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1. Introduction

Additive manufacturing (AM) refers to the
process of fabricating 3D material compo-
nents layer-by-layer based on a stack of digital
2D design files.[1–5] This approach has
brought a paradigm shift in the manufactur-
ing industry toward greater customization,
speed, and functionality, whereby also lower-
ing costs and materials waste.[6–9] Already,
there is a growing demand for additively
manufactured components in various indus-
tries, including automotive, aerospace,
defense, biomedical, electronics, and renew-
able energy transition.[10–12] In addition to
processing flexibility, AM has also opened
a novel way for improving or enabling
new functionalities by creatively arranging
a combination of different materials and
open spaces within a single component.
Materials created in this manner are called
“architected materials”, which have proved
to be disruptive in several technological
areas.[1,6–9]

Over the last decade, 3D-printing tech-
nologies for AM of metal and polymer
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Recent advances in 3D printing have enabled fabrication of architected functional
ceramics with tunable functionalities at reduced weight and cost. An essential
cornerstone of materials design is to determine structure–property relations. For
polycrystalline ferroelectrics, such relationships can be complex due to several
microscopic mechanisms, such as lattice strains and/or domain switching, which
show nonlinear dependence on external stimuli and are furthermore dependent
on grain orientations. For architected materials, these microscopic mechanisms
can also be spatially nonuniform. Herein, the development of appropriate
methodology is entailed to correlate functional properties of architected
ferroelectrics with spatial- and orientation-resolved microscopic mechanisms.
Herein, using in situ orientation-resolved X-ray microdiffraction, it is shown that
nonlinear polarization and strain responses in a 3D-printed architected
ferroelectric are driven by localized progression of non-180° domain switching,
which depends not only on the internal distribution of electric-field lines but
also on the evolving long-range stress fields resulting from inhomogeneous
domain-switching transformation strains. In this current study, it is indicated that
nonlinear behavior in architected ferroelectrics can be effectively tuned by
appropriate design of sample geometry, which controls the internal electric-field
distribution in the material.
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parts have reached a certain level of maturity.[13] In compari-
son, 3D-printing technologies for ceramic components is
still in its early stages.[2–4,14,15] Nevertheless, 3D printing of
ceramics is attractive due to 1) demand for small-batch
customized components, 2) difficulty in intricate machining
due to inherent brittleness, and 3) desire to reduce waste owing
to more expensive raw materials. Consequently, various
technologies have been recently developed for AM of ceramic
parts.[5,15] Notably, digital light processing (DLP) has gained
significant popularity, in which a green body of ceramic–
polymer composite is printed from a slurry of ceramic powders
and organic additives fixated by localized light-induced
photopolymerization.[16] Although, the market for 3D-printed
ceramics is poised to grow tremendously, a prerequisite
for the widespread adoption of 3D-printed ceramic parts is
to improve their predictability in terms of performance
and service life. This requires examination of the evolution
of microscopic structural changes at grain, domain, and atomic
scales. For 3D-printed architected materials, such relations
should also encompass the effects of the topology of a compo-
nent on heterogeneous structural evolution. Unfortunately,
while the last few years saw tremendous progress in printing
technologies and finite-element modeling of 3D-printed
parts,[6,17,18] there is a lack of experimental studies on
structure–property relationships from a traditional materials
science perspective.

Ferroelectric ceramics are used in varied applications,
including electromechanical actuators, load and heat sensors,
telecommunications, electronics, solid-state cooling, and
energy harvesting.[19] Some recent studies indicated that archi-
tected ferroelectrics may provide some unique advantages in
comparison to monolithic ceramics.[20–24] However, the design
of architected ferroelectrics based on linear constitutive
relations alone, such as refs. [20–24], may not be sufficient
since they do not account for commonly observed nonlinear
behavior, which arise from field-dependent stochastic micro-
structural mechanisms, such as domain switching, phase
transitions, or intergranular interactions.[25–31] Although
non-180° domain switching is known to play a decisive role
in macroscopic functional response of ferroelectrics,[25,28] no
studies exist yet for spatial/orientation-resolved characteriza-
tion of non-180° domain switching in 3D-printed architected
ferroelectrics. Here, we used a novel experimental approach
of 2-D micro-X-ray diffraction under applied electric fields
to characterize the evolution of spatially inhomogeneous
non-180° domain switching within an additively manufactured
architected ferroelectric ceramic. We show that the progres-
sion of non-180° domain switching depends not only on the
distribution of electric-field lines but is also strongly
influenced by internal stress fields generated as a result of
transformation strain from localized domain switching
at regions with high field concentrations. Our results highlight
the role of sharp geometric features in driving large localized
structural changes in architected ferroelectrics, and how
it influences macroscopic nonlinear dielectric and electrome-
chanical behavior. The current study emphasizes the need
to incorporate such information for better design of
3D-printed ferroelectric ceramics.

2. Results and Discussion

We fabricated 3D-printed BaTiO3 ceramic plate samples in the
form of a honeycomb-like structure with two interconnected
hexagons, as shown in Figure 1a, using a combination of DLP
and conventional solid-state synthesis, as further described
in Experimental Section. A plate geometry was used to facilitate
in situ characterization of the architected ceramic using X-rays
in transmission geometry (vide infra). Among the different
geometries for 2D lattice structures, the honeycomb structure
was chosen since it is widely implemented due to its optimum
combination of lighter weight, excellent load support, and
mechanical stability.[32–34] In addition, we chose a Pb-free
ferroelectric due to potential concerns about toxicity of Pb-based
ferroelectrics that are widely used in the industry at present.[35]

Among the Pb-free ferroelectrics, BaTiO3 and its solid solutions
have shown great promise for use in capacitors, sensors, and
actuators,[36] and hence this material was chosen for the present
study.

Figure 1b,c shows induced charge and surface displacement,
respectively, for the architected ceramic under large cyclic voltage
applied across the top and bottom plate electrodes. We used
charge and voltage to represent the dielectric response, and
displacement and voltage to represent the electromechanical
response, since polarization, strain, and electric field are
nonuniform across the architected material. Nonlinear dielectric
behavior is characterized from the measured charge–voltage
hysteresis loops under application of electric voltage cycles of
increasing amplitudes. The pseudo-dielectric constant (not a true
material constant) is obtained from the relation as follows

K ¼ Polarization
Nominal Electric Field

¼ Charge per unit area
Voltage=height

¼ pmax � h=ð2� V0 � AÞ
(1)

where K is the dielectric constant, A is the area of the top
electrode, and h is the vertical height of the architected material,
and all other variables are defined in Figure 1d. The pseudo
converse piezoelectric constant (not a true material constant)
is obtained from the relation as follows

d� ¼ Strain
NominalElectricField

¼Displacement=Height
Voltage=Height

¼ smax=ðV0Þ
(2)

where d* is the piezoelectric constant and all other variables are
defined in Figure 1e. d* is evaluated for both positive and
negative applied electric fields, and averaged values are shown
here. Figure 1f shows dielectric and piezoelectric constants as
a function of nominal electric field, which is defined as V0=h.
The error bars provide the estimated standard deviations based
on measurements over multiple electric-field cycles for the same
applied voltage. There is a rapid increase in the dielectric and
piezoelectric constants in the nominal electric-field range from
500 to 1000 Vmm�1, which exemplifies the regime with largest
nonlinear behavior for the architected ferroelectric ceramic.

The measured polarization and strain hysteresis loops for the
architected BaTiO3 ceramics are different from what is typically
observed for corresponding bulk monolithic ceramics, such as
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ref. [37]. For example, saturation polarization and strain values
are not reached for the architected ceramics even under a high
electric field amplitude of 3 kVmm�1, while saturation is
typically obtained for monolithic BaTiO3 ceramics under electric
field amplitudes of ≈1–1.5 kVmm�1.[37] The microscopic origin
for the different macroscopic response in the architected
ceramics is investigated with in situ diffraction experiments,
as further described later. Additionally, the hysteresis loops
for the architected BaTiO3 ceramics also appear to be lossy under
large electric field amplitude of 3 kVmm�1, which could be due
to the presence of residual photoresist materials on the surface of
the grains in the 3D-printed ceramics.

In bulk ferroelectric ceramics, nonlinear functional response
is mainly ascribed to domain-switching process.[25–31] However,
unlike bulk ceramics, the electric field is not homogeneous
across the entire volume of an architected ceramic. This is
illustrated in Figure 2, which shows results from COMSOL
modeling of the electric-field lines for this particular geometry.
Note that simulations for two different geometries are shown:
one is for the ideal design and the other geometry considers max-
imum deviation of the fabricated samples from the ideal design.
In both cases, there is a concentration of electric field lines near
some of the sharp corners, as indicated in the color maps
and vector maps. This means that the domain-switching and
other microscopic processes are expected to progress nonuni-
formly across the architected material. To investigate the effect
of nonhomogeneous electric-field distribution on the macro-
scopic nonlinear behavior of an architected ferroelectric, we
undertook direct structural characterization using in situ 2D

microdiffraction. The microdiffraction experiment was con-
ducted at the DanMAX beamline at the MAX IV laboratory.
Figure 3a shows the experimental setup. The measured 2D
diffraction rings were segmented into different azimuthal orien-
tations to probe the structural changes along different directions
with respect to the vertical electric-field direction (Figure 3b).
Note that, here, we do not distinguish between the structural
changes in two directions that are misoriented by 180°, which
is a good approximation for non-180° domain switching and
lattice strains processes.[28] Figure 3c shows an exemplary
{200} diffraction peak profile measured for one beam position
and for the 90° azimuthal segment (along the vertical direction).
The {200} peaks were fitted with two asymmetric peak profile
functions to account for 002 and 200 plane normals from
two sets of 90° domain variants. The asymmetric nature of the
peaks accounts for lattice strains introduced near 90° domain
boundaries.[38] The top panel of Figure 3d shows map for
ρ= I(002)–I(200), where I refers to the integrated intensities
of the 002 and 200 diffraction peaks. The bottom panel of
Figure 3d shows map for the 2θ position of the 111 diffraction
peak, which was obtained by fitting 111 peaks with a symmetric
peak profile.

The progression of 90° domain switching within the
architected material is shown by plotting the function
Δρ ¼ ρV¼0 � ρV for different magnitudes of applied electric
voltages, V, as shown in Figure 4a. Figure 4b shows vector plots
that indicate the magnitude and direction of the largest degree of
non-180° domain switching at each position, which is obtained
by comparing Δρ for different angular orientations. These plots

Figure 1. Fabrication and electrical characterization of a 3D-printed architected ferroelectric ceramic: a) a 3D-printed architected BaTiO3 ceramic and
SEM micrograph of its grain structure. b) Dielectric and c) electromechanical responses under application of large cyclic voltage across top and bottom
plates of the architected ceramic. d) Dielectric and e) electromechanical responses of the architected ferroelectric under multiple electric-voltage cycles
with different amplitudes, V0. f ) Pseudo-dielectric (K ) and piezoelectric (d*) constants as function of nominal electric-field amplitude. The lines are used
as guide for the eyes.
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indicate a few remarkable aspects of the domain-switching
process. First, significant 90° domain-switching commences in
areas near the inside sharp corners, which roughly correspond
to some of the regions with electric-field concentration, as
indicated by COMSOL models. However, not all areas with
higher field concentrations show the same degree of non-180°
domain switching. This is likely because of the potential large
depolarization fields near the internal free surfaces without
electrodes, which makes it unfavorable for change in the existing
domain structure.[39] Second, with increasing field, the areas
with large degree of domain switching spread at a faster rate
sideways between the two top corners of the hexagon. This is
not entirely consistent with the COMSOL models since the
electric-field lines are weaker in the region connecting the two
top corners of the hexagon. Third, the largest degree of 90°
domain switching within the two hexagonal arms is observed
for the vertical direction, even though the COMSOL model
indicates that the electric-field lines are oriented away from
the vertical direction. These results, therefore, clearly indicate
that the progression of 90° domain switching process within
the architected material is influenced by factors other than
only the distribution of the electric-field lines.

Next, for a detailed examination of the domain-switching
process, we evaluated changes in the integrated diffraction
patterns over a selected region, such as depicted in Figure 4a.
For this region, Figure 4c shows relative changes in 002/200 peak
for different applied voltages, for the ω= 90°. The change in
relative intensities of the 002/200 peaks reflects the change in
volume fraction of 90° domains under the application of an
electric voltage, as illustrated on the right panel of Figure 4c.
For unpoled tetragonal ferroelectric, I(002)/I(200) is ideally equal
to the ratios of the reflection multiplicities m(002)/m(200)= 0.5,
which is observed for all azimuthal sectors at E= 0. For higher
fields, I(002)/I(200) is increased for directions parallel to the
electric field (ω= 90°) and is decreased for directions perpendic-
ular to the electric field (ω= 0°), with continuous variations for

intermediate azimuthal angles (Figure 4d). These findings are
consistent with earlier measurements of non-180° domain
switching in monolithic ceramics.[28,40] For ω= 90°, there is a
rapid nonlinear increase in 90° domain switching over the boxed
region for V≥ 2000, as indicated in the voltage dependence
of I(002)/I(200) (Figure 4e). The voltage range of ≈2000–
3200 V, over which a nonlinear increase in I(002)/I(200) is
observed, is well correlated with the nominal electric-field range
(voltage/height) over which the material also exhibits a linear
increase in dielectric constant, K, and piezoelectric constant,
d* (Figure 1f ). It is therefore clear that the macroscopic “appar-
ent” dielectric and electromechanical nonlinearity is not the
consequence of inhomogeneous field distribution alone, but
instead directly related to local non-180° domain switching,
which is a key to understanding the functional response of
architected ferroelectric ceramics.

An interesting question is what causes the localized progres-
sion of non-180° domain switching, such as observed here for the
particular geometry of a honeycomb-like structure. As shown
earlier, non-180° domain switching in ferroelectric ceramics
can be influenced by intergranular stresses,[28,40] which arise
as a result of misfit strain between grains with large non-180°
domain switching and surrounding matrix with lower/zero
domain switching. For tetragonal crystals, the transformation
strain from 90° domain switching is ideally zero along the
<111> directions, and hence, {111} lattice strains can be used
as a gauge for the distribution of local intergranular stresses.[41]

Figure 5a,b shows the corresponding vector maps indicating the
magnitude and direction of the largest tensile and compressive
{111} lattice strains, respectively. These maps were obtained
from the measured changes in the (111) peak position with
the applied electric field, such as depicted in Figure 5c.
Clearly, the area with the largest degree of tensile {111} lattice
strain corresponds to the same for non-180° domain switching.
The areas with the largest degree of compressive {111} lattice
strain are located above and below the region with the largest

Figure 2. COMSOL simulation of the electric-field lines within the architected material with an electric-field applied across the top and bottom electrodes.
The top panel shows the relative magnitude of the vertical component of the electric field, while the bottom panel shows the distribution of electric-field
lines. The lengths of the arrows indicate the relative strength of the local electric fields. Two different geometries are considered: a) ideal design, and
b) shape taking into account maximum deviation of the fabricated samples from the ideal design.
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domain switching. Further relation between {111} lattice strain
and the 90° domain switching process is observed from the
nonlinear voltage-dependent increase in the {111} lattice strain,
as shown in Figure 5d. Indeed, the trend in Figure 5d is qualita-
tively similar to that for I(002)/I(200) ratio shown in Figure 4e,
both of which are evaluated over the same rectangular boxed
region. These results establish that the spatial distribution of
{111} lattice strain in the architected ferroelectric is strongly
correlated to the same for 90° domain switching. This insight
can be used to understand the localized progression of
non-180° domain switching, as described later.

Note that the COMSOL model indicates a sharp rise in the
electric field near the various corners (Figure 2), which acts as
initiation sites for localized domain switching. As 90° domain

switching commences at these regions, it introduces
long-range stress fields. For the regions outlined by rectangular
boxes in Figure 4a, the transformation strain from 90° domain
switching causes them to expand in the vertical direction and
shrink in the horizontal direction. This introduces long-range
compressive and tensile stress fields in the surrounding matrix
along the vertical and horizontal directions, respectively, as
schematically illustrated in the top panel of Figure 5e. To evaluate
this, we plot the {111} lattice strain distribution along line A–B
as indicated in Figure 5a. Notably, as indicated by the {111}
tensile lattice strain line profile, the internal tensile stress field
extends asymmetrically outward and sideways from the point B.
The line profile for the {111} lattice strain can further be fitted
using a power law, indicating the long-range nature of the
intergranular stresses introduced by localized domain switching.
A similar line profile is observed for the I(002)/I(200) ratio but
with steps that are contained within the envelope of the lattice
strain profile. Considering that the {111} strain is entirely
due to domain switching transformation strain, the long-range
stress field can be estimated from Young’s modulus of
BaTiO3, which is of the order of 5–10MPa. This range of tensile
stress is significant in further promoting 90° domain switching
in BaTiO3.

[6] Therefore, based on these results, we propose
that the long-range internal stress field caused by localized 90°
switching promotes further progression of non-180° switching
in certain directions that experience tensile stress while sup-
pressing the same in other directions that experience compres-
sive stress. This explains the anisotropic progression of the
domain switching front in the architected material, as depicted
in Figure 4.

3. Conclusion

In summary, we show that the nonlinear dielectric and electro-
mechanical responses of an architected ferroelectric ceramic are
driven by spatially localized progression of non-180° domain
switching, which is different from that observed for monolithic
bulk ceramics. The localized progression of domain switching in
architected ceramics is caused by a convolution of two factors:
1) the distribution of electric-field lines and 2) the internal stress
field introduced by misfit strains between different parts of
the material under applied electric voltage. The former can be
obtained by finite-element models. However, the latter aspect
requires a deeper understanding of coupling between the
different microscopic mechanisms, such as domain switching
and intergranular stress. To this end, detailed examination of het-
erogeneous stimuli-induced microscopic processes remain to be
explored in specific geometries of architected materials, which
have shown promise in terms of both mechanical and functional
properties such as described in refs. [1,6,42,43]. Advances in
3D-printing technologies for ceramic materials, such as pre-
sented in this article, constitute an essential step toward such
undertakings. In addition, the experimental method of in situ 2D
scanning X-Ray microdiffraction, as outlined here, provides a
means to investigate the heterogeneous microscopic mecha-
nisms in not only architected ferroelectrics but can also be
expanded to other architected functional ceramics.

Figure 3. In situ structural characterization of 3D-printed architected
ferroelectric ceramic: a) Experimental setup for in situ micro-X-Ray diffrac-
tion experiment from an architected material under an applied electric
field. The experiment is performed in transmission geometry with an area
detector. b) The Debye–Scherrer rings measured for each beam position
are segmented into different azimuthal sectors as indicated. Note that, here,
we do not distinguish between positive and negative directions of the
same angular segment; that is, for example, 30° and 150° segments are
not distinguished. c) Fitting of the 002/200 peaks is carried out, assuming
a tetragonal crystal structure of the material. The relative change in volume
fractions of the 90° domains is obtained from the integrated areas under
the 002 and 200 peaks, as shown. d) Examples of maps containing
structural information. The map on top shows the distribution of the
quantity ρ= I(002)–I(200), where I indicates the integrated peak areas.
The map on the bottom shows the measured 2θ position of the 111
diffraction peak. The gradient in 2θ position is due to slight out-of-plane
tilt of the sample; however, this has no influence on the intensity-dependent
parameters and cancels out for the position-dependent parameters (strain).
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4. Experimental Section

Fabrication of Architected Ceramics: The architected ceramic samples
were prepared using a combination of DLP and conventional solid-state
synthesis. The various steps for sample preparation are outlined in
Figure 6a.

Fabrication of Architected Ceramics: Preparation of CAD Files: The digital
files for 3D printing were generated using commercial CAD software—rhi-
noceros and grasshopper. A honeycomb-like structure was used for the
preparation of test samples for electrical characterization and in situ struc-
tural characterization using X-Ray diffraction. A digital design file for a test
sample in standard tesselation language (STL) format with two cells of a
honeycomb structure was prepared, as shown in Figure 6b. The STL file
was subsequently imported into Tethonware software by Tethon 3D, which
slices the model and prepares the G-code for the printer.

Fabrication of Architected Ceramics: Preparation of Slurry for Printing: The
preparation of the slurry for printing further consisted of two steps, as
detailed in the following. 1) A powdered sample of ferroelectric barium
titanate (BaTiO3) was procured from a commercial supplier, Sigma
Aldrich. The procured powder sample was first wet ground in a ball mill
and subsequently dried to obtain powders with uniform and fine particle

size in the range of ≈0.5–1 μm size. 2) The BaTiO3 powder was mixed with
a photocurable polymer resin, Genesis Development Resin, supplied by
Tethon 3D. ≈100 g of BaTiO3 powder was used to prepare a batch of print-
ing slurry and the volume fraction of the powder in the slurry was main-
tained at 20–25%. The powder was thoroughly dispersed within the
polymer resin by vigorous stirring. For uniform dispersion of the powder
particles, a few drops of a commercial paint thinner were also added to the
mixture.

Fabrication of Architected Ceramics: Printing of Architected Samples: The
layer-by-layer fabrication of the green body (ceramic and polymer
composite) was undertaken using BISON 1000 3D printer supplied by
Tethon 3D. The printer used was based on the DLP technique, in which
the layer-by-layer synthesis was performed in a top-down approach. The
slurry containing the powder sample and the photocurable resin was
exposed to a continuous UV light emitting diode radiation with a
wavelength of 405 nm. A digital mask was used to block part of the inci-
dent radiation so that the slurry was solidified only at selective locations.
The spatial X/Y resolution for the printer was 57 μm. In the top-down
approach, the first layer was printed on a base plate, and subsequent layers
were then printed on the preceding layers as the base plate was pulled
upward. The layer thickness for printing of each layer was maintained

Figure 4. In situ measurement of spatial- and orientation-resolved electric-field-induced domain switching in architected ferroelectric ceramic: a) maps
showing the intensity of structural change, namely, the quantity, Δρ ¼ ρV¼0 � ρV , where ρV= I(002)–I(200) under applied electric voltage V. b) Vector
maps showing the magnitude and direction of the largest electric-field-induced changes in different parts of the architected material. The largest values of
Δρ, or 90° domain switching, are observed near the top inside corners of the two hexagons and for the vertical direction. These maps indicate that the
region with the largest electric-field-induced domain switching commences near the top inside corners of the hexagons and spreads sideways and
outward as a function of the applied field. c) Peak profile of 002/200 peaks as a function of applied electric voltage for ω= 90° for the region indicated
by the box in (a). Increase in relative intensity of 002 peak is caused by an increase in domain population with 002 plane normal parallel to the diffraction
vector, as illustrated on the right. d) Orientation dependence of I(002)/I(200) for different electric voltages for the region indicated by the box in (a). For
the boxed region, I(002)/I(200) is maximum for ω= 90° and minimum for ω= 0°. The lines are used as guide for the eyes. e) Voltage dependence of
I(002)/I(200) for the azimuthal sector of ω= 90°. There are unobservable changes below 2000 V, while above 2000 V, I(002)/I(200) exhibits a nonlinear
increase with the applied voltage.
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at 50 μm. A relatively lower light intensity was used with longer exposure
times, such as 380 s of exposure time per layer for first few layers and 180 s
per layer after that. This translated to an incident energy of ≈900mJ cm�2

for printing of the first ten layers and an incident energy of ≈450mJ cm�2

for subsequent layers. The light intensity was adjusted to provide ideal
combination of curing depth and resolution of the printed parts. The green

Figure 6. Design and fabrication steps of architected ceramics: a) flowchart showing steps for preparation of the architected ceramic in its final form.
b) Dimensions for the STL file used for 3D printing.

Figure 5. In situ measurement of tensile and compressive strain distributions in architected ferroelectric ceramic under electric field: a) vector map
showing tensile {111} lattice strain for applied voltage of 2800 V. b) Same as (a), but for compressive {111} lattice strain. c) (111) peak profile as a
function of applied voltage. The peaks shown are obtained from diffraction patterns integrated over the boxed region. d) {111} lattice strain obtained
from fitting of the (111) diffraction peaks. The {111} lattice strain shows similar nonlinear voltage dependence with non-180° domain switching, indicating a
major contribution from intergranular stress rather than the piezoelectric effect. e) Line profiles of {111} lattice strain and I(002)/I(200) along the line A–B.
The top schematically illustrates the long-range stress fields introduced due to transformation strain from localized non-180° domain switching within the
architected material.
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body was extracted from the base plate after printing the entire sample.
The residual slurry was cleaned from the printed sample first using a
commercial cleaner and then running water.

Fabrication of Architected Ceramics: Sintering of the Green Bodies: Final
ceramic samples were obtained from the printed green bodies after
polymer burnout and sintering. These steps were undertaken carefully
to avoid disintegration of the printed body, which can result from the
development of gaseous products generated during the heat treatment
due to high organic content. To alleviate this, the printed green bodies
were first slowly heated in a tube furnace under an Ar atmosphere from
room temperature to 550 °C with a heating rate of 60 °C h�1, followed by a
constant temperature plateau at 550 °C for 3 h. This procedure ensured
that most of the polymer was burned out. The inert Ar atmosphere
ensured that the organic content was first transformed into carbon without
oxidation. In the second step, the samples were heated to a higher
temperature of 1250 °C with a faster heating rate of 100 °C h�1, followed
by 16 h at a constant temperature of 1250 °C. The residual carbon gener-
ated due to the pyrolysis of the organic components during the first step
was subsequently oxidized to CO2 in this second step. The powder
particles underwent sintering and grain growth at high temperatures to
produce the final ceramic samples. Following sintering at high tempera-
ture, the samples were cooled down with a controlled cooling rate of
100 °C h�1 to 500 °C, after which the furnace was cooled down to room
temperature. Figure 1a shows an exemplary architected ceramic sample.
The microstructure of the architected ceramics was characterized using a
Thermo Scientific Phenom XL G2 Desktop scanning electron microscope
(SEM). Figure 1a shows the dense microstructure of the sintered ceramic
sample with grain sizes on the order of a few micrometers.

In total, four samples with optimal processing conditions were pre-
pared for electrical characterization and structural characterization using
in situ X-Ray diffraction.

Fabrication of Architected Ceramics: Electrical Characterization of
Architected Ceramics: We measured the electric-field-induced polarization
and induced strain in the architected ceramic using the same experimental
setup described in ref. [44]. The procedure, including illustrations and
explanations with figures, is included in that work. The procedure involved
placing the sample between two fixtures, electrically insulating it with
Teflon pieces, and immersing it in a polytetrafluoroethylene container
filled with insulating oil to prevent dielectric breakdown. A low-rigidity
spring ensured contact with the upper electrode while minimizing the
stresses induced by the spring. The electric field was generated by a
high-voltage amplifier (Trek 20/20 C-HS) and controlled by a dSPACE
hardware module in real time with a maximum sampling rate of 5 kHz.
Dielectric displacement was measured from the top electrode using an
operational amplifier integrator circuit, and the measurements were
recorded via the dSPACE hardware module. The sample elongation L3
was measured using the CCD laser sensor LK-G10 connected to a
LK-GD500 controller from Keyence.

Fabrication of Architected Ceramics: In Situ 2D X-Ray Microdiffraction of
Architected Ceramics: The structural characterization of the architected
BaTiO3 ceramic samples was undertaken at the DanMAX beamline at
the MAX IV laboratory. A 35.000 keV X-Ray beam was focused to
82� 70 μm (h� v, full width at half maximum). The diffracted X-rays were
detected using a DECTRIS PILATUS3 X 2M CdTe area detector. The
sample to detector was 630mm. The detector geometry was calibrated
using the pyFAI software on data collected on an LaB6 standard reference
material from NIST (SRM 660c).[45] The samples were mounted on a
3D-printed sample holder incorporating the two high voltage electrodes.
The sample holder was mounted on a set of XY stages to raster scan the
sample through the X-Ray beam. A continuous scanning scheme is used to
speed up the data acquisition. Here, each vertical line is scanned in one
continuous motion at constant velocity while the detector is electronically
triggered at a specified frequency. The samples were scanned with a reso-
lution of 50 μm in both horizontal and vertical directions. Each diffraction
image was collected for 20 ms, i.e., a frame rate of 50 Hz. The raw data was
azimuthally integrated using specified azimuthal bins using a Python
version of the (matrix multiplication facilitated radial and azimuthal inte-
gration algorithm) algorithm.[46]
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