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This paper reviews the synthesis of BaTiOz-based ceramic and composites through the cold sintering process. Cold sintering is a densification
process that works with a low-temperature mechanism known as pressure solution creep. This provides several opportunities to fabricate BaTiO3
into new composite structures that could provide important advanced dielectric properties. Here we revisit the challenges of densifying a material
such as BaTiOj; that has incongruent dissolution. We consider the issues of surface chemistry, selection of transient flux, core—shell designs in
BaTiO3, co-sintering with polymers in the grain boundaries and the technical challenges associated with incorporating all these ideas into tape
casting steps for future fabrication of multilayer device structures. © 2023 The Japan Society of Applied Physics

1. Introduction

Cold sintering is a low-temperature sintering process for
sintering ceramics enabled by a sequence of mechanisms
under a chemomechanical process collectively known as
pressure solution creep and includes the interconnected
kinetics controlling dissolution, mass transport and
precipitation.'™ The low temperatures and sufficient kinetics
for densification can be activated with applied uniaxial
pressures, moderate temperatures and an appropriate transient
liquid phase. Cold sintering has enabled the fabrication of
many dense ceramics at low temperatures (below 350 °C).”"
Specifically, this technique has already been applied for some
functional materials such as BaTiO_;,éHO) ZnO,“’lz)
(K,Na)NbO;'® and LiysAlysGe; s(PO,);. "+ BaTiO; is
one of the most important electroceramic materials because
of its dielectric properties and it is mainly used in multilayer
ceramic capacitors.'®'® The need for more high-perfor-
mance dielectrics is increasing because of advanced electrical
systems such as electric vehicles and data transport and
storage devices. This means that future capacitor designs
need higher voltage operations at higher temperatures but
also a high capacitive volumetric efficiency.'®" This can be
accomplished with reduced non-linear permittivity through
suppression of voltage saturation, and coupled with higher
degradation resistance would be a great technological
advancement for these important materials.

2. Experimental methods

As this is largely a review, we do not cover all the aspects of
the experiments and redirect readers to the original papers
when appropriate. However, new data on tape casting aspects
are covered here and to aid the reader. We therefore point to
the important processing methodologies not previously dis-
cussed. In this part of the work the basic BaTiO3; nanopow-
ders synthesized by the typical oxalate method were used.
The as-received BaTiO3; nanopowder was calcined at 700 °C
for 60 min to completely remove organic residues and
carbonates.

Cold sintering was performed with 0.75g of BaTiOj;
nanopowder and 0.11g of Ba(OH),-8H,O solid powder
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used as a transient liquid phase. Before sintering, these
powders were ground and mixed homogeneously using a
mortar and pestle. The mixture was loaded into a 12.7 mm
diameter die and placed under uniaxial pressure of 350 MPa.
The cold sintering process comprises two steps: pre-heating
and cold sintering. In the pre-heating step the mixture was
held at 80 °C for 30 min, a temperature close to the mp of
Ba(OH),-8H,0(78 °C),>* using both a heater jacket and a
press equipped with hot plates to melt flux and heat
homogeneously. The second step of the cold sintering
involves heating the mixture to 225 °C for 90 min under a
pressure of 350 MPa. After the required heating time, the
pressure was immediately released and the mixture cooled
down to RT. The BaTiOz samples fabricated by this cold
sintering process were dried in an oven at 120 °C overnight.
The tape cast slurries were prepared from BaTiO; powder,
Ba(OH),-:8H,O and polypropylene carbonate (QPAC 40,
Empower Materials, New Castle, DE, USA). This slurry
was prepared in a solvent of methyl ethyl ketone mixed by
ball milling for 24 h. After removal of air bubbles using a
slow rotating roller for 1 h, slurries were cast on a Mylar film
with a doctor blade moving with a constant casting rate. The
tape was dried and cut into 1.5 in (38.1 mm) squares. Then
stacked with 22 layers (without any inner electrodes) and
laminated under 45 MPa for 20 min at 75 °C. After lamina-
tion, the stacked tape was punched out into 0.5 in (12.7 mm)
diameter circles. Binder burnout was conducted at 175 °C for
8h in dry N,. Cold sintering was attempted at 300 °C for
120 min under 350 MPa.

3. Results and discussion

A challenge with BaTiOs is the selection of a transient phase
that must drive the dissolution and reprecipitation that
underpin the processes, as represented in the schematic
diagram in Fig. 1(a). BaTiO; is a compound that has a few
surface chemistry details that must be carefully considered in
the cold sintering process. Initially water was used in the
transient phase when attempting cold sintering of BaTiO;,
Two major issues were encountered involving incongruent
dissolution and the formation of BaCOj; on the particle
surfaces. Figure 1(b) shows the fundamental challenge with

© 2023 The Japan Society of Applied Physics
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(a) Representation of the pressure solution mechanism and interaction of the chemomechanical mechanism at particle-to-particle contacts under the

applied pressure. (b) Ideal solubility phase diagram for BaTiO3—H,0-CO, as a function of pH.

the Ba>" ion as a function of pH, being easily soluble to high
concentrations; Ti*", irrespective of the pH, has a relatively
very low solubility.”>2® The particle surfaces then become
depleted in Ba ions, and the perovskite structure is broken
down to an amorphous Ti surface layer. In cold sintering,
dissolution would ideally be stoichiometric, and having the
particle surface remain crystalline permits precipitation
directly onto the crystallized surface by epitaxial growth
when the transient phase is saturated with a stoichiometric
balance of solute. Diffusion of Ba>" ions into water occurs at
low pH to high concentrations and the formation of BaCOj is
favored at higher pH. This limits the dielectric properties
despite permitting partial densification of the particles. A
secondary heat treatment, namely heating the ceramic to
above 800°C, refines the grain boundaries and thereby
recovers high-permittivity BaTiO3 ceramics, allowing dense
ceramics to be obtained. The cold sintered permittivity of
~70 increases to above 1600 after secondary heat treatment.
The secondary temperature used is still much lower than the
sintering temperature (1200 °C) for densifying BaTiO3 under
conventional methods. Others have confirmed our initial
results and also identified the solution for applying the
secondary heat treatment.?’*®

As we can see from Fig. 1(b), at high pH there are limits to
the formation of BaCOj3 and there is also suppression of the
incongruent dissolution of BaTiOs5. Tsuji et al. used a highly
alkaline NaOH-KOH transient phase and found this to be
very successful in both densifying the BaTiO3 under the cold
sintering process at 300 °C and giving high dielectric proper-
ties — all without having to resort to a secondary sintering
process.” This single-step process was accomplished in
BaTiO3 powders with particle sizes ranging from 20 nm up
to 400nm. The microstructure and associated dielectric
properties of 95% densified BaTiO5 cold sintered at 300 °C
are shown in Fig. 2. The grain microstructure is highly
faceted, and the dielectric permittivity is no longer limited by
the BaCOj; intergranular phase; the permittivity at RT is
~1500. However, there is a high dielectric loss of more than
5% at RT.

As an alternative transient flux for Ba(OH),-8H,0, a
mixed powder strategy with nanosized (30 nm) TiO, was
considered under a cold sintering process. The cold sintering
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temperatures were between 90 °C and 180 °C, and simulta-
neous densification and reactive synthesis of BaTiOj;
occurred. The non-BaTiO; phases were identified as a
BaCOj phase and a residual TiO, phase. The reactivity
necessary to form BaTiO; without a mineralizer is a
noteworthy observation. Typically, these precursor reactants
require water in a closed system and a hydrothermal process
to form BaTiO;. Here we note that the decomposition of
Ba(OH),-8H,0 produces sufficient reactive water to drive
BaTiO; synthesis. Second, it is likely that BaCO5; formation
is associated with removal of CO, from the atmosphere, as
there was little or no carbonate in the initial powders. The
dielectric properties after cold sintering are limited and very
similar to the results obtained with the earlier water transient
phase cases. So again, if we apply a secondary heat treatment
at 900 °C for 3h this removes the carbonate phase and
establishes high dielectric properties, as shown in Fig. 3.
With the high reactivity shown from the Ba(OH),-8H,0
chemistry, Sada et al. directly explored it as a transient phase
with BaTiO; powders.*'?’ This led to high densification of
between 94% and 98% of the BaTiO; at cold sintering
temperatures between 150 °C and 280 °C. Sr(OH),-8H,O
was also found to be effective in the densification of both
BaTiO; and SrTiO; powders under cold sintering.””
Figure 4(a) shows the phase diagram of the various
Ba(OH),-H,O systems. This diagram provides valuable in-
sight into the respective dehydrated intermediate phases that
occur under heating and a secondary phase is produced with
the structural H,O being released.’*" In the case of BaTiO;
sintered with the transient Sr(OH),-8H,0 phase this leads to
the development of core—shell microstructure with the grains,
as shown in Figs. 4(b) and 4(c). Transmission electron
microscopy (TEM) and energy dispersive spectroscopy
(EDS) reveal that the Ba and Ti ions dissolve into the flux
and then undergo co-precipitation with epitaxial grain
growth; shell formation from a mixture of Sr and Ba ions
is inferred. This is consistent with the need to have a clean
surface on which the precipitation of Ba, Sr, and Ti ions can
ready occur, and therefore we also expect that the surface at
high pH has undergone an incongruent dissolution process.
There is some nonuniformity in the thicknesses of the shells
in the grains relative to the applied pressure, and Sada et al.

© 2023 The Japan Society of Applied Physics
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Fig. 2.
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Fig. 4. (a) Phase diagram of the barium hydroxide-water system, redrawn from Kenisarin et al.*® and using the data of Michaud.*” (b), (c) A TEM

microstructural image and the corresponding EDS data showing a core—shell microstructure.

this  within solution

29)

rationalized
mechanism.

With lower temperatures now possible for the densification
of BaTiO;, this opened the possibility of co-sintering
organics such as polymers and surfactants into the grain
boundaries of BaTiO; under cold sintering. The importance
of this new type of dielectric composite is that it can
overcome many of the inherent weaknesses of present day
BaTiO; dielectrics in high-field operation. One of these
weaknesses is the voltage saturation phenomenon, in which
the permittivity is lowered under high electric field operation.
Another weakness under high fields is the migration of
oxygen vacancies, leading to time-dependent degradation of
resistance of the insulation: a highly resistive polymer with

the pressure creep

SM1030-3

29)

low dielectric permittivity undergoes nanoscale integration
into the grain boundaries between the high-permittivity
BaTiO; grains. Partitioning of the electric fields with respect
to the relative dielectric permittivity of each material as
needed to have a continuous dielectric displacement field;
this reduces the field strength in the grains and leads to strong
field localization in the polymer grain boundaries. Thereby,
the local fields are dramatically changed and the overall
dielectric performance in the composite is enhanced.

This concept was first explored by Sada et al. for a number
of polymers including the high-temperature thermoplastics
polytetrafiuorethylene (PTFE) and poly(p-phenylene oxide)
(PPO). It was found that these materials could be sintered at
low temperatures to an overall high density of ~94% to 98%

© 2023 The Japan Society of Applied Physics
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PPO. (c) The RT dielectric constant of BT-PPO and BT-PTFE nanocomposite, with the dotted line being the estimated dielectric constant from the mixing law

with homogeneous dispersion.

in the composites.”'? It was found that grafting of long PPO
polymer molecules to the surfaces of the BaTiO; (100 nm
particles) was the most effective way to maximize dispersion,
relative to the dispersion of PTFE particles, as shown in
Figs. 5(a) and 5(b). The better dispersion of polymer particles
causes a higher dielectric constant, as shown as Fig. 6(c).
Recently, Nunokawa et al. showed that with better mixing
and dispersion of finer PTFE particles, BaTiO; PTFE
composites with similar properties to the PPO composites
could be realized.’” The uniformity of the polymer is
extremely important for obtaining a higher breakdown
strength and time-dependent degradation resistance proper-
ties: like all mechanical or electric breakdown phenomena the
fields can always find the weak points and therefore control
the breakdown strength.

With several polymer strategies having now been demon-
strated for the co-sintering of BaTiO; composites with the
transient phase Ba(OH),-8H,0 we next look at the ability to
add the BaTiO; and Ba(OH),-8H,O to a low-temperature
binder system that can be cast and undergo binder burnout
without dehydration or reaction that would limit the subse-
quent densification. The ability to cold sinter multilayers with
a tape cast formulation, using the binder polyalkylene
carbonate (QPAC) was previously demonstrated; this then
becomes the natural choice for this initial investigation into
multilayer processing.”* > This is a very attractive candidate
as it can be removed under a thermal decomposition process
at temperatures as low as 120 °C in air and nitrogen atmo-
spheres. Under the debinding decomposition process QPAC
produces CO, and H,O that evolve within the particle

considering this stage it is important to note that there is no
interaction of the binder system with a strong base such as
Ba(OH),-8H,0. Such reactions could decompose the
polymer and the hydroxide phase, limiting the casting,
forming and ultimately the cold sintering processes.

Using X-ray diffraction, we can determine any significant
phase changes and find the relative percentage of these
phases through the various processes involved in the tape
casting; in particular, the monitoring of BaCO; formation
becomes important. In the milling of powders, milling/
mixing with the polymers and solvents and tape casting
there was no indication of an increase in the BaCOs5 content.
The first indication of such an increase comes with the
lamination condition, as shown in Fig. 6(a). The initial
lamination condition was at a temperature of 75 °C. As noted
in Fig. 4(a), this is close to the mp of Ba(OH),-8H,0, and the
hydroxide is then activated to react easily with organics and
form a carbonate with up to 25 wt% BaCO;. To prevent
reaction between the hydroxide and the organic binder and its
constituents, RT uniaxial lamination was performed under
56 MPa for 5 min, avoiding the high-temperature lamination
process and the potential carbonate reactions. Uniaxial
pressures between 56 MPa and 426 MPa at RT enabled
lamination without carbonate formation, as shown in
Fig. 6(b).

With the binder burnout process occurring at 175 °C for
8h in dry N,, Ba(OH),-8H,O and the other dehydrated
Ba(OH),-xH,O compounds mainly react with CO, derived
from binder decomposition and form a deleterious BaCOj;
carbonate phase that limits densification and high dielectric

mixture of BaTiO; and the transient phase. Before properties without using the aforementioned secondary heat
(a) (b)
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(a) The change of BaCO5 with respect to the process using polyalkylene carbonate tapes prior to cold sintering. (b) The change of BaCO3 with
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treatments to remove the carbonates. Various strategies have
been considered to prevent or suppress the formation of
carbonates, including the use of lower levels of hydrated
Ba(OH),-xH,O (x = 3, 2, 1, and 0). At this stage using this
low-temperature QPAC binder system we have not yet not
succeeded in preventing substantial BaCO; formation
without deactivating the transient phase, and thereby limiting
the cold sintering densification. This now becomes the next
challenge: to finding a processing route to fabricate cold
sintered multilayer composites. This may need a new binder
polymer strategy, or a new formation process such as
electrophoretic deposition, or an alternative electrospray
technology to lay down the multilayer structures. We are
not considering small capacitors in this strategy, rather larger
ones than the conventional fired multilayers we are using
today. There is a need for the larger capacitor types for future
power electronic applications.

4. Summary and conclusions

We have considered the recent evolution of cold sintering of
BaTiO3 ceramics and its composites to form high-perfor-
mance materials at extremely low temperatures. Various
transient phases have been demonstrated and processes
adjusted to enable high-performance dielectric properties. In
the first-generation studies, transient phases used water and
acidic pH solutions, but these are limited by the incongruent
dissolution of Ba*" ions and the formation of intergranular
carbonate phases. A secondary thermal treatment removed
the carbonates, continually evolving the microstructure and
the properties. These secondary temperatures are still much
lower than the typical conventional sintering temperatures for
BaTiO;. The second-generation transient phases for BaTiO3
used NaOH-KOH to develop extremely high-performing
dielectrics at temperatures of ~300°C in a single-step
process. Third-generation methods used Ba(OH),-8H,O,
and related fluxes for cold sintering in a single step at
temperatures between 150 °C and 280 °C. This could densify
pure BaTiO; and core—shell structures with (Ba, Sr)TiO;
shell compositions. At these lower temperatures novel
polymer—BaTiO; composites with high-temperature thermo-
plastics and different surfactants have enabled integration of
polymeric grain boundaries within the materials. These
composites are enabling a new strategy for manipulating
the high-field properties of the BaTiO5; and related materials
using local field distributions. Properties such as resistivity,
non-linear dielectric properties, dielectric breakdown and
time-dependent dielectric breakdown are all improved within
these composites. Finally, we outline the next technical
challenge of developing a multilayer process for composite
BaTiO; structures. The need to balance the binder removal
process without limiting the dehydration of the transition
phases such as Ba(OH),-8H,O that couples to the cold
sintering process of pressure solution creep. In addition, the
polymer must not decompose and the CO, product reactively
forms a carbonate on the BaTiO; surface.
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