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Abstract
The orthotropic functional properties of additively manufactured ceramics due to the fabrication
process was characterized in this study. Spherical, environmentally benign barium titanate
(BaTiO5) powders were fabricated using binder jetting 3D printing. Dielectric and piezoelectric
properties of these ceramics were characterized as a function of the printing orientation. The
dielectric constant of the samples tested normal to the printing layers was observed to be 20%
higher than those tested in the parallel fashion. Similarly, the piezoelectric response was found to
be over 35% in the normal orientation. With these results, it was shown that the electroding
orientation has a direct influence on the functional properties of additively manufactured
ceramics. Overall, with less than 37% of the theoretical density, the average piezoelectric
coefficient for the perpendicularly tested ceramics was found to be 152.7 pC N~!, which is 80%
of the theoretical value. The high piezoelectric response obtained with such low densities can
lead to the development of more mass efficient, and cost-effective sensing and energy harvesting
devices, as well as structures that can be tuned to respond based on the direction of the loads
applied.

Keywords: additive manufacturing, multifunctional ceramics, binder jetting, dielectric,
piezoelectric

(Some figures may appear in colour only in the online journal)

1. Introduction actuators [3]. Piezoelectric materials are of special interest as

pressure [4] and temperature [5] sensors under high frequency
Piezoelectric materials have become of great interest across  conditions. Piezoelectric ceramics have gained special interest
many different industries due to their natural ability to be in the power generation industry as they can withstand the
implemented as sensors [1], energy harvesters [2], and harsh environments present in energy conversion systems [6]
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Figure 1. Schematic showing the working mechanism of binder
jetting additive manufacturing [18].

while providing accurate pressure and temperature sensing.
However, despite their innate potential as sensing devices,
piezoelectric ceramics also have the same intrinsic drawbacks
observed in most ceramics: they are difficult to machine [7],
and their brittleness induces low resistivity to fracture [8].
Therefore, producing custom complex geometries with cera-
mic materials can be almost impossible to achieve through
conventional fabrication methods. A proposed method to
circumvent this issue is to fabricate complex ceramic parts
with additive manufacturing (AM) [9]. A wide array of smart
materials and devices has been fabricated in recent years
through the use of AM. Among the smart materials fabricated
using AM are shape memory polymers [10], polymer-carbon
mechanical nanocomposites [11], ceramic-polymer dielectric
composites [12], and electrically conductive polymer-carbon
nanocomposites [13].

In recent years, efforts to fabricate ceramics using 3D
printing (3DP) technology have been made [14]. However,
these fabrication efforts often present with a tradeoff between
printing resolution [15], material properties [16], and scal-
ability [17]. Among all these promising AM technologies,
one of the technologies previously used to produce all-cera-
mic 3D-printed parts is binder jetting. Binder jetting tech-
nology uses a printhead to selectively jet liquid binder onto a
powder bed to join powder particles in a layer-by-layer
fashion. A schematic depicting binder jetting 3DP technology
is provided in figure 1 [18]. Binder jetting can provide high
resolution and freedom of design of the printed part, however
low densities and pronounced anisotropies of the 3D printed
materials are consistently observed when using this technique
[19]. The fabrication of piezoelectric devices using 3DP has
been successful in the past when the focus of such efforts
pertained to their use as fillers for composites [4].

Anisotropic and low-density materials are commonly
found in nature and more recently in man-made material
systems and structures. One class of materials where a com-
bination of these qualities has been observed are laminate
composites. The low densities observed for this type of
structures is not seen as a defect in the final part, but instead
as an advantage over conventional structural fabrication as
their comparable strength to bulk materials yields higher

specific strengths, and more efficient structures as a result
[20]. Similarly, anisotropy in composite materials is common
since these materials are engineered to specific applications
where their properties must be tailored to the loading condi-
tion they are subjected to [21]. Composite materials that
encompass dielectric and piezoelectric properties for the
fabrication of devices have gained significant traction in
recent years in fields including the aerospace, automotive, and
medical industries [22]. Similar to laminate composites, di-
electric and piezoelectric composites take advantage of the
properties of their different component materials to create a
system with tailored performance. Dielectric composites
normally use a polymer matrix with a ceramic filler to take
advantage of the manufacturability of the polymer and the
high piezoelectric properties from the ceramic filler [23].
Ceramic particles are commonly dispersed throughout the
polymer matrix in a random manner, improving the properties
of the composite by material selection and manipulation [24].

Despite all the advantages in manufacturability and
efficiency that can be obtained from the use of dielectric and
piezoelectric composites, they are not ideal for extreme
environments where the polymer matrices of the composites
cannot survive [25]. Therefore, there is a need to fabricate
high-functionality piezoelectric structures that can be tailored
for custom applications and do not require the use of polymer
matrices. As previously mentioned, AM can provide with the
necessary tailoring capabilities. However, structures fabri-
cated using this technique present a great degree of depend-
ence on their properties due to their layer-by-layer fabrication
nature. As a result of this, the performance of the polymer
[26], metal [27], and cementitious [19] 3D printed parts is
highly dependent on their printing direction during the man-
ufacturing process. Consequently, the anisotropic behavior of
functional ceramics fabricated by AM should be further stu-
died to enhance the tailoring capabilities of this novel
technique.

The anisotropy of 3D printed ceramics was studied in this
work using barium titanate (BaTiO3). BaTiOj; is one of the
most widely used and studied functional ceramics. BaTiOj is
a widely used lead-free functional material due to its high
dielectric and piezoelectric properties [28]. In this paper,
BaTiO; was manufactured using binder jetting 3DP to study
the feasibility to fabricate functional piezoelectric ceramics.
In addition, the impact of the fabrication process in the
material properties was characterized and discussed. The
orthotropic dielectric and piezoelectric material properties of
printed ceramics were measured, and the origin was
discussed.

2. Methodology

2.1. Sample fabrication

An ExOne M-Lab R1 binder jetting 3D printer as schemati-
cally shown in figure 1was used for the fabrication of the 3D
objects. BaTiOj3 spherical powder (The Goodfellow Group,
BA506010) with a max. particle size of 45 ym was used to
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Figure 2. Sintering profile applied to manufactured samples.
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Figure 3. Schematic of sample electroding configurations.

Table 1. Printing parameters used for sample fabrication.

Printing specifications

Parameter Value

Powder packing rate (%) 24.4
Layer thickness (pm) 135
Binder saturation (%) 100
Feed to build ratio 1.75
Initial spread speed (mms™") 5

Drying time (s) 120

print 12 mm cubes. Additionally, BS004 solvent binder and
CLO001 cleaner (The ExOne Company, PA, USA) were used
for the printing of the functional ceramic components.
Printing parameters were selected before initialization of the
parts printing as listed in table 1.

2.2. Sample preparation

After printing, the powder bed containing the samples were
cured at 200 °C for two hours. The curing process allowed the
binder within printed cubes to cure thus retain their shape
during the de-powdering process. Once the samples were de-
powdered, they were submitted to a sintering process as
shown in figure 2. First, a binder burnout stage of one hour
was introduced at 650 °C to remove any carbon traces from
the binding material, this binder burnout stage was followed
by a sintering stage of six hours at 1250 °C to densify the
printed ceramics [29].

The sintered ceramics were then cut using a diamond cut-
off saw. The samples were cut in both the parallel and
perpendicular planes to the printing direction in order to study
the desired cross-section. The samples were then polished
using 400 grit silicon carbide (SiC) pads for initial size
reduction and 1200 grit SiC for finer surface finish. The
polished surfaces were then electroded using conductive sil-
ver paint (SPI supplies, PA, USA).The different sample

configurations are shown in figure 3. Heat treatment was
applied to the painted samples to evaporate any organic
material from the paint. Finally, the samples were poled under
a DC electric field of 0.33 kV mm ™' at a temperature of 60 °C
in a silicone oil bath for two hours [30].

2.3. Characterization

The apparent density of the 3D printed parts was character-
ized by measuring the external volume of the samples and
recording the mass of the bodies before and after sintering.
Sample morphology and microstructure were investigated
using scanning electron microscopy (SEM, Hitachi 4800,
Tokyo, Japan). The surfaces of the samples in parallel and
perpendicular orientations to the printing layers were char-
acterized and compared.

The electroded samples were used to characterize the
dielectric and piezoelectric properties of the 3D printed
ceramic. A 1920 Precision LCR meter (IED lab, WI, USA)
was used to characterize the capacitance tested at a frequency
of 1 KHz to calculate the dielectric constant of the BaTiO;
samples using equation (1)

cd

: Aeg,’ M

where ¢ denotes the dielectric constant, C denotes capaci-

tance, d denotes the thickness between opposing electrodes, A

denotes the area of the electrode, and ¢, denotes the permit-
tivity of free space.

Finally, piezoelectric properties of two sets (perpend-
icular and parallel electroding) of samples was characterized.
Piezoelectric characterization was performed by recording the
electrical output generated by the sample when a cyclic load
was applied using a ds;; meter (APC International Ltd,
PA, USA).

3. Results and discussion

Barium titanate 3D objects were successfully fabricated using
a commercially available binder jetting machine. Densities of
six green body samples were obtained using geometrical
calculations. The average density of these samples was found
to be 1.54 gcm >, or 25.65% of the theoretical density of the
material. After the sintering process was performed, the 3D
printed parts were found to have an average density of
2.21 gem ™2, or 36.77% of the theoretical value. An average
shrinkage of 20% was observed in each axis after sintering.

A photograph showing the samples before and after
sintering can be seen in figures 4(A), (B) portrays an iso-
metric view of samples to identify the surface finish; (C)
shows the sintered sample having a 20% shrinkage value
compared to the green body; and (D) shows lattice 3D printed
structures produced by the binder jetting technique, which
shows the high resolution of manufactured parts with
designed geometries.

Based on the low densities observed by the sintered
samples, a high level of porosity was expected. The
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Figure 5. SEM micrographs depicting the pore pattern observed on
the perpendicular plane.

microstructural morphology of the samples was characterized
in the planes parallel and perpendicular to the printing layers.
The SEM images showing the cross section of these two types
of samples are shown in figures 5 and 6. From these images, it
was seen that both sample directions were highly porous.
However, distinct characteristics between the two sample
orientations were clearly defined.

For the samples characterized perpendicular to the
printing layers, figure 5, a uniform height was observed as
well as ‘patterned’ pores, which is consistent with the printing
layers. In contrast, the samples parallel to the layer-by-layer
deposition lack the distinction of pore alignment and have a
flat surface. These characteristics are consistent with the
morphology expected when looking at a printing layer. The
packing of the layers in the different orientations also had
distinctive characteristics. There was relatively high particle
packing in the ‘printing layers,” while low powder packing

Figure 6. SEM micrographs of a uniform 3D printed layer,
commonly observed in the parallel plane.

between the layers. This difference in particle packing was an
artifact from the fabrication process, and not the powder
interaction.

As a result of the high porosity, and characteristic pore
arrangement, a high level of anisotropy was observed in the
functional properties of the 3D printed objects. After testing
the dielectric properties in the orientations parallel and
perpendicular to the printing layers, a significant difference
was observed in the dielectric constant of the different sample
groups, as shown in figure 7.

For the samples that were electroded in a parallel manner
to the printing layer, an average dielectric constant of 581.6
was observed. In contrast, the group of samples electroded in
the perpendicular plane to the printing orientation presented
an average dielectric constant of 698. This represents a 20%
improvement in the average performance of the perpendicular
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Figure 8. Comparison of piezoelectric coefficients and standard deviation between sample orientations.

set of samples over the ones electroded in the parallel
direction.

This dielectric property dependence on the printing
direction can be attributed to the morphology of the sample
and printing layers, and the equivalent capacitor circuit that
these formed in the different samples as shown in figure 7. In
the case of the samples tested in the parallel direction, air
pockets are formed in between the layers of the high dielectric
material, creating a set of capacitors arranged in a series cir-
cuit. Due to the low dielectric constant of air, this type of
arrangement will inhibit the dielectric capacitance of the
system, lowering the overall dielectric property in the system.
In contrast, the perpendicularly tested samples created a set of
capacitors arranged in a parallel circuit, and therefore the
presence of air in between the layers did not have a negative
impact on the dielectric performance of this sample set.

Similarly, a dependence on the fabrication orientation
was observed for the piezoelectric properties. The average
piezoelectric charge coefficient for the parallel samples was
found to be 113 pC N~'. Meanwhile, the piezoelectric charge
coefficient for the perpendicular set was 152.7 pCN~'. This
difference in piezoelectric performance represented an
improvement of 35.1% over the parallely tested group. A
comparison of the piezoelectric properties for these sample
sets as well as the observed standard deviation are shown in
figure 8.

This influence of the printing direction on the piezo-
electric properties can be attributed to the load transfer dif-
ference between these two electroding arrangements. For
parallel electroding, mechanical loading was absorbed by the
defects between printing layers thus leaving the active
piezoelectric ceramic not excited. While for perpendicular
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electroding, mechanical loads were carried and transferred
better through the ceramic more due to higher mechanical
stiffness of the ceramics [19] and less voids to interrupt this
loads.

Because of these higher mechanical properties of printed
ceramics, a higher amount of mechanical loading was trans-
ferred to the piezoelectric ceramic layers, allowing more
mechanical stresses to be converted to electrical signals.
Therefore, the piezoelectric charge coefficient was found to
be higher using perpendicular electroding format. Overall, an
average piezoelectric charge coefficient of 80% of the
theoretical value reported for BaTiO3 ceramics with samples
only 36.77% dense was obtained [31].

4, Conclusion

Binder jetting 3DP was utilized to fabricate BaTiO5; samples
with high piezoelectric charge coefficients. The 3D printed
ceramic presented a piezoelectric coefficient of 80% of the
theoretical value with density a relative density of only
36.77%. A direct correlation between the fabrication orien-
tation, and the functional properties of the ceramic was
observed. The dielectric and piezoelectric capabilities were
shown to be dependent on the orientation of the layer-by-layer
fabrication process, where there was an increase in the per-
formance of the samples tested in the orientation normal to
the printing layers.

The average dielectric properties of the perpendicularly
tested samples were found to be 20% higher than those par-
allel to the printing orientation, achieving an average di-
electric constant of 698 and 581.6 respectively. Additionally,
piezoelectric properties were found to have a strong
dependence on the printing direction. Samples tested in the
parallel direction presented a piezoelectric charge coefficient
of 113 pC N, while the perpendicular samples presented an
improvement of 35.1%. The piezoelectric charge coefficient
obtained for the perpendicular samples was 152.7 pCN ™",
which represents 80% of the theoretical piezoelectric prop-
erties of ceramic BaTiOs.
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