperature, holding times, and transient liquid solvent are important
factors for the effective CSP. BT powder is known to be thermodynamically unstable
in water solutions. Ba®* ions are leached out of the BT powder, producing a TiO, rich
amorphous surface layer [191, 192]. The amorphous layer, which is difficult to
dissolve in the liquid phase, impedes the dissolution-precipitation process during the
CSP, thereby preventing the densification of the BT ceramic. Therefore, the surface of
BT powders in this work was treated with acetic acid (CH;COOH) to generate
additional -OH groups on the BT particle surfaces (Figure 5.6b) via hydroxylation
reaction [193]. When the y-GC powder is mixed with (acid-treated) BT particles and
fabricated via CSP, hydrogen bond will form between the -COOH groups on the y-GC
chains and the -OH groups on the surfaces of BT particles [194, 195]. An appropriate
amount of y-GC can easily dissolve in water and act as the liquid phase, which
enhances the dissolution-precipitation process during CSP. So, y-GC promotes close

packing in the composites and enhances the relative density of composites [196].

Furthermore, to elucidate the structural behavior, X-ray diffraction (XRD)
analysis was employed to assess the cold-sintered samples, as depicted in Figure
5.6c. Notably, all sintered samples (15wt%, 30wt%, 50wt%, and 90wt% of y-GC)
manifest sharp diffraction peaks corresponding to two distinct phases: BaTiO;
(tetragonal; JCPDS no. 075-0213) and y-GC (JCPDS no. 06-230). At 90wt% of y-GC, two
prominent peaks observed at 25.28° and 31.57° can be unequivocally indexed to the
(110) and (101) diffraction planes of y-GC and BT respectively. As the y-GC content
decreases, notably, the intensity of the y-GC peak at 25.28° undergoes a significant
reduction, consistent with expectations. Subsequently, at y-GC contents of 30wt%
and 15wt%, the characteristic peaks associated with y-GC are conspicuously absent

from the diffraction patterns.

The cold-sintered samples underwent characterization using FTIR in

transmission mode, with the results presented in Figure 5.6d. Across all sintered
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samples, distinct peaks indicative of y-GC patterns emerged within the range of 1,500-
1,200 cm™'[197] . Notably, the highest intensity peak at 1,573 cm™ (peak 1)
corresponds to the asymmetric (C=0)O stretching, while the peak at 1,492 cm™ (peak
2) signifies the NH bending vibration of NH;*. Additionally, the peak at 1,390 cm™
(peak 3) corresponds to the symmetric (C=0)O stretching, whereas the peak at 1,328
cm™ (peak 4) represents the CH, wagging with the lowest intensity. These
observations collectively affirm the presence of y-GC within the samples. However, a
notable trend emerges as the y-GC content decreases: the intensity of the four peaks
diminishes significantly, accompanied by peak overlap within the range of 486-684
cm™. The overlapping peaks are attributed to the carboxylate ion group COO™ of y-GC
and the stretching vibrations of Ti-O of BT, further underscoring the formation of
composites between y-GC and BT. Importantly, no undesired phase transition of y-GC
was observed throughout the analysis, affirming the stability of the composite

structure.
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Figure 5.6 The relative density of y-GC/BT composites after CSP a) variation of the y-
GC contents. b) schematic diagram of BT after treatment with 1 M acetic acid,
showing the surface OH group on BT surfaces and the formation of hydrogen bonds
in the y-GC/BT composite, c) XRD patterns and d) FTIR spectrum of y-GC/BT

composites.

The density of composites, as elucidated in Figure 5.7, is expounded through
the schematic representation of the cold sintering mechanism across various stages.
Initially, the composite material particles (I) comprising y-GC, BT, and water are
densely packed. In the initial stage, a sufficient quantity of the liquid phase (water) is
integrated with the composite particles, ensuring homogeneous moisturization. Here,

v-GC particles act as a transient liquid phase, dissolving and diffusing alongside water,
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facilitating particle rearrangement (Il). Notably, the pink frame in the illustration
delineates the intricacies of particle sliding upon the introduction of the liquid phase,
creating spaces at the particle-particle contact area. These spaces enable particle
sliding and subsequent rearrangement. Densification primarily ensues under external
pressure at this juncture, leading to overall sample shrinkage (S;). Subsequently, in
the second stage, a dissolution-precipitation process comes into play. Following
particle dissolution, sliding, and rearrangement in the initial stage, mass transfer
occurs via the diffusion of y-GC ions or atoms along the water (Il (a-ii)), effectively
filling the interstitial gaps between grains. Consequently, precipitates (lll(a-iii)) form on
crystal sites with lower chemical potential, which are thermodynamically favored and
conducive to neck growth. This mass transport process concurrently diminishes the
surplus free energy of the surface and mitigates porosity, resulting in the formation of
a dense solid and a slight sample shrinkage (S,). The final stage, characterized by
crystal growth (IV-b), is predominantly governed by a robust dynamic process
catalyzed by water evaporation. This evaporation induces a supersaturated state of
the liquid phase at temperatures slightly above its boiling point, thereby engendering
a significant chemical driving force for the solid and liquid phases to attain
equilibrium. Upon completion of precipitation, particle-particle contacts are markedly
enhanced, facilitating crystal growth via the coalescence of small crystallites
(Thickness = Ty) into larger ones (Thickness = T,). The comprehensive overview of
various BT-based ceramics and composites, detailing their raw materials, the presence
of transient liquid phases, CSP conditions, achieved densities, and corresponding
references is present in Table |. BT ceramics synthesized through solid-state reactions
typically undergo high-temperature sintering, yielding densities between 94-96%.
Alternatively, employing Ba(OH),-8H,0 as a transient liquid phase at 180 °C under
pressure yields a density of 95%. Composite systems such as BT/ZnO and
BT/Polytetrafluoroethylene exhibit densities ranging from 60%-98% and 93.5%,
respectively, utilizing specific liquid phase chemistries and CSP conditions. Notably,
the y-GC/BT composites, synthesized at a lower temperature of 120 °C and 10 MPa
pressure, demonstrate a density of 96.7+1.6%. These findings highlight the diverse
synthesis strategies and optimization approaches employed in the fabrication of BT -

based ceramics and composites for various applications.
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Figure 5.7 Schematics of CSP mechanism at mainly 3 stages adapted from Refs. [14,
175, 198]. Stage 1 involves I. particle compaction of composite consisting of y-GC, BT,
and water, Il. Particle sliding and rearrangement. Stage 2 shows the dissolution-
precipitation process, lll. Precipitation-Neck formation. Details of this stage show in (a)
dissolution (i), ion diffusion (ii), precipitation-neck growth (iii). Stage 3 is related to
crystal growth (IV) and (b) shows the detail of its stage related to water evaporation

and crystal growth.
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The dielectric responses of the y-GC/BT composites were examined as a
function of temperatures and frequency. Figure 5.8a shows the temperature
dependences of dielectric constant (&) and dielectric loss (tan 8) for all composites
from RT to 200 °C at 100 kHz. For the composites with 15-90 wt% y-GC content, the
value of g tends to increase with increasing temperature. The maximum ¢, value
obtained was 3,600, and the low tan & was 1.20 for 15wt% y-GC composite. The
increased g value is a result of the addition of ferroelectric ceramic powders primarily
caused by the dipolar polarization effect and induced by the permanent dipoles
existent in the filler. The permanent dipole of BT is from the uneven distribution of

the charge-density between O, Ba, and Ti atom [199].

The frequency-dependences of g and tan & of the composites are shown in
Figure 5.8b at 200 °C and the frequency from 100 Hz to 2 MHz. As frequency
increases, g decreases until it reaches a near-constant value at the high-frequency
region. The high value of g, at low frequencies is caused by a combination of
polarizations, including atomic, ionic, interfacial, and electronic. However, only
electronic polarization affects the €, at high frequencies. The results clearly show that
when the amount of y-GC decrease, the dipole of the interface increase due to the
BT content increase and leading in an increase ¢, [200]. At 15wt% y-GC, ¢, = 27,000
and tan & (which is the lowest) was 1.50 at 100 Hz.

We also demonstrate the beneficial effect of increasing proportion of y-GC by
examining other presentations of AC properties, as depicted in Figure 5.8c, where the
positive impact of y-GC becomes more apparent. The imaginary part of the complex
dielectric permittivity e” (dash line in Figure 5.8c, shown for 90wt% as an example)
follows the universal power law [201, 202] " = Af s1 where A and s are the fitting
parameters. The parameter s represents the effective dimension of charge carriers,
[203, 204] being 1D for s ~ 0.17-0.44. Accordingly, the s values of 0.11 (30wt% v-GC)
and 0.22 (50wt% y-GC) suggest the 1D nature. Meanwhile, at 90% y-GC, the low s =
0.03 is close to zero such that e” follows f*. This is the “low-frequency dispersion”
[205, 206] which points out that very high charge densities are stored, consistent with

the well-known capacitive nature of BT.
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Figure 5.8d shows the T-dependent of the imaginary part of the complex

electric modulus M"'x100 [M" = " /e"?+ €"?)]. The electric modulus corresponds to
the relaxation of an electric field in the material when the electric displacement
remains constant [205] It was found that the sample with 30wt%, 50wt%, and 90wt%
v-GC had a relaxation peak at 87, 154, and 163 °C, respectively. The latter two might
be compared to 132 °C obtained from the elastic (mechanical) modulus of BT sintered
at 1,300 °C [206]. The different peak temperatures might be explained by different
sintering methods (CSP vs traditional) and measurement methods (electric relaxation
vs mechanical relaxation). Still, the shift of the relaxation is clear, presumably to the
value of BT. Table 5.2 presents a comparison of the dielectric properties of BT and BT
composites that were fabricated using CSP and traditional sintering methods. The
results indicate that the dielectric properties of traditional sintered BT and y-GC/BT
composite are practically identical. Our study highlights the effectiveness of y-GC as a
transient liquid phase in CSP for the successful and sustainable production of high-

density y-GC/BT composites at relatively low temperatures.

The ferroelectric polarization-electric field (P-E) hysteresis loops of the y-GC
pellet and the y-GC/BT composite pellets are shown in Figure 5.8e. It is found that
the hysteresis loop of y-GC/BT composite pellets becomes larger with increasing BT
contents. Compared with y-GC, the composite ceramics exhibit good symmetry and a
well-saturated shape (see the inset). For 90wt% y-GC, the surface has porosity, and
the addition of BT makes the ferroelectric phase discontinuous as it hinders the
domain orientation. However, as the y-GC content decreases to 15wt%, the porosity
is lower, and the ferroelectric property is optimized with easy switching of domains
within materials. The measured values of the remnant polarization (P,) and saturation
polarization (P,) at electric field of 20 kV:cm™ are 0.013 pC-cm™? and 0.025 uC-cm?
for y-GC, 0.035 uC+cm™ and 0.052 pC+cm for 90wt% v-GC, 0.121 uC+cm™? and 0.276
uC+-cm™? for 50wt% y-GC, 0.554 uC+cm? and 1.466 uC-cm™ for 15wt% v-GC,
respectively. In contrast, the coercive electric field (E) is lowest for pure y-GC sample
but increases for the 90wt% y-GC. However, it was significantly decreased when the
v-GC content decreased further to 50wt% and 15wt% (Figure 5.8f). Moreover, P

clearly increases as the BT content increases. These results indicate that y-GC as a
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transient liquid phase in a CSP can be successfully used to sustainably fabricate high-

density composites between y-GC and BT.

Figure 5.8 Electrical properties of y-GC/BT composites fabricated via CSP: a)
temperature-dependence b) frequency-dependence of the dielectric constant and
dielectric loss. c) the f-dependent ¢ ” d) the T-dependent M ”x 100 of the y-GC/BT
composites with y-GC content of 30, 50, and 90wt%. e) P-E hysteresis loop of y-GC
and the y-GC/BT composites, at the electric field of 20 kV/cm, and f) the

corresponding P, and E. values.
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Table 5.1 A concise comparison of the raw materials used, the presence of transient

liquid phase, and the conditions of the Cold Sintering Process (CSP) for both BT-based

ceramics and composites.

Transient
BT-based Csp
Raw materials liquid density Reference
Ceramics/Composite conditions
phase
1200-1400 ° C/
6-24 h
BaTiOs [11, 207]
BaCO;+TiO, - (Traditional 94-96%
(Solid state reaction) [208]
sintering
temperature)
180 °C/ 15 to
BalOH+TIO,  BalOH), 155 ins/a30 00
BaTiO : . 95% 209
’ — BaTio; 8,0 MPa/annealing
900 ° C
CH,COOH  250°C/1h/166 60%-
BaTiO/ZnO BaTiO; + ZnO [210]
+H,0 MPa 98%
BaTiOs/Polytetrafluoro .
Nano BaTiO,/ Ba(OH), 225°C/2h/350
ethylene (PTFE) polymer PTFE -8H,0 VP 93.5% [211]
composites
BaTiO,/Polyphenylene BaTiOy/ BalOM:  o5°c/12n/350 oo -
. (]
oxide nanocomposite polymer PPO 8,0 MPa
BaTiO,/Poly(vinylidene BaTioy/ 190°C/160 . 213
H,O 94.8% 213
difluoride) polymer PVDF ’ mins/350 MPa
NanoBaTiOs/ 200°C/75
. benzenediol Ba(OH), mins/350 93%. -
BaTiO,/ catecho ; . 214
orsanic 8,0 MPa/annealing 95%
compound 200 °C
Micro/Nano 120 °C /6 96.7%
v-GC/BT composites v-C,HsNO, 1.6% This study
BaTiO; hrs/10 MPa '
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Table 5.2 Comparison of Dielectric Properties of BT ceramic and BT-Based Composites

prepared by CSP.

Dielectric
Fabrication Dielectric
System constant at Reference
process loss at 1kHz
1kHz
BaTiOs Solid state [11, 207]
2900-4500 1.4-2.8
reaction [208]
BaTiO; CsP 1,800 0.03 [209]
BaTiOs/ZnO CsP 50.9-7000 0.04-3.13 [210]
BaTiO,/Polytetrafluoroethylene 790 1.4
CsP [211]
(PTFE) composites (@ 1 MH2) (@ 1 MH2)
BaTiO,/Polyphenylene oxide
CsP 1,500 0.05 [212]
nanocomposite
BaTiO,/Poly(vinylidene 71.1 0.04
CsP [213]
difluoride) (@ 1 GHz) (@ 1 GH2)
700 0.04
BaTiO,/ catechol CSP [214]
(@ 1 MHz2) (@ 1 MH2)
v-GC/BT composites csp 4500 0.99 This study

5.4 Conclusion

In this study, we have successfully demonstrated the implementation of
organic ferroelectric (y-GC) phase as a transient liquid phase substitute for fabricating
the y-GC/BT composite ceramic through CSP (Cold Sintering Process). Our investigation
involved incorporating y-GC contents ranging from 15% to 90% by weight into BT,
followed by CSP with a sintering temperature of 120 °C, a holding time of 6 h, and an
applied uniaxial pressure of 10 MPa. The addition of y-GC resulted in notable
enhancements in both relative density and electrical properties of the composites.
Particularly, the optimal y-GC content of 15wt% yielded a remarkable relative density
of up to 96.7+1.6%. Our findings were further corroborated by FTIR and XRD analyses,
which confirmed the phase stability of y-GC and its prevention of undesired

transformation into the non-piezoelectric phase (a-GC). SEM-EDS mapping revealed the
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precipitation-dissolution process of y-GC in CSP, where it functioned as a filler diffusing
into the space surrounding BT particles. XTM images provided a comprehensive 3D
distribution of both BT and y-GC, consistent with SEM observations. Furthermore, we
conducted a thorough examination of the electrical properties of the composites
across varying temperatures (RT-200 °C) and frequencies (100Hz-2MHz). The dielectric
constant (g,) exhibited an increase with decreasing y-GC content. Notably, the 15wt%
v-GC pellet demonstrated the highest &, of 3600 coupled with a low dielectric loss (tan
d) of 1.20. The P-E hysteresis loop measurements revealed that the 15wt% y-GC
composite ceramic displayed the highest values of Ps = 1.46 uC:cm® and P, = 0.55
uC-cm. Our study underscores the efficacy of y-GC as a transient liquid phase in CSP
for successfully and sustainably fabricating high-density y-GC/BT composites at
relatively low temperatures. These results contribute to the advancement of ceramic
processing techniques and hold promise for various applications in the fields of

electronics, energy, and beyond.
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CHAPTER 6

CONCLUSIONS AND SUGGESTION FOR FURTHER WORK

6.1 Conclusions

This work effectively utilized the cold sintering process (CSP) to produce high-
density y-GC ceramics and y-GC/BT composites at low temperatures. Consequently,
this chapter aims to summarize and compare the mechanisms of the cold sintering
process with traditional sintering (TSP) and liquid phase sintering process (LPS). Table

6.1 presents a comparison of the mechanisms of various sintering processes.

Table 6.1 Shows a comparison of the mechanisms of the traditional sintering process

(TSP), liquid phase sintering process (LPS), and cold sintering process (CSP).
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6.1.1 Traditional sintering process (TSP) [215]

Sintering, a crucial process in material science and engineering, unfolds through
four discernible stages, each characterized by intricate physical and chemical
transformations. Initially, during the solid stage, individual particles come into contact,
prompting the instantaneous formation of necks between them (refer to Figure 6.1A).
These nascent necks serve as nuclei for further growth, initiating a cascade of
mechanisms that drive rapid expansion. Notably, this growth phase is propelled by
several mechanisms, including surface diffusion, wherein atoms migrate along the
material's surface, and lattice diffusion, which involves the movement of atoms within
the crystal lattice. Additionally, vapor transport, grain boundary diffusion, and lattice
diffusion from the grain boundary, often accompanied by plastic flow, collectively
contribute to the neck enlargement process (as depicted in Figure 6.1B).

This stage persists until the neck radius between the particles reaches
approximately 0.4-0.5 times the radius of the particles themselves. Concurrently, the
material experiences a notable increase in density, reaching around 0.65, accompanied
by a linear shrinkage ranging from 3% to 5%. These changes signify the onset of the
intermediate stage (illustrated in Figure 6.1C), characterized by the attainment of
equilibrium shapes by the pores. These pores, integral to the material's microstructure,
form continuous cylindrical channels of porosity along the grain edges, influencing the
material's mechanical and thermal properties.

The final stage of sintering (depicted in Figure 6.1D) marks a critical juncture in
the process, heralding the completion of densification. Here, the pores, having reached
their maximum extent, undergo closure, becoming isolated at the grain boundaries.
Over time, these isolated pores may continue to diminish until they vanish entirely,
facilitating grain growth and enhancing the material's homogeneity and strength. At this
stage, the material achieves a relative density ranging from 65% to 100%, culminating

in the formation of a robust and structurally stable material matrix.
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Figure 6.1 The mechanism of the traditional sintering process, A) The particles contact
each other, and the formation of the neck occurs. B) the neck grows rapidly through 6
different mechanisms. C) The pore is continuous and gives cylindrical channels of

porosity sitting along the grain edges and D) grain growth (Modified from [215]).

6.1.2 Liquid phase sintering (LPS) [216]

Liquid phase sintering (LPS) is a sophisticated process utilized to enhance the
densification and mechanical properties of materials, particularly ceramics and metal
powders. In LPS, an additive, often referred to as a sintering aid or a liquid phase
former, is incorporated into the powder mixture (as depicted in Figure 6.2A). This
additive is carefully selected to possess a lower melting point than the main matrix
phase, ensuring it liquefies prior to the matrix phase during the heating stage.

As the temperature rises and the liquid phase forms, a remarkable
phenomenon known as capillary action comes into play. Capillary action, a
consequence of intermolecular forces, causes the liquid to be drawn into the pores

within the powder compact. This migration of the liquid phase facilitates wetting of
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the particle surfaces, fostering particle rearrangement, coalescence, and the formation
of necks between adjacent particles (illustrated in Figure 6.2B). These nascent necks
serve as nuclei for further densification and structural development.

Subsequently, during the solution-precipitation stage (depicted in Figure 6.20),
a fascinating interplay of dissolution and precipitation occurs. At the inter-particle
contact points, the solubility of the solid in the liquid phase increases, leading to the
transfer of material from regions of higher concentration to those of lower
concentration. This mass transfer, coupled with precipitation in regions of low energy,
drives densification and pore elimination. The liquid phase acts as a medium for the
flow of material, effectively removing pores and promoting the formation of a dense,
homogeneous structure.

As the sintering process progresses and the temperature approaches the solidus
temperature of the liquid phase, the final stage, solidification, commences (as depicted
in Figure 6.2D). At this juncture, the once-fluidic necks between particles undergo a
transition to a more rigid state as the liquid phase solidifies. This solidification further
stabilizes the microstructure, enhancing the mechanical integrity and structural
uniformity of the final product.

In essence, liquid phase sintering represents a sophisticated approach to tailor
the microstructure and properties of materials, offering unprecedented control over
densification kinetics and final product characteristics. Its versatility and efficacy make
it a cornerstone technique in the fabrication of advanced ceramics, alloys, and

composites across diverse industrial session.
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Figure 6.2 The mechanism of liquid phase sintering process by A) mixed powders, B)
Liquid formation, spreading and rearrangement, C) solution-reprecipitation (diffusion,
grain growth, and shape accommodation), and D) solid-state (pore elimination, grain

growth, and contact growth) (Modified from [216]).

6.1.3 Cold sintering process (CSP) [162]

The Cold Sintering Process (CSP) presents a unique approach to fabricating
dense ceramic materials at significantly lower temperatures compared to conventional
sintering methods. This innovative technique operates through two distinct stages,

each contributing to the densification and structural evolution of the material.

In the initial stage of the CSP, particles are dispersed within a solution, typically
deionized (DI) water. Densification primarily occurs through compaction, external

pressure, and the rearrangement of particles facilitated by the transient liquid phase.
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The solution acts as a lubricant, reducing friction between particles and facilitating their
movement and reorganization. Mass transport subsequently occurs through the
transient liquid phase, as molecules migrate from regions of higher concentration on
particle surfaces to regions of lower concentration within pores, effectively filling the
gaps between particles. As the concentration within the pores rises, the solution
becomes supersaturated, leading to precipitation and the formation of necks between

particles, as indicated by the red frame in Figure 6.2.

As temperature and time progress, the solution gradually evaporates, leading
to particle coarsening and crystal growth, depicted by the yellow frame in Figure 6.2.
Interestingly, in the case of y-GC/BT composites, the mechanism resembles that of
Liquid Phase Sintering (LPS), with y-GC serving as a transient liquid phase. This phase
aids in particle sliding, rearrangement, and precipitation between BT particles,

ultimately resulting in the formation of a highly dense ceramic composite.

Comparing the mechanisms of the three sintering processes—Traditional
Sintering Process (TSP), Liquid Phase Sintering (LSP), and CSP—reveals significant
differences. While TSP and LSP exhibit distinct mechanisms, CSP presents unique
characteristics, particularly in the initial and intermediate stages. In TSP, a single-phase
ceramic powder remains solid throughout, with mass transfer occurring according to
predefined mechanisms. In contrast, LSP involves the melting of solid particles with
lower melting points, acting as a liquid phase to drive densification. At the intermediate
stage, both LSP and CSP comprise solid particles and a liquid phase, albeit with
different characteristics. In LSP, the liquid phase consists of particle melt, promoting
particle rearrangement and neck formation. In CSP, the liquid phase comprises DI
water, serving as a lubricant and partially dissolving particles to facilitate movement

and rearrangement.

Upon completion of the sintering process (final state), TSP results in densely
packed solid particles and significant grain growth. In contrast, LSP sees the liquid phase
precipitate and solidify between particles, yielding a high-density ceramic with minimal

grain growth. Similarly, CSP yields a highly dense solid, with grain growth observed in
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pure ceramic compositions, while composite materials exhibit minimal grain growth,
akin to LSP. A comprehensive comparison of particle states across various sintering
processes at different stages is provided in Table 6.2, including grain growth metrics.
This analysis underscores the unique advantages and mechanisms of CSP, offering a
promising avenue for the fabrication of advanced ceramic materials with tailored

properties and microstructures.

Figure 6.3 The general mechanism of the cold sintering process (Modified from [162]).
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Table 6.2 presents the comparison of the particle states of various sintering processes

at initial, intermediate, and final state sintering, including grain growth.

Sintering Process

Initial State

Intermediate State

Final State

Traditional Sintering

Process (TSP)

Liquid Phase
Sintering (LSP)

Cold Sintering
Process (CSP)

Solid-phase particles,
compaction under
pressure, absence of

liquid phase.

Solid-phase particles,
incorporation of
liquid phase (e.g., low
melting point

constituent)

Solid-phase particles
dispersed in a
transient liquid phase

(e.g., DI water).

Solid-phase particles,
diffusion-driven mass
transport, minimal

grain coarsening.

Solid-phase particles
with a surrounding
liquid phase (particle
melt), facilitating
particle
rearrangement,
coalescence, and

neck formation.

Solid-phase particles
and surrounding
liquid phase (DI

water), promoting
particle
rearrangement,
sliding, and mass

transport.

Densely packed solid
particles, significant
grain growth due to

Ostwald ripening and

coalescence.

High-density ceramic
with minimal grain
growth, liquid phase
precipitated and
solidified,
contributing to
enhanced

densification.

Highly dense solid
with controlled grain
growth, facilitated by
transient liquid phase

evaporation and

particle coarsening.
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6.2 Suggestions

6.2.1 Increase sintering temperature and holding time for high density of
composites but be careful not to let the sintering temperature exceed the melting
point of the material.

6.2.2 Keep the temperature not more than 200 °C because y-GC can change

phase to a-GC and decompose at high temperatures.

6.2.3 Use an appropriate amount of liquid transient (water) such as 7% by

weight to satisfy the CSP.
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a remanent polarization of 0.004 nC/cm? and a coercive field of 1.201 kV/cm. Our findings
suggest that CSP is a promising approach for low-temperature processing and fabrication
of ceramics, especially when incorporating structurally sensitive filler such as organic

ferroelectric, to achieve high-performance composites.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Piezoelectric materials have the unique property of converting
mechanical forces into electricity and vice versa. Inorganic
piezoelectric materials, such as lead zirconated titanate (PZT)
[1], aluminum nitride (AIN) [2], zinc oxide (ZnO) [3], and
barium titanate (BaTiOs) [4,5], exhibit this effect due to ions
rearrangement within their crystal structures which lack the
inversion symmetry [6,7]. These materials are commonly used
as ultrasonic motors and actuators, precision motion control
and positioning devices, microfluidics, implantable medical
devices, and piezoelectric nanogenerators [6—9]. However,
inorganic piezoelectric materials have some drawbacks,
including limited strength and durability, poor temperature
stability, high cost and difficulty of processing, inflexibility,
poor biocompatibility, potential toxicity to the environment
and human health, making them less attractive for biomed-
ical and related applications [6,7].

Recently, organic piezoelectric materials, including glycine
[10], collagen [11], silk [12], self-assembled diphenylalanine
peptide nanotubes (PNTs) [13], graphene [14] and chitosan [15],
are attracting increasing attention due to their notable ad-
vantages [16] such as high biocompatibility, flexibility, and
processability. However, they have relatively low piezoelectric
coefficients and poor mechanical properties [17]. Despite
these limitations, organic piezoelectric materials hold great
promise in the field of biomedicine, particularly for implant-
able devices and sensors, due to the reduced risk of adverse
biological responses. Improvements in the fabrication tech-
niques, molecular design, and characterization methods are
necessary to address these challenges and to expand their
potential applications in various fields [18,19]. Among organic
piezoelectric materials, glycine has gained considerable
attention due to its simplicity as the simplest amino acid
found in proteins [19,20]. It crystallizes into three polymorphs
depending on crystallization conditions: «, B, and y. The
metastable o-glycine («-G) phase has a centrosymmetric
structure and possesses no piezoelectricity, while the unsta-
ble B-glycine (8-G) phase has a non-centrosymmetric structure
and consequently shows piezoelectricity [21]. The addition of
inorganic salts (such as NacCl) significantly promotes the sec-
ondary nucleation of the piezoelectric y-G while simulta-
neously inhibiting the -G primary nucleation. This is possible
due to ion-glycine interaction and the formation of linear
head-to-tail glycine chains [22]. Despite initial reports of low
piezoelectric coefficients, recent studies [23,24] have shown
that glycine exhibits strong piezoelectric properties, with
piezoelectric coefficients comparable to or better than those of
conventional organic piezoelectric materials [25]. In 2012,

Heredia et al. [26] reported robust and continuous nanoscale
ferroelectricity in piezoelectric y-G for the first time. Addi-
tionally, the polarization of y-G is about five times stronger
than that of B-G due to spirally aligned dipoles along the axis,
as opposed to randomly oriented dipoles in -G [27]. However,
when compared to inorganic piezoelectric materials, y-G still
possess a lower piezoelectric output.

However, the synthesis of y-G crystals through traditional
re-crystallization processes does not allow doping or
compositing. While the properties could be improved when
v-G ceramics is composited with other materials, the trans-
formation of y-G at high temperatures remains a challenge
that affects its piezoelectric and ferroelectric properties. The
current limitation regarding the densification of ceramics
can be addressed by utilizing the cold sintering process (CSP)
[28—31]. This innovative low-temperature sintering
approach has proven to be effective in densifying ceramic
materials. The recent study conducted by Randall et al. [32]
reported that the CSP is capable of delivering high relative
densities (>98%) of potassium dihydrogen phosphate
(KH,PO,4) below 300 °C, with a processing duration of around
1 h. This finding highlights the potential of CSP as a prom-
ising alternative, based on the "dissolution-precipitation" phe-
nomenon, to conventional high-temperature sintering
methods [33,34]. Accordingly, CSP is an innovative, prom-
ising approach for the preparation of y-G composites by
utilizing the low-temperature processing conditions which
could impede the conventional y-G transformation typically
at >200°C[20,21]. This research seeks to improve the density,
mechanical, piezoelectric, and ferroelectric properties of y-G,
an organic piezoelectric/ferroelectric material. Additionally,
the study aims to explore new methods for the fabrication of
high-performance composites using biomaterial-based
fillers such as bacterial cellulose, thereby expanding the
range of their potential applications.

2. Experimental procedure
2.1. Gamma glycine (y-G) preparation

Fig. 1a Shows a schematic illustration of the y-G synthesis via
a recrystallization process. An amount of 56 g of commercial-
grade glycine (NH,COOH, 99% purity from Sigma-Aldrich) and
15 g of sodium chloride (NaCl, analytical-grade from Carlo
Erba) in a 3:1 mol ratio were dissolved in 100 mL deionized
water (DI water), stirred for 5 h at room temperature (RT), then
filtered with a vacuum filtration twice. The obtained liquid
was kept in an oven at 35 °C for 25 days for the a-to-y trans-
formation. The y-G crystals were obtained after 25 days,
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which were ground using a ball mill apparatus for 3 h to make
the y-G powder.

2.2. Bacterial cellulose (BC) preparation

BC powder was prepared by washing and soaking 700 g of nata
de coco from the local manufacturer (Bifern, ASP Inter Food
Co., Ltd) in 1000 mL of boiled water, with the water replaced
every 30 min until pH 5. Then, the obtained nata de coco paste
was blended in a wet blender, poured into trays, and freeze-
dried at —40 °C for 24 h.

2.3. Fabrication of y-G-BC composites via CSP

Fig. 1b Illustrates the fabrication of y-G-BC composite via CSP.
v-G powder and BC powder were mixed in a mortar for 2 min.
Then, DI water was added, and the mixture was ground in a
pestle and mortar for 2 min. The weight ratio of y-G: BC: DI
water was 92:1:7. Next, 0.1 g of the y-G-BC mixture was placed
in a tungsten carbide block and subjected to uniaxial pressure
of 2000 kPa at RT-120 °C for 6—24 h for densification. After
cooling, the cold-sintered y-G-BC composite was removed
from the block for characterization. For comparison, the
traditional sintering process (TSP) was also employed. The y-G
powder underwent uniaxial pressing at a pressure of 2000 kPa,

followed by sintering in air at a temperature of 200 °C for a
duration of 24 h.

2.4. Characterization

The relative density of y-G-based composites was calculated
by measuring mass and dimensions of the cold-sintered pel-
let. The degree of densification, or the ratio of actual density to
theoretical density, was calculated using Eq. (1) [35]:

_ 4m
o (Wdzhpt>

where: pr is the relative density (%), m is mass of y-G-BC
composites (g), d and h are diameter (cm) and thickness (cm) of
the pellet, respectively; and p; is the theoretical density (g/cm?)
which was calculated using Eq. (2):

x 100% ]

- m
BRG] ;

where m, and m, are the masses of y-G and BC, respectively; p,
and p, are the theoretical densities (g/cm®) of y-G and BC,
respectively, which were calculated according to Eq. (3):

nA

p=h ©

Fig. 1 — Schematic illustrations of (a) preparation of y-G, and (b) fabrication of the y-G-BC composites via CSP.
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where n is the number of molecules per unit cell, A is the
formula weight (g/mol), V. is the volume per unit cell (cm>/
unit cell), and Ny = 6.023 x 10%*/mol.

Fourier-transform infrared spectroscopy (FT-IR, SHI-
MADZU, IRTracer-100) in an attenuated total reflectance (ATR)
mode was recorded between 700 and 4000 cm ' and the res-
olution 4 cm ™! with 45 accumulation scans. Crystal structure
of the composite was characterized by X-ray diffraction (XRD,
RIGAKU smart lab, 2 = 5-50°) and compared to the JCPDS
database. LeBail refinement of the unit cell parameters was
performed using JANA2006 software. The average crystallite
size of y-G-BC composites was calculated using Debye-
Scherrer Eq. (4):

K2
- B cos © ()

where D is the crystallite size, K is known as the Scherer's
constant (K = 0.94), 4 is wavelength of X-ray radiation

(1.5418 A), 8 is a full width at half maximum (FWHM) of the
diffraction peak, and © is the angle of diffraction [36]. A
simultaneous XRD-DSC instrument (Rigaku Co., Tokyo, Japan)
was also utilized to further characterize the y-G-BC compos-
ite. The instrument merges a heat-flux type DSC with an X-ray
diffractometer (CuK,, 40 kV, 30 mA; and 26 = 10—40°) to obtain
accurate readings. The composite was placed on an aluminum
square-shaped stage (8 mm x 8 mm), and the temperature
was increased from RT to 300 °C at a heating rate of 40 °C/min.
The morphology and grain size of the y-G-BC composite were
observed using an SEM (Quanta FEG-250, FEI). SR-XTM was
conducted at beamline 1.2 W, SLRI, Thailand. X-ray pro-
jections of the sample were collected for a complete dataset,
spanning 180° with 0.1-degree increments. Artifacts were
minimized by attenuating polychromatic X-rays with a 350-
micron-thick aluminum foil, averaging at 11.5 keV. Pro-
jections were captured using a sCMOS camera with 1.44-pm
pixel size. Data was pre-processed and reconstructed in 3D
using the Octopus Reconstruction software. The recon-
structed images were visualized using Drishti software. The
Vickers test was examined using a micro hardness tester

(Shimadzu HMV-2T, 1 kg load). Hardness values were calcu-
lated using Vickers hardness Eq. (5):

oV — 1‘85; x F (5)
where HV represents a Vickers hardness (kg/mm?), F is the
applied load (g), and d is the diagonal length (mm) of the
indentation cavity. To determine the dielectric properties of
the y-G-based composite, top and bottom surfaces of the
pellet were coated with silver paste and dried in air at 100 °C
for 30 min. The dielectric constant (e,) and loss tangent (tan d)
of the y-G-BC composites were recorded using an LCR meter
(Agilent E4908A) from 100 Hz to 1 MHz at RT, 50, 100 and
150 °C. Polarization versus electric field hysteresis loops of
selected samples were recorded at RT using a standard
ferroelectric test system (RT66A) from Radiant Technologies.

3. Results and discussion

Fig. 2 is the SEM images showing the microstructure of the v-
G-BC composites compressed at 2000 kPa and sintered at
varying temperatures (RT, 60, and 120 °C) for a duration of
6—24 h. After removal from the tungsten carbide block, the
composites appeared as white pellets with a diameter of 1 cm
and a thickness of approximately 1 mm. Firstly, at the fixed
holding time of 24 h, the y-G-BC composite sintered at RT had
a porous and uneven surface, with a small grain size of
approximately 1.45 + 0.73 um (Fig. 2a). With increasing sin-
tering temperature to 60 °C (Figs. 2b) and 120 °C (Fig. 2c), the
surface became smoother, and the grain size increased to
1.76 + 1.20 um and 2.27 + 0.99 um, respectively. In other ex-
periments where the temperature was fixed at RT and the
time was varied, the composite sintered for 6 h had a small
grain size of 1.42 + 0.81 um (Fig. 2d) and a porous surface. The
grain size increased with increasing holding time to
2.01 + 1.02 um (12 h, Figs. 2e) and 2.39 + 1.48 um (24 h, Fig. 2f).
Clearly, the sintering temperature and holding time both
affect the grain size and densification, as they play important

Fig. 2 — SEM images of the cold-sintered y-G-BC composites prepared at different conditions: (a) RT/24 h (b) 60 °C/24 h (c)
120 °C/24 h (d) RT/6 h (e) RT/12 h and (f) RT/24 h. The insets show the corresponding digital image of the pellet.
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roles in accelerating the density and the densification process
[37].

The mechanism of CSP is depicted in Fig. 3, consisting of
two stages. At stage [, the homogenized ensembles of the y-G-
BC composite was added with a liquid phase, which can be

water or water with volatile solute (i) [38,39]. The liquid phase
serves as a lubricant and smooths the particle surface. The
added liquid is beneficial to particle rearrangement (ii) as it
partially dissolves sharp particles edges, leading to spaces for
particles sliding. The densification at this stage is mainly

Fig. 3 — Schematics of CSP mechanism at various stages adapted from Refs. [32,38,54]. Stage I involves compression and
particle sliding: i) particle compaction, ii) particle sliding and rearragement. Stage II involves the dissolution-precipitation
and crystal growth shown in iii) and iv). Details of the these two steps of Stage II are shown in a) incorporating dissolution,
ion diffusion, precipitation-neck formation; and b) water evaporation and crystal growth.
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Fig. 4 — The relative density of v-G-BC composite after CSP at (a) various sintering temperatures and (b) various holding
times. (c) Vickers hardness number (HV, 1 kg load) of the v-G-BC composites via TSP (blue) and the 120 °G/24 h via CSP (red).
CSP diagram of (d) y-G via CSP, and (e) after adding BC; (f) the chemical structure showing hydrogen bonds between amino

acid groups of y-G and hydroxyl groups of BC.

through the external pressure, where the liquid phase readily
redistributes itself and fills into particle interstitials. Accord-
ingly, this early stage of sintering results in the initial particle
compaction (yellow frame), contributing mostly to the total
sample shrinkage (S1) [40].

Next, stage II begins at the solid-solid interface [41],
involving dissolution at intergranular interfaces and mass
transport through diffusion. Here, the ions (dissolved from the
particles) diffuse through the water film (iii (a-ii)), causing
gradual dilution of solute concentration away from the solid
surfaces. Subsequently, precipitation occurs in pores (iii(a-iii))
and lead to neck growth at grain-grain interstitials. As a result,
the sample undergoes a slight shrinkage (S2). When the
temperature and time are raised, the liquid volume is sub-
stantially reduced. Once precipitation is completed, the

number of particle-particle contacts is significantly increased;
crystal growth may occur via the coalescence of small crys-
tallites into relatively larger ones. Notably, the crystal growth
stages (iv-b) are strongly dynamic in nature, being driven by
water evaporation and a supersaturated liquid at the tem-
perature right above its boiling point. This triggers a large
chemical driving force for the solid and liquid phases to reach
an equilibrium state. Accordingly, temperature and time play
a crucial role in this stage, as they enhance solubility while
speeding up dissolution and grain growth. During the grain
growth state, the initial grain undergoes a gradual and
controlled increase in size, influenced by factors such as
temperature and time. Throughout this process, the average
grain size transitions from an initial value of Dy to a final value
of D;. The densification rate varies with temperature, initially



JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:4749—-4760

4755

Fig. 5 — (a) X-ray tomographic 3D visualization of y-G-BC composites via TSP and the 120 °C/24 h via CSP (c) and BC
dispersion phase (b) i. ATR-IR spectrum and ii. The zoom-in; (c) LeBail refinement of the XRD patterns of the y-G-BC
composites via TSP and the 120 °C/24 h via CSP; and (d) in-situ XRD patterns and the simultaneous heal flow curve of the

120 °G/24 h v-G-BC composites.

rising rapidly before becoming constant. The densification
process may slow down at high temperatures due to evapo-
ration [42,43].

The relative density of the y-G-BC composites was plotted
in Fig. 4a and b, illustrating its dependence on CSP parameters
such as sintering temperatures and holding times. The results
revealed that increasing the sintering temperature in CSP
from RT to 120 °C (Fig. 4a) increased the relative density from

93.9 + 1.8% to 97.4 + 1.5%. This is attributed to the improved
mass transport and composite deformation at elevated tem-
perature, leading to the improved bonding between particles
and elimination of pores. The holding time also affected the
relative density, as shown in Fig. 4b. It is rationalized that a
longer holding time allows for the enhanced dissolution of
ions into DI water, and for a greater amount of precipitates
around grain boundaries, thereby decreasing the local
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Table 1 — LeBail refinement parameters and calculated data from XRD pattern using JANA2006 software.

Samples Lattice parameters structure polymorph R-parameters
a (A) b (A) c (A) Angles (°)
TSP 5.492(5) 11.704(9) 5.125(4) a=90.0 Monoclinic Alpha («) R, = 9.12
f=111.3 Rup = 16.76
v =90.0 Rexp = 5.61
GOF = 2.26
CsP 7.031(1) 7.031(1) 5.478(1) a=90.0 Hexagonal Gamma (y) R, =7.92
8 =90.0 Rup = 10.47
v = 120.0 Rexp = 7.87
GOF =1.33

distance between particles and promoting mass transport
[32,38,44] The relative density of y-G-BC composites via CSP
(97%, 120 °C, 24 h) was found to be higher than that from the
traditional sintering process (TSP, 85%, 200 °C, 24 h).

The densification of the y-G-BC composite was also corre-
lated with hardness, as seen from the micro-hardness test
(Fig. 4c) which is suitable for small scale samples. We observed
an increase in hardness value from 58.2 + 0.56 (TSP) to
78.1 + 1.88 (CSP) for y-G. However, these values are smaller
than 86.3 + 0.66 for the y-G-BC composites prepared via CSP,
presenting an increase of approximately 10%. The Vickers
hardness of the y-G can be attributed to the H-bonded chains
of which are interconnected by lateral NH---O H bonds,
resulting in a three-dimensional network. However, the brittle
v-G is prone to cracking by pressure as depicted in Fig. 4d [45].
The addition of BC filler increased the hardness of the y-G-BC
composite due to strong crosslinking between the amine
groups of y-G and the hydroxyl groups of BC as demonstrated
in Fig. 4e—f. The 3D distribution of the y-G-BC composite on a
macroscale was confirmed using Synchrotron Radiation X-ray
Tomographic Microscopy (SR-XTM), which showed that BC
was evenly distributed over the y-G surface (Fig. 5a).

The different y-G-BC composites were also characterized
using ATR-FTIR. The NHJ stretching vibrations were observed
in all spectra as the broad band at 3091 cm™?, as depicted in
Fig. 5b—i. The zoom-in in Fig. Sb—ii shows a strong asym-
metrical (C]JO)O stretching with the highest intensity at
1573 cm ™! (peak 1), NH bending vibration of NH§ at 1492 cm™*
(peak 2), (C]O)O symmetrical stretching at 1390 cm™~* (peak 3),
and CH, wagging with the lowest intensity among four peaks
at 1328 cm ' (peak 4). The ratio of the intensity (I) of these four
peaks, where I3 > I > I, > [, and I/I; = 1.27 is unique to a-
glycine [46]. For B-G, the characteristics intensity sequence is
I, > I, > Iy > I3, and I/Is = 1.02 [47]. Lastly, the characteristics
intensity sequence for y-G is I; > I3 > I > Iy, with I,/I; = 0.96
[48]. Therefore, if I, is maximum, and I,/1; ratios are between
0.96 and 1.02, glycine is presumably a mixed phase between B-
G and y-G. Note that B-G can rapidly transform to a-G and y-G
in the presence of moisture at room temperature, but it is
metastable in dry air. It is deduced from the sequence of in-
tensities and the calculated I,/I; of 1.36, that the glycine in the
v-G-BC (TSP) composite is a-G. On the other hand, the ATR-
FTIR results of the y-G-BC composite prepared via CSP indi-
cated that glycine is in the y-G form (I,/I3 = 0.76) without phase
transformation commonly observed with the TSP employing
higher temperatures (>200 °C). The presence of the carboxylic

acid group resulted in the donation of its proton to the amino
group, forming a dipolar ion with a strong hydrogen bond viz.
HsN © CH,COO. These zwitterions adopt an antiparallel
arrangement and subsequently the non-centrosymmetric cell
with piezoelectric/ferroelectric properties.

The X-ray diffraction (XRD) patterns of the y-G-BC com-
posites prepared through TSP and CSP are presented in Fig. Sc.
Consistent with ATR-FTIR results, all peaks of the sample
prepared through TSP corresponded to the standard data in
JCPDS number 32—1702 of «-G. This contrasts with the y-G
phase (JCPDS 06—230) for the composites prepared through
CSP. In addition, LeBail refinement using the JANA2006 soft-
ware was performed, and the results are shown in Fig. 5c
(calculated peak, black line; observed peak, +; shift patterns,
green line; and the Bragg peak positions, black). The refine-
ment parameters are selectively tabulated in Table 1. The
lattice parameters obtained for the sample prepared through
TSP were a = 5.492(5) A, b = 11.704(9) A, and ¢ = 5.125(4) A,
confirming the monoclinic structure of the a polymorph. The
lattice parameters of the sample obtained from CSP were
a="b=7.031(1) A and c = 5.478(1) A, indicating a hexagonal
structure characteristic of the y polymorph. Accordingly, XRD
analysis confirmed that the CSP successfully preserved the y
polymorph of glycine which would provide the piezoelectric
properties. The crystalline size, estimated using Eq. (4), is not
significantly different between CSP (23.8 nm) and TSP
(21.4 nm).

To further investigate the temperature-dependent phase
transformation of the y-G-BC composite, the simultaneous
differential scanning calorimetry (DSC) and XRD analyses
were performed. The heat flow curve, as depicted in Fig. 5d,
show three distinct steps at 160, 190, and 225 °C. The first one
corresponds to the melting of BC [49]. Next, the other two
steps reflect the y-G transformation. At 190 °C, the mixture of
v-G and a-G was formed, resulting from the breaking of the 3D
network of H-bonds in the crystal lattice [21,50]. This tem-
perature is comparable to 185.5 °C [51] and 187 °C [52], in the
literature, and is complete at 215 °C, as confirmed by X-ray
diffraction. Accordingly, the third DSC peak at 225 °C indicates
the decomposition of glycine [53]. The temperature depen-
dence of the phase transformation explains why TSP which
requires a higher sintering temperature of >200 °C will not
preserve the y polymorph of glycine.

The dielectric responses of the y-G-BC composites were
investigated as a function of temperatures and frequencies.
The temperature dependences of the ¢ and tan d for the
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120 °C/24 h v-G-BC composites from RT to 150 °C at selected
frequencies are shown in Fig. 6a—b. Fig. 6a indicated that &,
increases gradually with increasing temperature due to the
increased mobility of the polar segments. Specifically, the
cellulose sub-unit comprises of polar —OH groups in gluco-
pyranose rings oriented in the equatorial direction. Mean-
while, y-G exists as a dipolar ion as discussed above. The
alignment of these polar groups from two components con-
tributes to an increase in orientation polarization, resulting in
a higher dielectric constant of the composite. Fig. 6b Illustrates
the temperature-dependence of tan 3 at different frequencies.
At 100 Hz, the tan 3 peak is observed at 105 °C, with the peak
shifting to higher temperatures as frequency increases. The
maximum tan 3 values are found to be 123 °C and 140 °C for
1 kHz and 10 kHz, respectively. The tan 3 peak corresponds to
the transition from a crystalline to an amorphous phase of BC.
The results agree well with the DSC results shown in Fig. 5d.
However, the different temperature occurrence may be
attributed to the use of different measurement techniques.
Fig. 6¢ Illustrates the frequency-dependent variation of the
& at different temperatures ranging from RT to 150 °C. At low
frequencies, the ¢, value is high, typical for space charge po-
larization at the grain boundaries. As the frequency increases,
the ¢, decreases for all temperatures, indicating a decrease in
polarization due to the dielectric dispersion behavior. This
behavior is influenced by the distribution of charges and the

statistical motion of interfacial polarization effects. Fig. 6d
Demonstrates the effect of frequency on tan & at different
temperatures. At 50 °C, the tan 3 peak is identified around
10° Hz. This peak shifts to higher frequencies as the temper-
ature increases. The maximum is formed due to the dielectric
relaxation, which is mainly found in organic molecules
through ionic motion and molecular dynamic motion. It is
noteworthy that at 150 °C, a rapid increase in tan 3 is observed
at low frequencies, suggesting the onset of direct current
conduction.

An electric field can induce polarization reversal/switching
in ferroelectric materials, which is one of their most signifi-
cant characteristics. This switching of domains within ferro-
electric materials is responsible for the occurrence of
ferroelectric hysteresis loops. Fig. 6e shows the polarization-
electric field (P-E) hysteresis loops of the y-G-BC composites
prepared under different conditions, i.e., RT/24 h, 60 °C/24 h,
and 120°C/24 h, where the voltage ranges from —5 to 5 kV. The
polarization (P,) is similar in the RT/24 h and 60 °C/24 h sam-
ples, but it significantly increases in the 120 °C/24 h sample. In
contrast, the coercive electric field (E;) remains constant for
the RT/24 h and 60 °C/24 h samples but significantly decreases
for the 120 °C/24 h sample (Fig. 6f). It can be observed that the
hysteresis loop is saturated, especially for the 120 °C/24 h y-G-
BC composite, indicating good ferroelectric characteristics
with saturated polarization (Ps), P, and E. of 0.013 uC/cm?

Fig. 6 — Temperature dependence of (a) the dielectric constant and (b) loss tangent; and the frequency dependence of (c) the
dielectric constant and (d) loss tangent of the 120 °C/24 h y-G-BC composite; () the ferroelectric properties of v-G-BC
composites prepared at the conditions RT/24 h, 60 °C/24 h and 120 °C/24 h, at the electric field of 5 kV/cm. And (f) the

corresponding P, and E. values.
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Table 2 — A comparison of dielectric constant (¢,), remanent polarization (P,), and coercive electric field (E.) of various

piezoelectric biomaterials with y-G-BC composite.

Piezoelectric Biomaterials Material Type & (at 100 Hz-1MHz) P, (uC/cm?) E. (kV/cm) Ref

Inorganic piezoelectric materials PZT Ceramic 1250.00 22.75 8.60 [55,56]
ZnO Crystal 4.00 16.31 6.11 [57]
BaTiO; Ceramic 1135.00 12.60 30.00 [58]
LiNbO3 Ceramic 62.00 = = [59]

Organic piezoelectric materials Chitin nanofiber Protein 8.00 0.178 62.00 [60]
Bone Tissue 9.20 0.620 0.85 [61]
Eggshell membrane Tissue 19.00 0.460 20.00 [62]
Onion skin Cellulose fibrous 32.80 0.068 10.00 [63]
Silk Semi-crystalline 3.40 0.050 35.00 [64]
B-Glycine-Chitosan  Amino-Protein 3.50 = = [65]
y-Glycine-BC Amino-Cellulose 12.00 0.004 1.20 This work

0.004 pC/cm? and 1.201 kV/cm, respectively. Table 2 presents a
comprehensive comparison between the ¢, P, and E. of
diverse piezoelectric biomaterials and the y-G-BC composite.
The experimental results provide evidence of a direct rela-
tionship between the density of the sample and its mechani-
cal, dielectric, and ferroelectric properties, substantiating the
successful fabrication of high-density y-G-BC composite ce-
ramics by CSP.

4, Conclusion

The present study reports the successful fabrication of y-G-BC
composite ceramic using CSP. The optimized process was car-
ried out at 120 °C/24 h under applied uniaxial pressure of
2000 kPa, resulting in a high density of 97%. IR and XRD results
confirmed the y-G phase stabilization without any trans-
formation to the metastable a-G. The incorporation of BC into
the y-G matrix led to significant improvements in the Vickers
hardness. This improvement can be attributed to the formation
of strong hydrogen bonds between the amino acids of y-G and
the hydroxyl groups of BC. The electrical behavior of the com-
posite was studied by examining temperature-dependent (RT
to 150 °C) and frequency-dependent (100 Hz—1 MHz) dielectric
properties. The composite exhibited a high dielectric constant
of 984 with low tan d. The ferroelectric properties were also
determined by measuring the P-E hysteresis loop, where the
120 °C/24 h y-G-BC composite ceramic exhibited the highest
Ps = 0.013 pC/cm? and P, = 0.004 uC/cm?. Our results clearly
demonstrate the potential of CSP to successfully fabricate the
high-density y-G-BC composite ceramics at low temperatures.
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Abstract: Dielectric materials, like barium titanate-based (BT-based), have excellent dielectric
properties but require high temperatures (above 1300 °C) for ceramic fabrication, leading to high
costs and energy loss. The cold sintering process (CSP) offers a solution to these issues and is
gaining worldwide attention as an innovative fabrication route. In this work, we proposed an
alternative organic ferroelectric phase, gamma-glycine (y-GC) that acts as a transient liquid phase
to fabricate high-density composites with barium titanate (BT) at low-temperature through a CSP.
Our findings show that the density of 15y-GC/85BT reached 96.7+1.6% when sintered at 120 °C
for 6 hours (h) under 10MPa uniaxial pressure. The SEM-EDS mapping of the composite
suggested that y-GC completely underwent the precipitation-dissolution process and, therefore,
filled between BT particles. Moreover, XRD and FTIR confirmed the preservation of y-GC
without the undesired phase transformation. In addition, the ferroelectric and dielectric properties
of the y-GC/BT composites were reported. The high dielectric constant (gr) was 3600, and the low
dielectric loss (tan ) was 1.20 at 200 °C, 100 kHz, with 15y-GC/85BT composite. The hysteresis
loop showed a remanent polarization (Py) of 0.55 uC.cm and a coercive field (Ec) of 7.25 kV.cm
! Our findings reaffirmed that organic ferroelectric material (y-GC) can act as a transient liquid
phase in a CSP that can successfully and sustainably fabricate y-GC/BT composites at low

temperatures while delivering outstandingly high performance.

Keywords: y-GC, barium titanate; cold sintering process; Organic Ferroelectric Materials;

Dielectric properties; Ferroelectric properties



1 Introduction

In recent years, a groundbreaking low-temperature sintering technique known as the cold
sintering process (CSP) was discovered by Randall ez al. [1] at Pennsylvania State University in
2016, has emerged as a highly effective method for producing dense ceramic materials. The CSP
involves homogenizing powdered inorganic compounds with a transient liquid phase. This
blending process yields a uniform mixture characterized by the presence of a transient liquid
phase, typically constituting 1 to 10% of the total volume. Utilizing pressures ranging from 100
MPa to 700 MPa and temperatures below 300°C, CSP facilitates the evaporation of solvents and
the densification of inorganic compounds, resulting in the formation of high-density sintered
materials [2] . The core processing variables of CSP, including the transient liquid phase,
sintering temperature, pressure, and holding time, play pivotal roles in driving the densification
process of materials [3]. Of particular significance, the transient liquid phase substantially
contributes to the dissolution-precipitation phenomenon within CSP. This mechanism enables the
partial dissolution of sharp particle edges, thereby creating spaces for particle rearrangem ent.
Moreover, the liquid phase readily redistributes itself, filling particle interstitials and fostering
grain growth [4]. CSP has been successfully applied to water-soluble materials such as sodium
chloride (NaCl), where NaCl particles diffuse throughout the water film, filling voids and
precipitating through the dissolution-precipitation process inherent to CSP. Consequently, CSP
can achieve high relative densities exceeding 90% after 24 h at room temperature and 75%
relative humidity. Furthermore, CSP has been effectively employed with various metal oxide and
dielectric materials, including KH>PO4, NaNO», and BaTiOs; BT [5, 6]. Notably, KH2PO4 and
NaNO: exhibit high relative densities (>98%) comparable to conventionally sintered materials,

even when treated at temperatures below 120 °C under 350 MPa without additional treatment.



However, for materials with low water solubility, a tailored liquid solution becomes imperative.
In a similar vein, Hanzheng Guo et al. [7] employed CSP to fabricate high-density BT ceramic at
temperatures below 200 °C. By utilizing a 25wt% Ba(OH)2/TiO2 solution as a transient liquid
phase and consolidating at 180°C under 430 MPa pressure, they achieved a relative density of
95%. However, a subsequent annealing step at 900 °C, while achieving characteristics comparable
to conventionally sintered counterparts, nullified the advantage of low-temperature
manufacturing, preventing the production of new composites below 300 “C. Addressing the
limitation, Tsuji et al. [8] successfully fabricated dense and high-quality BT materials via cold
sintering at 300 °C in single-step using NaOH-KOH eutectic fluxes. Nevertheless, the severe
conditions of strong alkaline fluxes at 300 °C restrict the fabrication of innovative composites
with additives such as polymers, 2D materials, and fibers due to the necessity of appropriate
quick kinetics for the congruent dissolution of the ceramic phase’s surface ions to ensure dense
ceramic manufacturing.

Despite these challenges, recent studies have demonstrated the feasibility of co-sintering
various materials through CSP, enabling the fabrication of novel composite materials. Notably,
low melting point materials such as thermoplastic [9], thermosetting [10], and 2D-nanostructured
materials [11] can serve as transient liquid phases in CSP, modifying matrix material qualities
including density, strength, hardness, and electrical properties [12, 13]. For instance, Jing Guo et
al. [11] conducted CSP to manufacture a cold co-sintering process of 2D-MXene and ZnO at 300
°C for 1 hour under 250 MPa pressure, resulting in improved electrical conductivity with the
addition of up to S5wt% Ti3C.Tx MXene. Takao Sada ef al. [14] successfully co-sintered BT and
PTFE using Ba(OH)>-8H>0 flux, bridging the temperature gap between ferroelectric ceramics

and polymers, albeit with challenges related to non-homogeneous polymer distribution. Similarly,



Subramaniyan Vinoth and Sea-Fue Wang [15] effectively prepared BT/poly(vinylidene
difluoride) nanocomposites, albeit with issues regarding the homogeneity of polymer distribution
and unclear ferroelectric properties attributed to grain boundary microstructure [16]. In our
previous work, we found that organic ferroelectric materials, including y-GC, can be fabricated
into a composite with bacterial cellulose (BC) powder via CSP and achieved satisfactory
ferroelectric effects at conditions 120 * C/24h [17]. The y-GC is the thermodynamically most
stable phase and exhibits piezoelectric effects at room temperature because it has a winding
hydrogen bond network, unlike the other two main phases (o and 3 phase) [18, 19]. Moreover, its
water solubility qualifies it for usage as a transient liquid phase in a CSP [20, 21].

The present study proposes the use of y-GC phase to fabricate ferroelectric composites
via the cold sintering process (CSP). The y-GC phase is an ideal transient liquid phase that
induces excellent dissolution-precipitation phenomena during the CSP. Moreover, it exhibits
remarkable ferroelectric properties that do not interfere with the properties of the primary phase.
The focus of this research is to determine the optimized quantity of y-GC phase for high-density
BT composite through the CSP. A comprehensive examination of the time and temperature
conditions applied in the CSP is conducted to refine the fabrication process and enhance the
overall performance of the resulting composites.

2 Experimental

2.1 Gamma glycine (y-GC) preparation

The y-GC compound was synthesized using a method described in literature [17]. Firstly,
56 g of commercial-grade glycine and 15 g of sodium chloride in a 3:1 molar ratio were dissolved
in 100 mL of deionized water (DI water) by stirring for 5 h at room temperature (RT). The resulting

mixture was then filtered using vacuum filtration, and the obtained liquid was kept in an oven at



35 °C for 25 days. During this aging process, a-GC crystals were transformed into y-GC crystals.
The y-GC crystals were then washed with saturated glycine solution, ground for 3 h using a ball
mill, and finally placed in the oven for an additional 2 days. This process resulted in the successful

synthesis of y-GC crystals.

2.2 Barium titanate (BT) preparation

Two types of BT powders were employed: (i) as purchased, a commercial product from
Inframat Advanced Materials, LLC (BaTiOs nano-powder, 99.95%), and (ii) Heat-treated
commercial BT powder at 1200 °C for 12 h in air. Both powders (untreated, and heat-treated) were
separately stirred with 1 M acetic acid solution at 80 °C for 1 h. Then, the pH of the suspension
was adjusted to neutral, and the respective BT powders were filtered prior to drying in an oven at

60 °C for 24 h, as schematically shown in Fig. 1a.

2.3 Fabrication of y-GC/BT composites via CSP

To optimize packing density, a specific ratio of 73.6/26.4, determined by theoretical
predictions for dense random packing, was employed for mixing BT particles of both nanometer
(untreated particles) and micrometer (heat-treated particles) sizes. Subsequently, the fabrication
process of composites involving y-GC and BT via CSP was initiated by precisely measuring
2.208 g of heat-treated BT and 0.792 g of untreated BT. These two types of BT were thoroughly
combined in a mortar for a duration of 5 minutes to ensure homogeneity. Following this, varying
proportions (15%, 30%, 50%, and 90% by weight) of y-GC powder were incorporated into the
BT mixture and meticulously blended manually in the mortar for an additional 5 minutes.
Subsequently, 7wt% of DI water was introduced into the blend, which was then ground for an

additional 5 minutes to facilitate thorough mixing. Next, 0.3 grams of the resulting y-GC/BT



mixture were meticulously deposited into a tungsten carbide die. In the context of the CSP, the
initial mixture undergoes continuous compression via a straightforward uniaxial pressure of 10
MPa. Heating is facilitated by a resistance jacket enveloping the die system within the CS
equipment employed. The heating jacket demonstrates the capability to ramp up the temperature
at a steady rate of 3°C per minute, reaching a maximum temperature of 120°C. The specified
heating temperature and duration were maintained for 6 hours. The CSP apparatus utilized in this
investigation was constructed as depicted in Figure 1b (I-III). Once the process was completed,
the cold-sintered y-GC/BT composite was allowed to cool before being extracted from the block

for subsequent characterization analysis.

2.4 Characterization

Although the Archimedes method is renowned for its precision in determining density, its utility
in our investigation was hampered by the solubility properties of y-GC in polar solvents.
Traditional organic solvents employed in Archimedes' principle, such as water, ethanol,
isopropanol, and acetone, were deemed incompatible with our samples due to their inherent
polarity. Moreover, the use of nonpolar solvents posed a risk of altering the phase or stability of
v-GC. Additionally, the metastable nature of y-GC warranted cautious immersion protocols, as it
could lead to phase transitions in glycine. Consequently, we adopted an alternative approach to
determine sample density, relying on measurements of mass, thickness, and dimensions. By
employing 12 samples, we aimed to account for inherent variations within the sample set, thereby
obtaining a more comprehensive representation of density. Densification calculations were
performed using Equation (1), elucidating the ratio of actual density to theoretical density [17,

22].
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where R is the relative density (%), m is the mass (g) of the pellet, d is the diameter (cm) of the
pellet, h is the thickness (cm) of the pellet, and p is the theoretical density calculated from the
Eq. (2)

m

P = e, e, @
BT Py—-GC

where mgr and m,,_g represent the masses of BT and y-GC in the composite pellet; pgr and
Py-cc represent the theoretical densities of BT and y-GC, which are 6.02 g-cm™ and 1.59 g-cm?,

respectively [17, 23].

The phase purity and crystal structure of the cold-sintered y-GC/BT composite at varying
weight ratios from 15% to 90% were identified by X-ray diffraction (XRD, RIGAKU smart lab)
with Cu Ko (A = 1.5418 A) radiation in the range of 20= 10" to 80°. The XRD results were
compared to the JCPDS database. Moreover, LeBail refinement of the unit cell parameters was
performed using JANA2006 software. The crystallite size estimation calculated for the

corresponding phase was done by using the Scherrer Eq. (3)

o KA
(FWHM Xcos0)

©)

where L refers to the crystallite size, K is the Scherrer constant (K = 0.94), A is the wavelength of

the radiation, @ is the diffraction angle of the peak, and FWHM is the full width at half maximum.

The BT and y-GC powders were subjected to Fourier-Transform Infrared Spectroscopy

(FT-IR, SHI-MADZU, IRTracer-100) measurement in a transmission mode from 400 to 4000 cm’



! with a resolution of 4 cm™ to confirm the presence of functional groups. The morphology,
particles size and grain size of untreated / heat-treated particles and cold-sintered y-GC/BT
composite were observed by field emission scanning electron microscopy (FE-SEM, TESCAN,
model MIRA) and transmission electron microscopy (TEM, FEI, Model: TECNAI G2 20,
Netherlands). In addition, energy dispersive X-ray spectroscopy (EDS-mapping) was performed
to analyze the chemical components of materials. Particle size and particle size distribution were
measured and analyzed through examination and quantitative analysis using ImagelJ software.
The three-dimensional (3D) X-ray image of the cold-sintered y-GC/BT composite was obtained
using Synchrotron Radiation X-ray Tomographic Microscopy (SR-XTM) technique at beamline
1.2 W, SLRI, Thailand. X-ray intensity was controlled by attenuating polychromatic X-rays with
a 350 pm-thick aluminum foil. X-ray images were captured using a microscopic lens system and
recorded by an sCMOS camera with a 1.44-um pixel size. The X-ray images dataset was
converted into sinograms, which were used in the Octopus Reconstruction software. The
reconstructed images were visualized using Drishti software. The dielectric behavior, including
dielectric constant (&) and loss tangent (tan 6) of cold-sintered y-GC/BT composites, was studied
using an LCR meter (Agilent E4908A) from RT to 200 ° C at frequencies ranging from 100 Hz to
2MHz. The polarization versus electric field hysteresis (P-E) curves of cold-sintered y-GC/BT
composites were measured at RT by a standard ferroelectric test system (RT66A) from Radiant

Technologies.

3 Results and Discussion

The morphology of the commercial nano-crystallites BT powder (untreated particles) is
presented in Fig. 2(a), where SEM imaging showcases randomly distributed particles, with a

smaller subset exhibiting homogeneously spherical-shaped particles of smaller size. Imagel



analysis revealed a Gaussian distribution of particle sizes, indicating a relatively uniform particle
size population. The mean particle size was determined to be 75.85 £ 13.65nm, with a narrow
size distribution. The skewness and kurtosis values were close to zero, suggesting symmetry and
a moderate peak, respectively. After the heat treatment process, agglomerates of varying sizes
became apparent, as depicted in Fig. 2(d). The SEM images revealed a bimodal distribution with
peak particle sizes observed at 1.39+ 0.03 um and 4.83 + 0.11 um. This distribution suggests the
presence of two distinct populations of particles within the sample, possibly indicating different
stages of aggregation or variations in particle formation mechanisms [24]. It's noteworthy that the
heat-treated particles exhibit sizes within the micron range, which are more than 30 times larger
compared to the untreated particles. BT particles of both nanometer and micrometer sizes will be
mixed at a specific ratio determined by theoretical predictions for dense random packing. The
TEM bright field image, the selected area electron diffraction (SAED) pattern, and the high-
resolution TEM image (HRTEM) of BT powders before and after heat treatment at 1200 ° C for
12 h are shown in Fig 2(b)-(¢c), (e)-(f). For the untreated powder (Fig.2(b)), the particles appear
nearly spherical with an average diameter of 78.14 + 19.12 nm. The inset SAED pattern shows
a polycrystalline diffraction ring made up of separate diffraction spots, indicating the
polycrystalline nature of the nanoparticles [25]. Further fringes in BT were detected by HR-TEM.
Fig.2(c) exhibits lattice fringe with the interfering distance at 0.287 nm, which corresponds to the
crystal plane (110) spacing of the cubic BT phase (JCPDS card no. 075-0213, d (110)= 0.283 nm).
In contrast, the BT powder, after heat treatment at 1200°C for 12 hours (Fig. 2¢), demonstrates
particle agglomeration, resulting in a tenfold increase in the average particle size compared to the
untreated powder. The inset SAED pattern shows the bright spots assigned to the lattice atoms

that were spaced crystallographically with perfect plan orientation of BT, suggesting high

10



crystallinity and structural perfection for the tetragonal perovskite structure [26]. Clear lattice
fringes are observed (Fig.2(f)) with the measured interplanar spacing of about 0.286 nm
corresponding to the crystallographic plane (101) of tetragonal BT (JCPDS card no. 079-2265, d
o1y =0.285)[27, 28]. These results confirmed that a high-temperature calcination results in the

phase transformation of BT from cubic to tetragonal.

Moreover, the XRD pattern (Fig.2(g)) was consistent with the above results and the
LeBail refinement. All the peaks (blue lines) are indexed (JCPDS card no. 079-2265) for cubic
phase formation of the space group Pm-3m. The lattice parameters were a=b=c= 4.0067 A and V
=65.3 A. The parameters of refinement are R, = 10.59, Rwp = 16.62 and GOF = 2.01. The R factors
present a good agreement between refined and experimental XRD profiles for BT. The average
crystallite sizes as estimated by Scherrer formula Eq. (3) was 20.33 nm using the (110) major
diffraction peak. After calcination of BT at 1200 "C/12 h, the diffraction peaks (red line) are sharp
and narrow, indicating high crystallinity. All peaks are indexed (JCPDS card no. 075-0213) for
tetragonal phase, as judged from the splitting of the (200) diffraction plane into (002) and (200) at
51.02°and 56.3°, respectively. Lattice parameters were a = b =3.9919 A, ¢ =4.0321 Aand V =
64.3 A, which belongs to space group of P4/mmm [29]. The parameters of refinement are Ry =
11.59, Ruwp = 17.04 and GOF = 1.97. The average crystallite size was 27.56 + 3.12 nm. These
findings suggest that the tetragonal structure of BT phases is generated through high-temperature

calcination.

The BT powder before and after calcination were characterized by FTIR in transmission
mode as shown in Fig. 2(h). For the BT powder before calcination, the absorption bands appeared
at 3507 cm™*, which corresponded to the stretching mode of O-H groups. The band at 1637 cm™ is

characteristic of the O-H bending from the physically adsorbed water on BT nanoparticles. The

11



strong absorption at 487 cm™ is assigned to the bending vibrations of the Ti-O bond in [TiOg]*
octahedron. It is also a characteristic absorption of BT powder [30]. Notably, the intensity of the
O-H stretching vibration bands at 3507 cm™ and 1637 cm™ became weaker as the calcination

temperature increased, showing clearly instead the metal-oxygen (Ti-O) band stretching [31-33].

The y-GC powder and the mixed BT powder were mixed at a varying weight ratio (15, 30,
50, and 90wt% of y-GC powder) and grounded in a mortar, followed by addition of 7wt% of DI
water and another grinding. Then, 0.3 g of the y-GC/BT mixture was loaded into a tungsten
carbide block, and a pressure of 10 MPa was applied. CSP was carried forward for 6 h before
heating to 120 °C. At the end of the process, the tungsten carbide block was cooled, and the -

GC/BT composite pellets were removed.

The white pellets, depicted in the inset of Fig. 3, possess a diameter of 1 cm and a
thickness of approximately 0.7 mm. In the case of a composite sintered with 15wt% of y-GC
(Fig. 3(a)), the surface predominantly comprises 85wt% BT, resulting in densely packed BT
particles and a smooth surface with reduced pore count. Subsequently, with an increase in y-GC
content to 30% (Fig. 3(b)), the surface remains smooth, albeit with small porous areas emerging.
Upon further escalation of y-GC content to 50wt% (Fig. 3(c)), the surface manifests large particle
clusters, nanoparticle dispersion throughout the matrix, and some filling of gaps, leading to
heightened porosity and surface unevenness. The average grain size measures 3.92 + 1.75 pm.
Notably, at 90wt% y-GC (Fig. 3(d)), irregularly arranged large clumps of y-GC particles,
numerous small grain sizes (average grain size of 6.67 £4.17 um), and substantial interparticle
voids are observed. Additionally, nanoparticles are dispersed within the matrix. The SEM results
underscore that an optimal y-GC content of 15wt% fosters the formation of dense y-GC/BT

composites. Furthermore, SEM mapping and EDS analysis were conducted to explore the
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chemical composition of the composites, leveraging X-ray emissions pertaining to the constituent
elements. The presence of y-GC and BT was confirmed by the detection of Ba, Ti, N, C, and O.
SEM mapping of 15wt% y-GC pellets (Fig. 4) reveals large agglomerations of Ba (Fig. 4(c)) and
Ti (Fig. 4(d)), with gaps between them filled with Nitrogen (N) (Fig. 4(f)) and Carbon (C) (Fig.
4(g)), elements characteristic of y-GC. Furthermore, EDS measurement (Fig. 4(h)) confirms the
presence of Ba, Ti, O, N, and C elements in the composites, with Ba, Ti, and O comprising
41.2%, 18.4%, and 19.6% by weight, respectively. The Ba and Ti signals correspond to the BT
content in 15wt% y-GC pellets, affirming y-GC's capacity to bind BT and form a ceramic

composite via CSP.

The XTM images of the composites containing Swt%, 30wt%, and 90wt% of y-GC/BT
were obtained using Synchrotron Radiation X-ray Tomographic Microscopy (SR-XTM). These
images provide a macroscopic view of the 3D distribution of the components, distinguishing
between two distinct phases represented by orange (y-GC) and purple (BT). For the composites
containing 5wt% y-GC (Fig. 5(a)) and 30wt% y-GC (Fig. 5(b)), BT acts as the matrix phase, with
v-GC evenly dispersed over the BT surface. Additionally, in certain regions, the y-GC phase
precipitates and fills the gaps between BT particles. However, as the y-GC content increases to
90wt% (Fig. 5(c)), BT becomes uniformly distributed within the y-GC matrix. The XTM image
verifies that the y-GC phase is dispersed throughout the specimen, with instances of agglomeration
and precipitation between BT particles, a finding consistent with SEM observations. These XTM
findings offer valuable insights into the spatial arrangement and distribution of y-GC and BT
phases within the composites, shedding light on their microstructural characteristics and providing

essential information for understanding the composite's properties and behaviors.
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The relative density of the y-GC/BT composites, as determined by Eq. (1), is illustrated in
Fig. 6(a). As the weight percentage of y-GC increases from 15% to 90%, a corresponding trend of
decreasing relative density is observed, declining from 96.7 + 1.2% to 82.7 + 1.1%. These findings
align closely with the observations from SEM imaging. With a decrease in y-GC content, the
particles of BT exhibit a more compact arrangement compared to the composites containing
90wt% y-GC, primarily due to the inherently higher density of BT. Furthermore, the presence of
v-GC serves to fill the interstitial spaces between BT particles, thereby reducing pore formation.
This phenomenon contributes to the overall reduction in porosity and subsequent enhancement in
relative density. The relative density can be explained by a mechanism as reported in the previous
study [17]. It was found that pressure, sintering temperature, holding times, and transient liquid
solvent are important factors for the effective CSP. BT powder is known to be thermodynamically
unstable in water solutions. Ba?* ions are leached out of the BT powder, producing a TiO2-rich
amorphous surface layer [34, 35]. The amorphous layer, which is difficult to dissolve in the liquid
phase, impedes the dissolution-precipitation process during the CSP, thereby preventing the
densification of the BT ceramic. Therefore, the surface of BT powders in this work was treated
with acetic acid (CH3COOH) to generate additional -OH groups on the BT particle surfaces (Fig.
6(b)) via hydroxylation reaction [36]. When the y-GC powder is mixed with (acid-treated) BT
particles and fabricated via CSP, hydrogen bond will form between the -COOH groups on the y-
GC chains and the -OH groups on the surfaces of BT particles [37, 38]. An appropriate amount of
v-GC can easily dissolve in water and act as the liquid phase, which enhances the dissolution-
precipitation process during CSP. So, y-GC promotes close packing in the composites and

enhances the relative density of composites [39].
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Furthermore, to elucidate the structural behavior, X-ray diffraction (XRD) analysis was
employed to assess the cold-sintered samples, as depicted in Fig. 6(c). Notably, all sintered
samples (15wt%, 30wt%, 50wt%, and 90wt% of y-GC) manifest sharp diffraction peaks
corresponding to two distinct phases: BaTiOz (tetragonal; JCPDS no. 075-0213) and y-GC (JCPDS
no. 06-230). At 90wt% of y-GC, two prominent peaks observed at 25.28° and 31.57° can be
unequivocally indexed to the (110) and (101) diffraction planes of y-GC and BT respectively. As
the y-GC content decreases, notably, the intensity of the y-GC peak at 25.28° undergoes a
significant reduction, consistent with expectations. Subsequently, at y-GC contents of 30wt% and
15wt%, the characteristic peaks associated with y-GC are conspicuously absent from the

diffraction patterns.

The cold-sintered samples underwent characterization using FTIR in transmission mode,
with the results presented in Fig. 6(d). Across all sintered samples, distinct peaks indicative of y-
GC patterns emerged within the range of 1500-1200 cm™'[40] . Notably, the highest intensity
peak at 1573 cm™! (peak 1) corresponds to the asymmetric (C=0)O stretching, while the peak at
1492 cm™" (peak 2) signifies the NH bending vibration of NH3*. Additionally, the peak at 1390
cm™' (peak 3) corresponds to the symmetric (C=0)O stretching, whereas the peak at 1328 cm ™!
(peak 4) represents the CH, wagging with the lowest intensity. These observations collectively
affirm the presence of y-GC within the samples. However, a notable trend emerges as the y-GC
content decreases: the intensity of the four peaks diminishes significantly, accompanied by peak
overlap within the range of 486-684 cm™. The overlapping peaks are attributed to the carboxylate
ion group COO™ of y-GC and the stretching vibrations of Ti-O of BT, further underscoring the
formation of composites between y-GC and BT. Importantly, no undesired phase transition of y-

GC was observed throughout the analysis, affirming the stability of the composite structure.
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The density of composites, as elucidated in Fig. 7, is expounded through the schematic
representation of the cold sintering mechanism across various stages. Initially, the composite
material particles (I) comprising y-GC, BT, and water are densely packed. In the initial stage, a
sufficient quantity of the liquid phase (water) is integrated with the composite particles, ensuring
homogeneous moisturization. Here, y-GC particles act as a transient liquid phase, dissolving and
diffusing alongside water, facilitating particle rearrangement (I1). Notably, the pink frame in the
illustration delineates the intricacies of particle sliding upon the introduction of the liquid phase,
creating spaces at the particle-particle contact area. These spaces enable particle sliding and
subsequent rearrangement. Densification primarily ensues under external pressure at this juncture,
leading to overall sample shrinkage (Si). Subsequently, in the second stage, a dissolution-
precipitation process comes into play. Following particle dissolution, sliding, and rearrangement
in the initial stage, mass transfer occurs via the diffusion of y-GC ions or atoms along the water
(1 (a-ii)), effectively filling the interstitial gaps between grains. Consequently, precipitates (I11(a-
iii)) form on crystal sites with lower chemical potential, which are thermodynamically favored and
conducive to neck growth. This mass transport process concurrently diminishes the surplus free
energy of the surface and mitigates porosity, resulting in the formation of a dense solid and a slight
sample shrinkage (S2). The final stage, characterized by crystal growth (IV-b), is predominantly
governed by a robust dynamic process catalyzed by water evaporation. This evaporation induces
a supersaturated state of the liquid phase at temperatures slightly above its boiling point, thereby
engendering a significant chemical driving force for the solid and liquid phases to attain
equilibrium. Upon completion of precipitation, particle-particle contacts are markedly enhanced,
facilitating crystal growth via the coalescence of small crystallites (Thickness = To) into larger

ones (Thickness = Ti). The comprehensive overview of various BT-based ceramics and
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composites, detailing their raw materials, the presence of transient liquid phases, CSP conditions,
achieved densities, and corresponding references is present in Table I. BT ceramics synthesized
through solid-state reactions typically undergo high-temperature sintering, yielding densities
between 94-96%. Alternatively, employing Ba(OH)2-8H>0O as a transient liquid phase at 180°C
under pressure yields a density of 95%. Composite systems such as BT/ZnO and
BT/Polytetrafluoroethylene exhibit densities ranging from 60%-98% and 93.5%, respectively,
utilizing specific liquid phase chemistries and CSP conditions. Notably, the y-GC/BT composites,
synthesized at a lower temperature of 120°C and 10 MPa pressure, demonstrate a density of
96.7+1.6%. These findings highlight the diverse synthesis strategies and optimization approaches

employed in the fabrication of BT-based ceramics and composites for various applications.

The dielectric responses of the y-GC/BT composites were examined as a function of
temperatures and frequency. Fig. 8(a) shows the temperature dependences of dielectric constant
(er) and dielectric loss (tan 6) for all composites from RT to 200 °C at 100 kHz. For the composites
with 15-90 wt% y-GC content, the value of & tends to increase with increasing temperature. The
maximum & value obtained was 3600, and the low tan & was 1.20 for 15wt% y-GC composite. The
increased & value is a result of the addition of ferroelectric ceramic powders primarily caused by
the dipolar polarization effect and induced by the permanent dipoles existent in the filler. The
permanent dipole of BT is from the uneven distribution of the charge-density between O, Ba, and

Ti atom [41].

The frequency-dependences of &r and tan 6 of the composites are shown in Fig. 8(b) at 200
°C and the frequency from 100 Hz to 2 MHz. As frequency increases, &r decreases until it reaches
a near-constant value at the high-frequency region. The high value of & at low frequencies is

caused by a combination of polarizations, including atomic, ionic, interfacial, and electronic.
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However, only electronic polarization affects the & at high frequencies. The results clearly show
that when the amount of y-GC decreases, the dipole of the interface increases due to the BT content
increase and leading in an increase & [42]. At 15wt% y-GC, & = 27,000 and tan 6 (which is the

lowest) was 1.50 at 100 Hz.

We also demonstrate the beneficial effect of increasing proportion of y-GC by examining
other presentations of AC properties, as depicted in Figure 8c, where the positive impact of y-GC
becomes more apparent. The imaginary part of the complex dielectric permittivity e” (dash line in
Figure 8c, shown for 90wt% as an example) follows the universal power law[43, 44]
e” = A-fs% where A and s are the fitting parameters. The parameter s represents the effective
dimension of charge carriers,[45, 46] being 1D for s ~ 0.17-0.44. Accordingly, the s values of 0.11
(30wt% g-GC) and 0.22 (50wt% g-GC) suggest the 1D nature. Meanwhile, at 90% g-GC, the low
s = 0.03 is close to zero such that e” follows f2. This is the “low-frequency dispersion” [47, 48]
which points out that very high charge densities are stored, consistent with the well-known

capacitive nature of BT.

Figure 8d shows the T-dependent of the imaginary part of the complex electric modulus
M”x100 [M” = e"/(e"*+ e"?)]. The electric modulus corresponds to the relaxation of an electric field
in the material when the electric displacement remains constant.[47] It was found that the sample
with 30wt%, 50wt%, and 90wt% g-GC had a relaxation peak at 87, 154, and 163 °C, respectively.
The latter two might be compared to 132 °C obtained from the elastic (mechanical) modulus of
BT sintered at 1300 °C.[48] The different peak temperatures might be explained by different
sintering methods (CSP vs traditional) and measurement methods (electric relaxation vs
mechanical relaxation). Still, the shift of the relaxation is clear, presumably to the value of BT.

Table 2 presents a comparison of the dielectric properties of BT and BT composites that were
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fabricated using CSP and traditional sintering methods. The results indicate that the dielectric
properties of traditional sintered BT and y-GC/BT composite are practically identical. Our study
highlights the effectiveness of y-GC as a transient liquid phase in CSP for the successful and

sustainable production of high-density y-GC/BT composites at relatively low temperatures.

The ferroelectric polarization-electric field (P-E) hysteresis loops of the y-GC pellet and
the y-GC/BT composite pellets are shown in Fig. 8(e). It is found that the hysteresis loop of y-
GC/BT composite pellets becomes larger with increasing BT contents. Compared with y-GC, the
composite ceramics exhibit good symmetry and a well-saturated shape (see the inset). For 90wt%
v-GC, the surface has porosity, and the addition of BT makes the ferroelectric phase discontinuous
as it hinders the domain orientation. However, as the y-GC content decreases to 15wt%, the
porosity is lower, and the ferroelectric property is optimized with easy switching of domains within
materials. The measured values of the remnant polarization (P;) and saturation polarization (Ps) at
electric field of 20 kV-cm™ are 0.013 uC-cm and 0.025 puC-cm2 for y-GC, 0.035 pC-cm and
0.052 uC-cm for 90wt% y-GC, 0.121 uC-cm=2and 0.276 nC-cm for 50wt% y-GC, 0.554 uC-cm-
2 and 1.466 nC-cm for 15wt% y-GC, respectively. In contrast, the coercive electric field (Ec) is
lowest for pure y-GC sample but increases for the 90wt% y-GC. However, it was significantly
decreased when the y-GC content decreases further to 50wt% and 15wt% (Fig. 8(f)). Moreover,
Ps clearly increases as the BT content increases. These results indicate that y-GC as a transient
liquid phase in a CSP can be successfully used to sustainably fabricate high-density composites

between y-GC and BT.

4 Conclusion
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In this study, we have successfully demonstrated the implementation of organic
ferroelectric (y-GC) phase as a transient liquid phase substitute for fabricating the y-GC/BT
composite ceramic through CSP (Cold Sintering Process). Our investigation involved
incorporating y-GC contents ranging from 15% to 90% by weight into BT, followed by CSP with
a sintering temperature of 120 °C, a holding time of 6 h, and an applied uniaxial pressure of 10
MPa. The addition of y-GC resulted in notable enhancements in both relative density and electrical
properties of the composites. Particularly, the optimal y-GC content of 15wt% vyielded a
remarkable relative density of up to 96.7+£1.6%. Our findings were further corroborated by FTIR
and XRD analyses, which confirmed the phase stability of y-GC and its prevention of undesired
transformation into the non-piezoelectric phase (a-GC). SEM-EDS mapping revealed the
precipitation-dissolution process of y-GC in CSP, where it functioned as a filler diffusing into the
space surrounding BT particles. XTM images provided a comprehensive 3D distribution of both
BT and y-GC, consistent with SEM observations. Furthermore, we conducted a thorough
examination of the electrical properties of the composites across varying temperatures (RT-200
°C) and frequencies (100Hz-2MHz). The dielectric constant (gr) exhibited an increase with
decreasing y-GC content. Notably, the 15wt% y-GC pellet demonstrated the highest & of 3600
coupled with a low dielectric loss (tan 8) of 1.20. The P-E hysteresis loop measurements revealed
that the 15wt% y-GC composite ceramic displayed the highest values of Ps = 1.46 uC-cm and
Pr = 0.55 uC-cm2. Our study underscores the efficacy of y-GC as a transient liquid phase in CSP
for successfully and sustainably fabricating high-density y-GC/BT composites at relatively low
temperatures. These results contribute to the advancement of ceramic processing techniques and

hold promise for various applications in the fields of electronics, energy, and beyond.
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Fig. 1 Schematic illustration of the fabrication process of the y-GC/BT composite via CSP.
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Fig. 2 SEM images of (a) BT commercial powder before calcination and (d) BT after calcination at 1200 °C for 12
h. (b), (e) show TEM images of BT powder before and after calcination at 1200 °C for 12 h respectively. The inset
shows the corresponding SAED patterns. (c), (f) the high-resolution TEM and the white frame showing the lattice

fringe. (g), (h) XRD and FTIR results of BT powder before and after calcination at 1200 °C for 12 h.
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Fig. 3 SEM images of cold-sintered composites between y-GC and BT as prepared through CSP at varying amount
of y-GC: (a) 15wt% (b) 30wt% (c) 50wt% and (d) 90wt%. The bottom-left insets show the corresponding digital

image of the pellet. The white frame on top-right shows morphological features under 10,000 x magnification.
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Fig. 4 The SEM-EDS mapping of 15wt% y-GC pellet: (a) SEM image at a magnification of 3000x for the composite
15wt% y-GC/BT. (b) All mapping elements. (c-g) Mapping image of Ba, Ti, O, N, and C element in the composites.

(h) The EDS spectrum with the table in the inset showing a quantitative result obtained for Ba, O, Ti, C, and N.
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Fig. 5 X-ray tomographic 3D visualization of y-GC/BT composites via CSP at varying y-GC contents (a) 5wt% (b)

30wt% and (c) 90wt% respectively.

31



Fig. 6 The relative density of y-GC/BT composites after CSP (a) variation of the y-GC contents. (b) schematic diagram
of BT after treatment with 1 M acetic acid, showing the surface OH group on BT surfaces and the formation of

hydrogen bond in the y-GC/BT composite, (¢) XRD patterns and (d) FTIR spectrum of y-GC/BT composites.
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Fig. 7 Schematics of CSP mechanism at mainly 3 stages adapted from Refs.[1, 4, 17]. Stage 1 involves 1. particle
compaction of composite consisting of y-GC, BT, and water, II. Particle sliding and rearrangement. Stage 2 shows
the dissolution-precipitation process, I11. Precipitation-Neck formation. Details of this stage show in (a) dissolution
(i), ion diffusion (ii), precipitation-neck growth (iii). Stage 3 related to crystal growth (IV) and (b) show the detail of

its stage related to water evaporation and crystal growth.
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Fig. 8 Electrical properties of y-GC/BT composites fabricated via CSP: (a) temperature-dependence (b) frequency-
dependence of the dielectric constant and dielectric loss. (c) P-E hysteresis loop of y-GC and the y-GC/BT composites,

at the electric field of 20 k\V/cm, and (d) the corresponding P, and E. values.
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Table 1. A concise comparison of the raw materials used, the presence of transient liquid phase,
and the conditions of the Cold Sintering Process (CSP) for both BT-based ceramics and

composites.
BT-based . Transient CSP .
. . Raw materials L . density  Reference
Ceramics/Composite liquid phase conditions
1200-1400 ° C/
. 6-24 h
_ BaTiOs BaCOx+TiO: - (Traditional ~ 94-96% L4930
(Solid state reaction) S [51]
sintering
temperature)
180° C/ 15 to
. . . ) 120 mins/430 o
BaTiOs Ba(OH)>+TiO2 —» BaTiOs  Ba(OH)2'8H20 MPa/annealing 95% [52]
900° C
BaTiO3/ZnO BaTiOs + ZnO CH}EI?(;) 'S 0 51/11)2/166 60%-98% [53]
BaTiOs/Polytetrafluoroethylene Nano BaTiOs/polymer ] 225°C/2h/350 o
(PTFE) composites PTFE Ba(OH)2-8H.0 MPa 93.5% [54]
BaT103/Polyphenyl?ne oxide BaTiOy/polymer PPO Ba(OH)$H20 225°C/12h/350 96% [55]
nanocomposite MPa
BaTiOs/Poly(vinylidene . 190°C/160 o
difluoride) BaTiOs/polymer PVDF H20 mins/350 MPa 94.8% [56]
200°C/75
BaTiOy/ catechol NanoBaTiOy/benzenediol g, ) gpy,0  MINS350 950, gg0, [57]
organic compound MPa/annealing
200°C
. . . 120 °C /6 .
v-GC/BT composites Micro/Nano BaTiO3 v-C2HsNO:2 hrs/10 MPa 96.7£1.6%  This study
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Table 2. Comparison of Dielectric Properties of BT ceramic and BT-Based Composites prepared

by CSP.
Fabrication Dielectric Dielectric
System constant at Reference
process loss at 1kHz
1kHz
BaTiO; Solidstate 5540 4500 1428  [49,50] [51]
reaction
BaTiO3 CSP 1,800 0.03 [52]
BaTiO3/ZnO CSP 50.9-7000 0.04-3.13 [53]
BaTiOzs/Polytetrafluoroethylene CSP 790 1.4 [54]
(PTFE) composites (w1 MHz) (@ 1 MHz)
BaTlOg/Polyphenylf:ne oxide CSP 1,500 0.05 [55]
nanocomposite
BaTlog/Poly(ylnylldene CSP 71.1 0.04 (56]
difluoride) (@ 1 GHz) (@ 1 GHz)
. 700 0.04
BaTiOs/ catechol CSp (@ | MHz) (@ 1 MHz) [57]
v-GC/BT composites CSp 4500 0.99 This study
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