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The Cold Sintering Process (CSP) can provide opportunities to fabricate high-performance BaTiO3 dielectric composites with polymer materials
that are typically difficult to impossible to co-process under a conventional sintering process. Therefore, we investigated the preparation process of
BaTiO3 sintered body by CSP and integrated a well-dispersed intergranular polymer phase. In this study, we focused on preparing BaTiO3 and
Polytetrafluoroethylene (PTFE) composites. We considered the importance of the particle size of the PTFE phase, and correlated the impact on
the composite dielectric properties. Through fitting a general-mixing-law to the dielectric properties as a function of volume fraction, we could
deduce more homogeneous composites obtained in using the 200 nm PTFE powders. In addition, the temperature dependent dielectric properties
and field dependent conductivity of the composites was investigated. It was found that with the good dispersion of the PTFE can suppress the
leakage current density in the dielectric composites. © 2023 The Japan Society of Applied Physics

1. Introduction

The Cold Sintering Process (CSP) has attracted much
attention because of the ability to densify at low temperatures
between 100 °C to 300 °C for a number of important func-
tional ceramics such as BaTiO3,

1–5) ZnO,6–11) V2O5,
12–14)

SnO,15) Li2MoO4,
16,17) Li1.5Al0.5Ge1.5(PO4)3 (LAGP),18–20)

Li1.3Al0.3Ti1.7(PO4)3 (LATP),20) and β-alumina,21) and (K,
Na)NbO3 (KNN).22–24) Under conventional sintering condi-
tions, these ceramics must be densified at significantly higher
temperatures, so one major interest is the potential that CSP
can provide an alternative route to a sustainable production
process.
The CSP is a non-equilibrium thermodynamic sintering

process that uses a chemo- mechanical mechanism known as
pressure solution creep. This drives a critical series of
mechanisms such as dissolution, grain boundary transport,
and precipitation to densify the particulates into a densified
ceramic. Pressure solution creep is known from a geological
process enabling sedimentary rock formation. In that case,
the particulate densification process takes hundreds of
thousands of years.25–27) With CSP, we consider material
selection, uni-axial pressures, transient chemistries, low
temperatures, and smaller particle sizes that densification
can be a faster process and therefore a possible manufac-
turing route. By adding the appropriate transient fluxes, such
as an acid or base chelating agents, the chemo- mechanical
activated dissolution, diffusion, and precipitation process.
These can all occur at the interfaces of the contacting
particles that are under an applied stress.28) This takes place
in an open system, whereupon volatile components of the
flux can escape from the gaps between the die walls and
pressing plungers.3)

Being able to effectively drive the diffusional process for
densification at low temperatures, we can fabricate metastable
materials and combine different materials together to form
unique composites. Ceramics, metals, polymers, and 2D
materials have all been co-sintered into dense monolithic
and multilayer structures under CSP.29–31) Therefore, CSP
permits a universal approach to integrate all materials

provided the appropriate transient phase can be found to
permit the pressure solution creep to be activated with
sufficient kinetics.
BaTiO3 is an important dielectric ceramic material that is a

ferroelectric. It has a high permittivity and is extremely
important for Multilayer Ceramic Capacitor (MLCC) com-
ponents. BaTiO3 has a phase transition between a paraelectric
phase that is cubic and macroscopically non-polar with
symmetry Pm3m. At a transition temperature Tc 125 °C,
there is a phase transition to a tetragonal ferroelectric phase
(P4mm). At lower temperatures, there are additional poly-
morphic phase transitions to a ferroelectric orthorhombic
(Amm2), and then to a rhombohedral ferroelectric phase
(R3m). There are dielectric property anomalies that follow a
Curie law temperature dependence at each of these phase
transitions, and these provide an overall high permittivity
across a broad temperature range.32–34) Under conventional
sintering, BaTiO3 requires temperatures ∼1200 °C to un-
dergo densification. The relative permittivity magnitude of
BaTiO3 ceramics is also very dependent on the grain size,
porosity, and crystallinity. The BaTiO3 ferroelectric size
effect phenomenon, involves a dilution of the relative
permittivity at RT and at the Curie points as the average
grain size reduces to below 1.0 micron.34–36)

As already pointed out, BaTiO3 is most important di-
electric for MLCCs. The devices over 4 trillion are fabricated
every year. MLCCs are important passive component devices
which are constructed with large number of layers. The layers
up to 1000 are fabricated in state-of-the-art components. To
improve temperature dependence, resistivity, dielectric
losses, and the reliability, various dopants are formulated
into the dielectric. Mn and Mg as acceptor dopants and rare
Earth (Dy, Ho, Er, and Y) as acceptors and donors are added
to BaTiO3 in the common base metal MLCCs.37,38) As an
alternative strategy for improving reliability, temperature
dependence, and other dielectric properties, we have con-
sidered sintering of BaTiO3 mixed with polymers by using
CSP.
Typically, as BaTiO3 particles are added to polymers, it is

extremely difficult to have high volume fractions of BaTiO3,
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and the low permittivity of the polymer significantly sup-
presses the overall relative permittivity of the composite. The
composites including around 40 vol% polymer volume frac-
tions has relative permittivity εr ∼ 30–80.39–41) With cold
sintering BaTiO3-composites with polymers such as PTFE3,4)

and PPO (Poly(p-phenylene oxide)5) dense composites can
be obtained. These have the potential to have high-relative
permittivity, low loss, broad temperature dependences, and
reduced non-linearities in terms of voltage saturation, elec-
trical conduction and has the potential to limit oxygen
vacancy migration that could aid reliability and breakdown.
So, although cold sintering technology is in its infancy, the
concept of a nanometer polymer integrated into the grain
boundaries modifying the overall electric field distribution.
This is attractive for a number of technical reasons including
higher field electrostatic energy density, high-voltage opera-
tion and elimination of the expensive rare Earth dopants,
particularly for large sized MLCCs.
In this study, we target the CSP preparation of

BaTiO3-PTFE composites with 3 μm and 200 nm PTFE
powders to understand strategies for better dispersion of the
polymers in the BaTiO3 grain boundaries. We characterized
the uniformity of BaTiO3-PTFE with the aid of mixing law
analysis from the relative permittivity of BaTiO3-PTFE
composites at RT. These composites are also characterized
with respect to dc conductivity.

2. Experimental methods

2.1. Powder characteristics
2.1.1. Preparation of materials. BaTiO3 powders (par-
ticle size: 100 nm, BET surface area:10.55m2 g−1, Ba/Ti
ratio = 1.00) were synthesized by an oxalate method.42,43) The
BaTiO3 powder was first annealed at 700 °C for 1 h to remove
organic residues and carbonates from the powder surface
[Fig. 1(a)]. Barium hydroxide octahydrate [Ba(OH)2·8H2O] as
flux was purchased from Alfa Aesar [Fig. 1(b)]. A D50 ∼ 3 μm

PTFE was purchased from Howard Piano Industry [Fig. 1(c)],
a D50 ∼ 200 nm PTFE was purchased from Nano Chemazone
[Fig. 1(d)].
2.2. CSP
2.2.1. Cold sintered BaTiO3 ceramics. The basic ex-
perimental procedure for the CSP of BaTiO3 using
Ba(OH)2·8H2O transient flux is outlined schematically in
Fig. 2. The BaTiO3 powder was homogeneously mixed with
the transient flux Ba(OH)2·8H2O by using a pestle and mortar
under a N2 atmosphere to prevent Ba(OH)2·8H2O from
reacting with ambient CO2. The weight ratio of
Ba(OH)2·8H2O to BaTiO3 was 16.7 wt%. The mixed powder
was poured in the die and then compacted under a uni-axially
pressure at 350MPa. The die is first preheated at 80 °C for
30 min under the pressing condition. Next, it was heated up
to 225 °C for 1 h still under a constant pressure of 350MPa.
After the dies were cooled down to RT, the samples were
taken out. All the samples prepared by CSP process was
dried at 200 °C for 24 h under a vacuum oven. The shape of
the prepared sample was cylindrical pellet. The diameter was
half inch (12.7 mm) and the thickness was about 1.2 mm.
2.2.2. BaTiO3-PTFE composites. BaTiO3 powders are
first mixed with PTFE powders by using Thinky mixer. After
that, the combined powders were further mixed in ethanol by
using a pestle and mortar until the ethanol was evaporated.
The ratios of PTFE to BaTiO3 were 5, 10, and 20 vol%. This
powder was further modified with the addition of the
transient flux chemistry, where 16.7 wt% Ba(OH)2·8H2O
was added and then homogeneously mixed by using mortar
and pestle under an N2 atmosphere. The mixed powders were
then cold sintered under a uni-axial pressure of 350MPa at
225 °C for 2 h.
2.2.3. Material characterization. Bulk densities (ρb)
were obtained as sintered pellets by the geometric method.
Theoretical densities (ρth) were considered for pure BaTiO3

(6.03 g cm−3) and 0.95 BaTiO3−0.05 PTFE composites

(a) (b)

(c) (d)

Fig. 1. SEM image of the calcined BaTiO3 synthesized by the oxalate method42,43) (a), optical image of Ba(OH)2·8H2O purchased from Alfa Aesar (b), SEM
image of the 3 μm PTFE purchased from Howard Piano Industry (c) and SEM image of the 200 nm PTFE purchased from Nano Chemazone (d).
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(5.83 g cm−3). The relative density was then calculated from
the ρb/ρth ratio.
X-ray diffraction (XRD) was measured at 45 kV and 40mA

with Cu-Kα radiation (Empyrean, Malvern Pananalytical).
Diffraction patterns were collected at 2θ angles between 10°
and 90° with a step size of 0.026° and a scan rate of
0.067° s−1. Scanning electron microscopy (SEM) images
were observed using fracture surfaces of the samples under
an accelerating voltage of 5 kV (Apreo SEM, Thermo
Scientific).
For the electrical property characterization, 100 nm thick Pt

electrodes were deposited by sputtering (Q150R Plus, Quorum
Technologies) on the polished surfaces. Temperature proper-
ties were measured at 1MHz and 1VRMS in the temperature
range between 25 °C and 200 °C using LCR meter (E4980A,
Agilent Technologies). Current–voltage (I–V ) measurements
were measured by using HP 4140B pA meter with Trek Model
610D high-voltage amplifier system. We calculated current
density–electric field (J–E) and the resistivity from the results
of I–V measurements and considering the sample thickness
and electrode size.

3. Results and discussion

3.1. Material characterizations
Figure 3 shows relative density of BaTiO3-PTFE composites as
function of the volume fraction PTFE. The composites all have
∼90% relative density and above. Figure 4 shows the XRD
pattern for scans from 20 to 80 degrees for important examples of
the different process stages. This includes the annealed BaTiO3

before CSP, the cold sintered BaTiO3, the BaTiO3 with 3μm
PTFE powders at 5 vol% and BaTiO3 with 200 nm powders of
PTFE with 5 vol% content all having undergone the densification
with CSP. We observed single spectrum in 200 and 002
reflections. In the results of a Rietveld analysis, c/a of the
calcined BaTiO3, the cold sintered BaTiO3, the BaTiO3-3μm
PTFE 5 vol% and the BaTiO3-200 nm PTFE 5 vol% were
1.0054, 1.0051, 1.0044, and 1.0042, respectively. As each value

of c/a was more than 1, it is indicated that these are ferroelectric
BaTiO3 being used for CSP as it has a tetragonal structure. Two
peaks of 200 and 002 reflections are overlapped because the two
peaks are close and typically seen in nano-BaTiO3. There was a
small detectable peak associated with the presence of a BaCO3

phase in all cases. We quantified the amount of BaCO3 in the
samples with a Rietveld analysis. Amount of BaCO3 in the
calcined BaTiO3 before CSP was 1.5wt%. On the other
hand, cold sintered BaTiO3, BaTiO3-3μm PTFE 5 vol% and
BaTiO3-200 nm PTFE 5 vol% slightly increases with 3.2wt%,
2.8wt%, and 3.8wt% respectively. So, under the CSP the
BaCO3 was slightly increased from 1 to 2wt%. We believe
that the Ba(OH)2·8H2O partially reacts with ambient CO2 during
CSP.
Figures 5(a-1) and 5(a-2) show the microstructure with a

series of SEM images of the cold sintered BaTiO3. The
BaTiO3 pellets densified by CSP were obtained with faceted
shaped BaTiO3 grains and these having been evolved from
the more spherical BaTiO3 starting powder morphologies.
Faceted grains evolution is an important indicator of the
sintering process under cold sintering and can be explained in
terms of size and densification rates within the pressure
solution creep models, as outlined recently by Ndayishimiye
et al.27) Figures 5(b-1) and 5(b-2) show SEM images of the
microstructures of BaTiO3-3 μm PTFE 5 vol%, and with
Figs. 5(c-1) and 5(c-2) show SEM images of the micro-
structures of BaTiO3-200 nm PTFE 5 vol%. As highlighted
with white arrows, fiber-like substances were observed in the
cross-sections of the BaTiO3-PTFE composites. The sub-
stances were found irrespective of PTFE particle size. These
are associated with heterogeneous localized PTFE phases
throughout the microstructure.
3.2. Electrical characterizations
Figure 6 shows temperature dependence of the relative
permittivity and the dielectric loss, measured at 1 VRMS

Fig. 2. Schematic illustration of experimental procedures and setup for cold sintering of BaTiO3 using Ba(OH)2·8H2O flux.

Fig. 3. Relative density of the BaTiO3-PTFE composites as function of the
amount of PTFE.

Fig. 4. XRD patterns of the calcined BaTiO3 before CSP, the cold sintered
BaTiO3, the BaTiO3-3 μm PTFE 5 vol% and the BaTiO3-200 nm BaTiO3

5 vol% after CSP.
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and 1MHz, of the cold sintered BaTiO3 over a temperature
range from 25 °C to 200 °C. The relative permittivity and the
dielectric loss at RT were 1580 and 0.11, respectively. There
is a relative permittivity maximum at a Tc ∼ 125 °C
associated with the ferroelectric–paraelectric phase transition
of the BaTiO3. The relative permittivity is ∼3000 at the peak.
It was noted that the cold sintered BaTiO3 had a relatively
high permittivity over the temperature range for a BaTiO3

with a grain size of 100 nm. However, these dielectrics have a
higher dielectric loss than a conventional sintered BaTiO3.
This is associated with the residual hydroxides from the
decomposition of the transient phase, Ba(OH)2·8(H2O). From
grain growth perspective, the particle size and the distribution
in the calcined BaTiO3 before CSP were 109.5 ± 26.3 nm.
The grain size and the distribution after CSP were almost the
same as those of the initial powders. The broadening of the
dielectric temperature curves could be influenced by size
effect of BaTiO3. Other authors have also reported that the
dielectric temperature dependence can broaden as the grain
size decreases owing to low permittivity interfaces in grain
boundaries.44–46)

To contrast with the pure ceramic cold sintered BaTiO3, we
measured the temperature dependence of the relative permittivity
and the dielectric loss of BaTiO3-PTFE composites. We note that
there is a systematic dilution of the relative permittivity, a
suppression of the dielectric anomaly that leads to flattened
temperature dependences, and improvement in the dielectric
losses. Figures 7(a) and 7(b) show these trends in the relative
permittivity of BaTiO3-3μm PTFE and BaTiO3-200 nm PTFE.
Figures 7(c) and 7(d) show the temperature dependence of the
dielectric loss of BaTiO3-3μm PTFE and BaTiO3-200 nm
PTFE, respectively. There is a significant difference within the
same volume fractions, contrasting the starting materials with
particle sizes of 3μm and 200 nm. The RT permittivity of these
composites in both cases still are much higher than BaTiO3

polymer composites previously fabricated with a process except
for the CSP.39–41) The importance of the powder size is linked
with the dispersion of the PTFE. To analyze this important
observation, we need to investigate in detail with the aid of a
mixing law analysis.

Figure 8 shows the relative permittivity at RT as function
of PTFE volume fraction in the BaTiO3-PTFE composites.
As the PTFE volume fraction was increased, the relative
permittivity of the BaTiO3-PTFE is systematically decreased.
The variation was analyzed with the RT relative dielectric
permittivity and found to follow the logarithmic law, which is
the limiting case of n −> 0 of the general mixing law.47–50)

The general mixing law for N constituent phases in a
composite is given by:

¯ ( )åe e=
=

f , 1r
n

i

N

i i
x

1

where is the average relative permittivity, fi is the relative
volume fraction of the ith phase, εi is the relative permittivity
of the ith phase, and n is the exponent, −1 ⩽ n ⩽ +1. The
exponent, n, is influenced by the spatial connectivity of each
of the phases, as at the extremes: n = +1 is the parallel
connectivity, n = −1 is the serial connectivity, and n = 0 is
an equal weighted mixture of parallel and serial connectivity.
The BaTiO3-3 μm PTFE and BaTiO3-200 nm gave exponents
of n = −0.4 and −0.18, respectively from the general mixing
law, as shown in Fig. 8. In brief, PTFE in the BaTiO3-200 nm
PTFE is more mixed and spatially dispersed than that of
BaTiO3-3 μm PTFE, because 200 nm PTFE is finer than
3 μm PTFE. In a similar study, Sada et al.4) was able to
prepare BaTiO3-PTFE composites given n = −0.24 under
the general mixing law. Therefore, the push towards an ideal

(a-1)

(a-2)

(b-1)

(b-2)

(c-1)

(c-2)

Fig. 5. SEM images of the cold sintered BaTiO3 [(a-1): low magnification, (a-2): high magnification], the BaTiO3-3 μm PTFE 5 vol% [(b-1): low
magnification, (b-2): high magnification], and the BaTiO3-200 nm PTFE 5 vol% [(c-1): low magnification, (c-2): high magnification].

Fig. 6. Temperature dependence of the relative permittivity and the
dielectric loss, measured at 1 VRMS and 1 MHz, of the cold sintered BaTiO3.
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dispersion of nanoscale polymers around each BaTiO3 grain
boundary requires the dispersion of finer PTFE powders in
the BaTiO3. Also, we have improved a series of dilutions on
the overall permittivity to n = −0.18. For the dispersion of
polymer in the grain boundaries of a ceramic, the limiting and
ideal case will have n = 0. Furthermore, the temperature

dependence of the permittivity is improved with the addition
of PTFE. Also, the dielectric loss is significantly improved
with the PTFE. The best dielectric trends are shown with the
better dispersed PTFE powder. On the other hand, the
exponents n of 3 μm PTFE and 200 nm PTFE was −0.44
and −0.30 respectively at Curie temperature. The exponents
of this temperature are sufficiently away from that of the RT.
The phase transition region is more complexed and less
reliable to model the connectivity.
In addition to relative permittivity, resistivity is also one of

the great important properties. To determine the resistivity, we
performed I–V measurements with the data normalized with
the geometry of the samples and plotted in terms of current
density, J, and average electric field strength, E. Figure 9(a)
shows J–E curve of cold sintered BaTiO3, BaTiO3-3 μm PTFE
5 vol% and BaTiO3-200 nm PTFE 5 vol%. The leakage
current density of the cold sintered BaTiO3 was the highest,
and there is a non-Ohmic increase in current density at high
fields. The leakage current density has substantially decreased
by adding PTFE and there is an Ohmic dependence as a
function of the applied field. Contrasting the data in the form
of a Fowler–Nordheim51–53) plot, Fig. 9(b) suggests that as

(a) (b)

(c) (d)

Fig. 7. Temperature dependence of the relative permittivity of the BaTiO3-3 μm PTFE (a) and BaTiO3-200 nm PTFE (b), and the dielectric loss of the
BaTiO3-3 μm PTFE (c) and the BaTiO3-200 nm PTFE (d).

Fig. 8. Systematic variation of the RT relative permittivity, with the dotted
line being the mixing law with n = +1, 0, −1. Schematic illustration of
connectivity patterns at given n is shown on the right side.

(a) (b) (c)

Fig. 9. J–E curve of the cold sintered BaTiO3 and the BaTiO3-PTFE 5 vol% composites (a), a Fowler–Nordheim plot of these materials (b), and the
resistivity of the cold sintered BaTiO3 and the BaTiO3-PTFE composites as function of the electric field (c).
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increasing the field in the cold sintered samples there is a loss
of resistance in the form of a tunneling mechanism. Fowler–
Nordheim plots are an effective methodology to separate field-
dependent conduction phenomenon in semiconductor mate-
rials and devices. We note that at high fields, E, the data
follows the tunneling dependence of the current density, J with
A and γ as constants given by the equation:

( )⎡
⎣

⎤
⎦

g
=

-
J AE

E
exp . 22

In the cold sintered BaTiO3, the γ equaled 6.5 V μm−1. It was
found that the leakage current density with the polymers
suppressed this tunneling and much greater dc field could be
applied.
With the better dispersion of BaTiO3-200 nm powders

with 5 vol% PTFE, compared to the BaTiO3-3 μm powder,
finer PTFE also reflects in further improvement of the
resistivity. Figure 9(c) shows a calculated resistivity of the
cold sintered BaTiO3 and BaTiO3-PTFE composites as
function of the electric field. The polymer distributed in the
grain boundary acts as a blocking interface and would limit
all types of conduction of both electronic and ionic species.

4. Summary and conclusions

We have been able to fabricate high-density BaTiO3-PTFE
composites under the CSP. We found that the importance of
selection of starting powder size for the PTFE polymer and
ability to disperse successfully through microstructure of the
cold sintered composites. The serial connectivity of the
BaTiO3-PTFE composites led to lower the overall relative
permittivity. This indicates to flatten an anomaly of the relative
permittivity and lower the dielectric loss over a broad tempera-
ture range. The addition of the PTFE polymer increased the
resistivity and suppressed the non-linear J–E behavior of the
cold sintered materials. The cold sintered composites showed an
Ohmic dependence with a much superior resistivity. We fitted
the RT permittivity to the general mixing law in order to
demonstrate to control more uniform dispersion of the PTFE
volume fraction through the microstructure of the composites.
We need ideally an exponent n ∼ 0 which corresponds to an
equal weighting of series and parallel connectivity. With the
lower n in BaTiO3-200 nm PTFE we can see that it was more
dispersed towards this ideal than BaTiO3-3 μm PTFE.
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