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Fabrication of Free-Standing Porous BaTiO; Thick Films by Indirect
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Abstract: The fabrication of free-standing porous thick films of ferroelectric BaTiO;, using a laser-assisted technique, is
presented as a novel alternative to conventional methods. This approach adapts Indirect Selective Laser Sintering
(ISLS) to create green films in a single laser pass, avoiding the complexities of traditional processes. Using commercial
BaTiO; powder and polyamide 12 as raw materials, laser processing parameters such as scanning laser speed and
power were optimized to produce green BaTiO; thick films with different thicknesses. After laser processing, the films
were conventionally sintered and characterized for phase composition, microstructure, porosity, and electrical properties.
X-ray diffraction and Raman spectroscopy confirmed the tetragonal BaTiO; phase, while mercury intrusion porosimetry
revealed a bimodal pore distribution. Impedance spectroscopy demonstrated a positive temperature coefficient of
resistivity (PTCR) effect, with a peak resistivity near the Curie temperature. The PTCR behavior is hypothesized to arise
from better oxygen adsorption due to the porosity and oxygen vacancies generated during sintering by carbon residues
from polyamide degradation. The results demonstrate that ISLS is a versatile technique for producing high-quality, free-
standing porous ceramic thick films with potential for a wide range of applications.
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1. INTRODUCTION

The production of thick films can be traced back to
ancient Greek and Egyptian civilizations, where metal
sheets were utilized as ornamental materials [1].
However, it was only in the 19" century that
researchers, such as Michael Faraday [2], got
interested in the optical and electrical behavior of thin
and thick films and how their properties differ
depending on their thickness. Interestingly, some of
those first thick films were free-standing, which is again
attracting interest in technological applications [3-5].

Free-standing thick films are notable for two primary
reasons. The first one is related to the production
process. The absence of substrate mitigates possible
chemical reactions and contamination of the film,
eliminates constraints related to the melting point or
degradation imposed by the substrate compound, and
also avoids any possible expansion mismatch [3]. The
second reason concerns their intrinsic properties. The
absence of substrate, for example, does not limit the
electromagnetic spectrum absorptions/transmission
and the vibrational modes remain unaffected, as well
as their electrical and magnetic properties [5].

The fabrication process of free-standing thick films
for ferroelectric compounds is typically achieved
through methods such as tape casting, aerosol
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deposition, or sacrificial layer-based screen-printing
techniques [3, 5, 6]. These methods serve as forming
techniques to achieve the desired thick film geometry.
Although efficient, they often require a complex and
long preparation process, with multiple steps to create
the thick film, before the high-temperature
annealing/sintering. Furthermore, the usual goal of the
traditional free-standing thick film  preparation
techniques is to produce a dense thick film. However,
for some applications, the presence of pores is desired
to improve the properties of the compound, such as in
the case of BaTiO;. Porous BaTiO; ceramics have
proven to be advantageous for PTCR device
applications. It is assumed that the presence of pores
facilitates oxygen adsorption at the grain boundaries,
increasing their potential barrier [7]. The techniques
typically used to create porosity in BaTiO3; ceramics are
based on in situ volatilization of compounds during the
sintering process, such as the thermal decomposition
of barium titanyl oxalate, BaTiO(C,04), -4H,0,
graphite, borides, silicides, and carbide powders [8].

The production of porous, free-standing thick films
of ferroelectric compounds can be simplified by using
high-power lasers in the forming process. Regarding
material processing, lasers are often utilized as a highly
controllable and localized source of thermal energy. A
well-established  material  processing technique
involving lasers is the Selective Laser Sintering (SLS)
[9], whose applications were initially focused on
polymeric and metallic materials. The relatively limited
research on ceramics can be attributed to challenges in
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processing these materials, including high melting
points, low thermal shock resistance, reduced
plasticity, and low laser absorption. To address these
issues, Indirect Selective Laser Sintering (ISLS) was
developed as an alternative approach for fabricating
ceramic components [9].

In ISLS, an organic polymer serves as a binding
phase. During laser irradiation, the polymer melts,
binding the ceramic particles. This method facilitates
the production of crack-free parts, but the green and
final densities are typically low (<60%). The properties
of the green and final bodies depend on the
morphology and composition of the powder, as well as
the ISLS processing parameters and subsequent post-
processing operations. The low-density ceramics
prepared by ISLS are usually considered a drawback of
the technique since many studies on this subject are
searching for new and complex geometries for
structural ceramics applications [9].

This work presents the viability study for a laser-
assisted fast, free-standing thick film-forming process,
which is based on an adapted ISLS technique. Using
this approach, it was possible to produce porous, green
free-standing films with thickness in the interval
between hundreds of microns up to millimeters, using a
single pass of the laser, without any additional powder
deposition. After the conventional sintering process, the
films were characterized by X-ray diffraction, Raman
spectroscopy, impedance spectroscopy, and mercury
intrusion porosimetry.

2. MATERIALS AND METHODS
2.1. Starting Materials

The raw materials used were commercial BaTiO;
(Sigma Aldrich, 99%) and polyamide 12 (DuraForm -
SLS) powders in a 60/40 weight ratio. After the drying
process to remove water adsorption, the powdered
reagents were weighed on an analytical balance to
achieve the desired proportion. The raw materials were
manually mixed and subsequently sealed in a
cylindrical plastic container, then placed in a rotary
mixer (Speed-mixer Flaktek DAC 1200-500). A 4-
minute cycle at a rotational speed of 1200 rpm was
performed to ensure powder homogeneity. The mixture
was then transferred to a Petri dish with a diameter of
75 mm and a height of 13 mm, filling it to form the
powder bed. No mechanical pressure was applied to
the powder bed, and the surface was kept as smooth
as possible.

2.2. Laser Processing

The surface heat treatment was performed using a
CO, laser (Synrad, Evolution model) controlled by a
conventional galvanometric component with an X-Y
coordinate irradiation system for the sample. This
process resulted in the production of a well-defined line
on the surface of the powder bed, which was scanned
at varying speeds and laser power across the powder
bed surface. The laser beam incident on the surface of
the powder bed generated a temperature gradient in
the irradiated region. The beam was displaced along
the perpendicular direction with respect to the scanned
line created, forming the free-standing porous film
through a single pass of the laser beam over the
powder bed surface. At the end of the treatment, the
green film was allowed to cool to room temperature
and removed from the powder bed with a spatula. A
schematic diagram of the laser process is shown in
Figure 1 [8, 10].

2.1. Conventional Sintering

The BaTiO3/PA films were sintered in alumina
crucibles in an electric furnace (Furnace CM Inc.
Bloomfield N.J.). The crucibles were covered with
unsealed alumina plates to minimize temperature
fluctuations and thermal gradients. The heating
process consisted of two steps. In the first one, the
temperature was increased at a rate of 3°C/minute and
then held at 500°C for 2 hours to remove the
polyamide, followed by second step with temperature
increase at the same rate and held at 1200°C for 3
hours to complete sintering, before returning to room
temperature at a rate of 10°C/minute.

2.2. Characterization

The crystal structure of the films after conventional
sintering was analyzed through Raman spectroscopy
(Raman-HR-TEC-785, Stellarnet, with an excitation
wavelength of 785 nm) and X-ray diffraction using a
micro-area accessory (Rigaku - Ultima IV goniometer).
The X-ray diffraction measurement was conducted at a
scanning rate of 1°/min within a (28) angle ranging
from 20° to 80°. Phase identification was performed
with the assistance of the PDXL2 software (Rigaku).
The particle morphology was analyzed using a bench
scanning electron microscopy (JCM7000 - Jeol).
Samples were attached to a support using double-
sided carbon tape. To make the samples electrically
conductive, they were coated with a thin gold layer via
sputtering deposition. The porosity and pore size of the
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Figure 1: Schematic representation of the adapted Indirect Selective Laser Sintering (ISLS) used to fabricate the green BaTiO3

thick films [10].

films were measured using the mercury intrusion
porosimetry - MIP (Aminco Winslow porosimeter,
model no. 5-7118). Electrical characterization was
performed through solid-state impedance spectroscopy
(Novocontrol Alpha-A High-Frequency analyzer). The
measurements were carried out in air, at temperatures
ranging from 25 to 300 °C, taken every 10 °C, after
waiting for the thermal stabilization of the apparatus.
The frequency range of 10" to 1 Hz, applying a voltage
of 100 mV (AC). The sample preparation was made
first by polishing the surfaces with sandpaper, followed
by a gold electrode deposition layer on both sides, with
a thickness of approximately 100 nm that was
deposited using a Quorom Q150R ES sputtering.

3. RESULTS AND DISCUSSION

Films of the BaTiOs/PA mixture were produced
under varying process conditions, specifically in terms
of laser scanning speed and applied power. The
scanning speeds employed were 1.0, 1.2, and 1.5
mm/s, while the applied nominal laser power values
were 10.2, 12.6, and 15.2 W. In total, 9 batches of
samples were fabricated, each consisting of 4 films
with an area of ~12 x 12 mm. A representative film
from each batch is shown in Figure 2, and the average
thickness measurements of the films are summarized
in Table 1. The surface of the green film appeared
visually smooth. It was also found that increasing the
layer thickness led to an increase in surface
roughness.
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Figure 2: Optical image of the BaTiO3/PA films obtained after
ISLS using different nominal laser power (P) and scanning
speeds (S).

Based on the results obtained, it can be noted that
for all the values of scanning speed and power used, it
has been possible to obtain thick films with enough
mechanical strength to be manipulated. The thickness
of the film, as expected, is dependent on the scanning
speed and laser power. For slow scanning speeds and
high power, the green thick film has a greater
thickness. This occurs because in this condition, the
laser provides energy over an extended duration at
each point on the scanned line, elevating the surface
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Table 1: Data of the Average Thickness (in mm % 0.01) of the BaTiO3; Green Thick Films were Obtained after the Laser
Sintering Process, for each Laser Scanning Speed and Laser Nominal Power Used

Laser Power (W)
10.2 12.6 15.2
Scan Speed (mm/s)
1.0 0.61 0.63 0.67
1.2 0.45 0.49 0.60
1.5 0.30 0.38 0.50

temperature and facilitating heat conduction to a
deeper depth. This process melts more polyamide
beneath the surface, increasing the thickness of the
film. Conversely, when the laser line scan speed is
faster, the polyamide inside the powder bed does not
have enough time to melt, resulting in thinner films.
Figure 3 and Table 1 illustrate the effect of the laser
power and scan speed on the thickness of the films
after ISLS.

The X-ray diffraction measurement for the sintered
BaTiO; film is shown in Figure 4. The peaks could be
identified as the tetragonal phase of BaTiO; since the
powder diffraction peaks were in good agreement with
the standard diffraction peaks, and no detectable
intensities corresponding to PA12 or its residues. The
XRD patterns revealed ten diffraction peaks, attributed

to the perovskite BaTiO3; phase. Notably, the split peak
at 20 ~ 45° was identified as the (002) and (200)
reflections of tetragonal BaTiO; (inset of Figure 4),
confirming that the BT particles exhibit a well-defined
tetragonal phase [11, 12].

The Raman spectrum of the BaTiOz film is
presented in Figure 5. The peaks observed at 264 cm’
' 305 cm™, 518 cm™, and 716 cm™ correspond to the
Raman shifts characteristic of barium titanate [11]. The
intense peaks at 264 cm™ and 305 cm™ are attributed
to the vibrations of the TiOg group, while the peak at
518 cm” is associated with vibrations caused by the
displacement of oxygen atoms. The Raman active
peaks identified are consistent with the characteristic
peaks of BaTiO; reported in the literature. Furthermore,
the presence of peaks at 305 cm™ and 716 cm™

0,6780
0,6332
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Figure 3: Measurements of the effect of applied laser power and scanning speed on the thickness of the green BaTiO3 thick

film.



Fabrication of Free-Standing Porous BaTiO; Thick Films

Journal of Material Science and Technology Research, 2024, Vol. 11

103

s g
T 3 /7;'
% g / l\
- s [
(0] =] ™ |
S A
> r—— 3
7 = / i 20 (°)
C A o
-9 & el [ —_
= |2 ‘\ q —~ || § —~
T | 8] Je8s¢
JMLM‘ “ el h @ T o
SO S0 L SN | A . .
1 1 1 1 1
20 30 40 50 60 70 80
26 (°)

Figure 4: Diffraction pattern results of the BaTiOs3 film, sintered at 1200°C for 3 hours.
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Figure 5: Raman spectrum for the sintered BaTiOs3 thick film, indicating the active Raman shifts observed.

confirms the presence of the tetragonal phase of
BaTiO;[11].

The morphology of the BaTiO; films is shown in
Figure 6. The microstructures reveal the presence of
grains of varying sizes with well-defined contours,
indicating the polycrystalline nature of the material. The
sample exhibits a porous structure characterized by a
uniform distribution of grains along with the presence of
some agglomerates.

The MIP data is shown in Figure 7, as the
cumulative volume curve and the fitting using a double

Boltzmann equation. The pore volume and size
distribution indicate two distinct intrusion patterns within
the pore size range of 0.2 to 10 ym, suggesting a
bimodal pore distribution. The first distribution spans
from 0.1 to 4 uym, while the second is observed in the 7
to 9 um range. The total pore volume measured was
0.142 cm?3/g, and the sample's porosity, calculated from
the cumulative pore volume, was approximately 16%.
Additionally, for pores larger than 20 ym, no significant
mercury intrusion was detected, indicating that this is
the maximum diameter present in the interconnected
porous network.
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Figure 6: Fracture surface micrographs of the BaTiOs film, sintered at 1200°C for 3 hours, captured at different magnifications
to highlight the film's morphology. (a) The porous nature of the film and (b) higher magnification of a region with more sintered

structure.
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Figure 7: Fitting to the experimental curve of the cumulative
pore volume measured by MIP in the BaTiOs film.

BaTiO; was the first ceramic material with
ferroelectric properties discovered and synthesized in
the laboratory in the 1940s [13]. However, to this day
there is still some controversy in the literature about
experimental results concerning the PTCR effect in
pure barium titanate ceramics [14-18] or even the origin
of the semiconductivity in this compound [18].

To determine whether the prepared thick films
exhibited the PTCR effect, impedance spectroscopy
was conducted. Figure 8 illustrates the variation of the
effective electrical resistivity, considered as the real
impedance multiplied by the geometrical factor
(electrode area divided by the thickness of the film)
from room temperature of 25°C to 300°C, with the error
bars representing the fitting uncertainty. The results
indicate an increase in the total effective resistivity of
the material as the temperature rises. The onset
temperature of the PTCR effect was observed to be

slightly below the Curie temperature of BaTiO3, which
is approximately 120°C. It was observed that the room
temperature effective resistivity presents lower values
with respect to typical pure BaTiO3; ceramics, which are
considered insulators with average room temperature
resistivity up to 10" ohm.cm. On the other hand, the
peak of the effective resistivity achieved a value of
approximately 7x10” ohm.cm, which is coherent with a
thermistor material, and also presents a significant rate
of decrease, achieving values of the same order as the
room temperature resistivity.
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Figure 8: AC Resistivity versus temperature for a BaTiO3
film.

One possible hypothesis to explain the PTCR effect
on the thick films produced, which is currently under
investigation, might be related to the oxygen adsorption
and oxygen vacancies. During the sintering process of
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the thick films, the PA12 degradation can produce a
carbon coating on the grains and their boundaries that
might create oxygen deficiencies in the barium titanate
during heating (especially at the grain boundaries), as
shown in equation 1. These possible oxygen vacancies
might be the origin for the semiconducting state in the
barium titanate.

C(.mlid) + 01: - CO(ga.y) + Vuu + 26’

(1)

Once those defects are created, it has been
reported that it is very difficult to achieve complete
reoxidation of barium titanate [19].

In this way, it is possible that the origin of the
observed PTCR effect, on the prepared thick films, lies
basically in a two-fold process. The first is related to the
porosity (allowing a larger surface area for oxygen
adsorption on the grains and grain boundaries) and the
second may be due to the oxygen vacancies created
by the reaction with the carbon residues due to the
PA12 degradation during the sintering process.

4. CONCLUSION

This study demonstrates the feasibility of using an
adapted indirect selective laser sintering (ISLS)
technique to produce porous, free-standing thick films
of ferroelectric BaTiO3;. The process enabled the rapid
forming of the film, whose thickness can be controlled
by adjusting the pair of variables, laser scanning speed
and laser power. The measurements confirmed the
tetragonal BaTiO3; phases and a bimodal porosity.
Evidence of PTCR effect was also detected, the origin
of which is still under investigation and may be related
to the film porosity and the possible oxygen vacancies
generated during the heating process due to the PA12
degradation. These findings highlight that this method
has the potential to efficiently fabricate functional
ferroelectric thick films for a variety of technological
applications.
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