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Abstract

Progress in additively manufactured piezoelectrics is impeded by environmental, regulatory and
scalability concerns related to solvent processing. Hazardous solvents dominate the preparation
of polyvinylidene fluoride (PVDF)-based piezocomposites for fused filament fabrication (FFF),
which remains underdeveloped compared to solvent-assisted additive electronics technologies.
The piezoelectric performance of existing FFF-printed PVDF composites is limited due to mod-
erate ferroelectric ceramic content (S35 vol%). Solvent-free processing and multi-material FFF
of highly ceramic-filled (250 vol%) piezoelectric devices are largely underexplored. Herein, we
report the fully melt-based fabrication of a flexible lead-free piezocomposite filament, highly filled
with barium titanate (BTO) particles at the upper printability threshold (~55 vol%), enabling
FFF of piezoelectric sensors with co-printed graphene-doped electrodes. X-ray microtomogra-
phy and tensile testing indicate that re-extrusion provides uniform filler dispersion in a soft PVDF
copolymer (PVDF-HFP) matrix. The multi-material FFF process is fine-tuned to deliver consis-
tent 3D printing of well-fused ceramic-rich and graphene-doped sheets as indicated by strain-
rate strengthening behavior. Adding 8 wt% graphene nanoplatelets yields 1.6 S cm ™! conductiv-
ity and <100 €/sq sheet resistance, sufficient for effective strong-field poling (=20 kV mm™!). The
achieved maximum values of d33 (35.4 pC/N) and dielectric constant (108 at 1 kHz) are compa-
rable to or exceed solvent-processed counterparts, aligning with predictions of effective medium
models. The 3D-printed vibration sensors exhibit practically usable d3;-mode sensitivity with
high linearity and repeatability, confirming FFF reproducibility. This study establishes a scalable
and cost-effective solvent-free process for environmentally responsible material extrusion additive
manufacturing of flexible piezoelectric devices, addressing current limitations in composite filling
level and processing sustainability.

1. Introduction

Advances in printed electronics impact the progress in additively manufactured piezo-electronics
(AMPE) [1], which also intersects with the emerging field of 4D printing [2]. Development of print-
able electroactive (piezoelectric, conductive, etc) materials and their adaptation for multi-material AM
processes represents a viable pathway to produce customized piezo-devices (mechanical sensors, nano-
generators, ultrasonic transducers, sensorized implants, etc [1-3]). AMPE systems are widely applicable,
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including biomedical devices [4], smart wearables, robotics and structural health monitoring platforms
[5]. These performance-critical piezoelectric applications commonly rely on durable, (bio)stable and
ferroelectric PVDF-based polymers [6]. They are resistant to hydrolytic degradation and long-term
exposure to physiological fluids as well as to many harsh chemicals, weathering, corrosion, ignition and
abrasion [7]. PVDF-based piezo-devices are printed by various methods that are predominantly imple-
mented using solvent-assisted approaches (e.g. casting, screen printing), including more sophisticated ink
jetting, spraying or writing processes (e.g. inkjet, aerosol jet, E-jet, DIW) [2].

Fused filament fabrication (FFF) became one of the mainstream methods for MEX AM of thermo-
plastic parts. Similar to FFF, fused granulate fabrication (FGF) undergoes a rise in adoption, particu-
larly in large-format AM. FFF of piezo-devices started gaining momentum a decade ago [8]. It was first
applied earlier for printing ceramic green parts using extrudable piezoceramic-binder (polymer-bound)
feedstock [9]. Generally, FFF is more accessible compared to ink-based methods, which rely on complex-
rheology ink/paste formulations and usually involve post-print curing or sintering. The availability and
affordability of FFF/FGF hardware and feedstock is continuously improving, which facilitates democrati-
zation of 3D/4D printing [2]. Furthermore, FFF/FGF processes are more easily adaptable to large-format
AM implementations [10]. Development of multi-material MEX AM capabilities is a key objective for
enabling efficient single-process printing of monolithic piezo-devices, including additive in-situ embed-
ding into other components via co-printing of structural and electroactive materials [2] (e.g. for strain
and force sensing [5]). With further research efforts, multi-material MEX AM could become a viable
AMPE technology for rapid prototyping and on-demand manufacturing of customized piezo-devices
(1, 2, 5].

A typical piezo-device (e.g. vibration sensor or energy harvester) requires monolithic integration
of diverse functional layers such as piezoelectric, conductive, insulating and encapsulating [2, 5]. The
field of FFF-printed piezo-devices is in its infancy since prior studies were mainly concerned with the
fabrication of piezo-material filaments and printing of piezo-sheets. PVDF is the most widely studied
piezopolymer [1, 2], including the field of FFF [11-18], where the focus remains on optimization of
extrusion-induced crystallization to enhance formation of electroactive phases [19]. Most works on FFE-
printed PVDF relied on solvent-free fabrication of filaments by applying hot melt extrusion (HME) of
the homopolymer pellets [11-17]. However, the electrodes were typically formed using non-additive
methods (table S1), which are hardly amenable to the implementation of cost-efficient AMPE work-
flows. The printed piezo-sheets were usually electroded with conductive pastes and foils. Few research
groups implemented a single-process FFF workflow to fully print a piezo-device as a monolithically
electroded piezo-sheet (piezopolymer-based [20-22] and piezocomposite-based [23—25] materials were
used). They were usually printed with commercial-off-the-shelf (COTS) filaments, which were used to
form piezo-sheets [16, 17, 26], electrodes [25] or both [20, 22]. In several works, a hybrid AM approach
was adopted, where FFF was combined with another MEX method (e.g. DIW [26]). Such integrated
approaches continue to advance and will improve AMPE functionality and versatility [5]. However,
hybrid AMPE manufacturing requires more sophisticated industrial-grade infrastructure [27], particu-
larly when complex inks containing hazardous solvents must be handled safely. Therefore, such require-
ments may complicate piezo-device printing for budget-constrained users and impede their access to the
AMPE field.

Piezocomposite filaments were mostly produced by mixing with non-aqueous solvents that present
various environmental and health risks. Hazardous polar aprotic solvent DMF was widely used [28-36]
(table S1) despite it being classified as a substance of very high concern due to reprotoxic effects [37,
38]. Processing with less hazardous solvents appears to be the exception in this case (e.g. acetone [39]).
Overall, in addition to regulatory and safety concerns, solvent-assisted fabrication imposes severe con-
straints on scalability since dedicated facilities are required for wet-processing operations such as homog-
enization, casting, evaporation and solvent recovery [40, 41]. Studies on solvent-free fabrication of piezo-
composite filaments are less common (table S1), while the electrodes in this case were mostly formed
non-additively [42—45]. It is noted that reports on solvent-free in-house fabrication and printing of both
piezoelectric and conductive filament are scarce. Neat PVDF and CNT-filled conductive filaments were
extruded in [21], while in [25] a lead-based piezocomposite filament was fabricated via a melt-based
workflow, though a COTS conductive filament was used.

Most piezocomposite filaments were developed by combining PVDF homopolymer and lead-free
piezoceramic fillers (table S1). Barium titanate (BTO) particles were mostly used since they offer a favor-
able balance between cost and piezoelectric performance together with diverse industrial and biomedical
applicability [46]. Other piezoceramic fillers were rarely used (e.g. KNN-based [24, 30, 36], ZnO [47]).
The semi-rigid PVDF is a relatively stiff matrix material that compromises composite flexibility when a
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larger piezoceramic content is added. Softer matrix materials were rarely employed in FFF-printed piezo-
composites (e.g. PVDF-HFP copolymer [24, 30, 48], elastomers [25]). Table S1 shows that piezoceramic
content was typically limited to <40 wt% and rarely exceeded 250 wt% (up to 35 vol% [24, 36]), while
cases of 270 wt% (=40 vol%) were possibly never reported for the FFF-based piezo-devices. In contrast,
higher ceramic content of up to ~50-60 vol% was reported in solvent-processed non-piezoelectric com-
posites (printed [49], solvent-cast [50-52]) and in molded piezocomposites [53—55] (including solvent-
free [54]). This indicates that melt-based processability and printability limits have not been achieved

so far since prior studies on FFF-based piezocomposites employed moderate filling levels (table S1).
Electrodes were mostly formed using conductive filaments with carbon nanomaterials [20, 21, 23-25],
while metallic fillers were rarely used [22].

The adoption of HME- and MEX-based workflows for solvent-free additive manufacturing of
piezocomposite-based devices is in an early research phase. Compared to unfilled or lower-filled poly-
mers, the melt-based fabrication of highly filled composites (250 vol% filling level [56]) is more
demanding due to increased melt viscosity and filler agglomeration [57]. In FFF printing, it may desta-
bilize melt flow, promote nozzle clogging [25] and lead to inconsistent melt deposition and weaker
fusion zones with micro-defects [48]. The efficiency of piezocomposite printing and electrical poling
strongly depends on filler dispersion homogeneity [58]. Poorly dispersed filler state translates into less
effective poling by causing premature dielectric breakdown at weaker electrical fields, which results in
unsatisfactory piezoelectric properties [59]. Filler homogenization during solvent-free fabrication of
(electroactive) composites often relies on specialized melt processing equipment that is hardly afford-
able to budget-constrained users (e.g. shear mixers [44, 45], twin-screw extruders [25, 42, 43] or other
compounders [60]).

To address these limitations, there is a need to develop more sustainable, cost-efficient and scalable
processing routes [61] to alleviate technological complexities in MEX AM of piezo-devices. Our study
presents a solvent-free re-extrusion/granulation process to produce filaments of highly piezoceramic-filled
composite and graphene-doped conductive composite for 3D printing of a flexible electromechanical
sensor. It is based on a piezocomposite with ~55 vol% BTO fraction, which is ~1.5-2 times higher than
commonly reported (<35 vol%, table S1). The approach represents an affordable, scalable and greener
alternative to the solvent-assisted routes as similar studies on solvent-free manufacturing of ceramic-rich
piezocomposite filaments and FFF-printing of monolithically electroded piezoelectric sensors are scarce
(possibly a single published report [25], where a lower content of lead-based piezoceramic was used). In
our work, a budget-friendly extruder and FFF machine are used to produce and print the highly filled
PVDF-HFP/BTO filament and conductive graphene-doped PVDF-HFP filaments. A multi-material FFF
workflow is implemented for co-printing piezocomposite and conductive sheets to form a monolithically
electroded sensor. Micro-CT is used to analyze the distribution and morphology of air voids and filler
agglomerates in the extruded filaments. Mechanical, dielectric, ferroelectric and piezoelectric properties
of printed piezocomposites are determined. The study examines how poling history affects dielectric and
ferroelectric responses, which possibly was never addressed earlier for the FFF-printed piezocomposites.
The impact of wide-ranging poling fields and durations on ds3 piezoresponse is evaluated to assess the
feasibility of monolithically FFF-printed piezo-devices.

2. Fabrication and characterization of electroactive composites

2.1. Materials

PVDF-HFP powder Kynar Superflex® 2501-20, kindly donated by Arkema via distributor Labochema
LT, has a melt flow rate of 2-14 g per 10-minute test period under 232 °C and 3.8 kg, melting tem-
perature of 117 °C-125 °C and density of 1.79 g cm . Pristine BTO powder (Inframat Advanced
Materials LLC, USA, product No. 5622-ON5) consists of untreated spheroidal submicron particles
(density of 5.85 g cm ™2, nominal average diameter of 0.5 ym). Flaky graphene powder (The Sixth
Element (Changzhou) Materials Technology Co., Ltd, China, product No. SE1233) consists of graphene
nanoplatelets (GNPs) having median size of ~11 pum, specific surface area of ~504 m* g~! and tap den-
sity of ~0.016 g cm ™. No additional treatment or functionalization was performed for the materials
before filament manufacturing.

2.2. Manufacturing of PVDF-HFP composite filaments
The filaments of highly filled piezocomposite and graphene-doped conductive composites were man-
ufactured using a re-extrusion workflow with in-process filament granulation (figure 1). Due to high
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Figure 1. Re-extrusion/granulation process for solvent-free manufacturing of electroactive composite filaments.
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(b) R

Figure 2. (a) Extruded flexible filaments of highly ceramic-filled piezocomposite and graphene-doped conductive composite. (b)
Printed thin-sheet samples of neat and electroded piezocomposite (ironed samples were used for contact poling).

thermal stability, PVDF may be remelted at least 3 times without degradation of mechanical properties
[48]. Therefore, the triple-extruded filaments were utilized for the initial prototyping and compositional
feasibility trials. The primary objective was to maximize BTO or GNP content by balancing printabil-
ity and functional performance to enhance piezoresponse or conductivity and retain satisfactory flexi-
bility of the filaments and thin-sheet prints. Our previous study on filaments with more rigid PVDEF-
HFP and 20-60 wt% BTO [48] suggested that the objective could be reached by increasing BTO con-
tent from 60 to ~80-85 wt% when using highly compliant Kynar Superflex® grade. Initial prototyping
with 80 wt% BTO showed that the filament had acceptable flexibility (figure 2(a)) and could be reliably
printed by effectively fine-tuning the FFF process (section 2.3). Extrusion tests were also conducted in
82-85 wt% BTO range, revealing that the filaments became increasingly rigid and brittle (e.g. spooling
of the filament with 85 wt% ceramic was not possible). Moreover, FFF process reliability was insufficient
to ensure disruption-free printing of numerous reproducible samples for mechanical and piezoelectric
studies.

Initial prototyping tests with the graphene-doped filaments were conducted in 2-12 wt% GNP range.
Percolation was known to occur below ~3 wt% [62] and functionally usable conductivity levels were
expected at ~8 wt% GNP [63]. The filaments with 10 and 12 wt% GNP were excluded from further
testing due to limited flexibility and excessive melt viscosity, which caused erratic clogging during print-
ing. In contrast, despite high flexibility and consistent printability, the conductivity was found to be
unsatisfactory at 2 and 4 wt% GNP (section 3.4.3). The filament with 8 wt% GNP provided a suitable
balance between conductivity, flexibility (figure 2(a)) and printability (section 2.3).

4



10P Publishing

Smart Mater. Struct. 35 (2026) 075049 G Kompelli et al

Table 1. Labels of the tested composite samples.

Label Description of composition and processing

Fi-BTO80 Filaments of 20/80 wt% PVDE-HFP/BTO piezocomposite extruded i = 1 — 3 times.
Pi-BTO80 Prints of 20/80 wt% PVDF-HFP/BTO (printed with filaments extruded i = 1 — 3 times).
Fi-GNPj Filaments of PVDF-HFP composite with j = 2/4/8 wt% GNP extruded i = 1 — 3 times.
Pi-GNPj Prints of PVDF-HFP composite with j = 2/4/8 wt% GNP (printed with Fi-GNPj filaments).
P-ES Electroded piezocomposite (sensor) printed with F3-BTO80 and F3-GNP8 (hpiezo ~ 0.5 mm,

hel-boltom ~ 0.1 mm, hel-lop ~ 0.12 mm (ironed))-

Based on these initial findings, the single-, double- and triple-extruded filaments of 20/80 wt%
PVDF-HFP/BTO and 92/8 wt% PVDF-HFP/GNP (table 1) were selected to examine the impact of re-
extrusion on filament microstructural morphology (section 3.1) and determine tensile properties of
printed composites (section 3.3). At the start of the re-extrusion/granulation workflow (figure 1), the
pre-mixed powdered composite feedstock was extruded either into final (single-extruded) filament for
printing or into in-process filament for granulation and repeated extrusion. An in-house built pelletizer
was used to produce ~2 mm granules. The effective temperatures for the two heating zones of a single-
screw extruder Noztek Touch were determined through multiple extrusion trials (1.75 mm nozzle was
used). The objective was to minimize melt processing temperature for reduced thermal impact on the
polymer and to ensure sufficient filament quality for a more consistent FFF process. A reverse tem-
perature profile was selected by setting 180 °C for the barrel zone and 170 °C for the nozzle. Slightly
higher barrel temperature was required to operate the motor within torque limits and to suppress motor
speed fluctuations when processing highly viscous melts (stable filament extrusion was achieved at 40—
50 RPM). A higher extrusion throughput of ~300 mm min~! was achieved for the piezocomposite fila-
ment compared to the ~150 mm min~! for the conductive counterpart (measured during re-extrusion
cycles). The extruder was installed at 45°, allowing the filament to be continuously tensioned via grav-
itational pull. Forced air cooling was applied near the nozzle to control the solidification rate of the
extrudate and prevent excessive diameter reduction in the gravity-tensioned filament. This approach
maintained the dimensional accuracy of filaments within the acceptable tolerance (©1.75 £ 0.1 mm)
to ensure reproducible FFE. Filament diameter was measured at 1.707 4+ 0.011 and 1.709 + 0.013 mm
for the piezoelectric and conductive composites, respectively.

2.3. Multi-material 3D printing workflow

A single-printhead FFF machine Prusa i3 MK3S was used to print neat (unelectroded) PVDF-HFP/BTO
samples and their electroded counterparts, where the piezocomposite sheet is sandwiched between
printed conductive PVDE-HFP/GNP sheets (figure 2(b)). To achieve stable printing, the printer was
upgraded with Slice Engineering® Copperhead® components to enhance thermal performance at the
hotend (e.g. more uniform temperature distribution, lower heat creep, enhanced insulation). A Fibtip
tool-steel nozzle was customized by enlarging its bore diameter from 0.6 to 1.2 mm to ensure an unin-
terrupted clogging-free FFF process. Due to higher viscosity, the PVDF-HFP/GNP composite was prone
to clogging with nozzles smaller than 1 mm. Table 2 summarizes the main printing parameters and con-
ditions identified as most effective for manufacturing consistency and print quality.

To increase composite melt flowability, a higher nozzle temperature of 260 °C was used during FFF
(temperature at filament extruder nozzle was 180 °C). Due to higher printing temperature the nozzle
clogging risks were suppressed, providing uniform deposition of the composite melts on the build plate.
The Kapton tape was attached to the build plate to facilitate sample removal. A thin coating of Dimafix®
adhesive was applied on the Kapton tape, while the build plate was heated to 70 °C to prevent print
detachment. A reduced printing speed of 10 mm s~! was required to minimize the risk of FFF disrup-
tions and print defects when using abrasive ceramic-rich piezocomposite filaments. The total printing
duration for the tensile test samples (section 2.5) was approximately 15 and 24 min for the neat and
electroded piezocomposite samples, respectively.

A larger extrusion multiplier of 1.3 was applied to prevent flow rate fluctuations, under-extrusion
defects, geometric distortions and dimensional deviations (nonuniform layer height, air voids). The
reduced extrusion width of 1.0 mm was selected for the 1.2 mm nozzle to enhance bonding between
the tracks by effectively laminating them and mitigating print defects. However, the increase in extrusion
flow rate and the reduction in extrusion width resulted in ridges forming on the top surface. Therefore,
the as-printed poling samples (figure 2(b)) were additionally subjected to FFF finishing procedure (iron-
ing) to smoothen the print surface and reduce structural imperfections. The ironing was observed to

5
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Table 2. Specification of the multi-material FFF workflow.

Printed electroactive composites

Parameters Ceramic-rich PVDF-HFP Graphene-doped PVDF-HFP
Nozzle material, size Tool steel, ©1.2 mm

Printing temperature T 260 °C

Bed temperature Tpeq 70°C

Build surface Smooth PEI + Kapton tape + Dimafix®
Printing speed v, 10 mms™! 5mms™!
Extrusion multiplier 1.3 2
Extrusion width weye 1.0 mm

Raster angle, infill +45°/-45°, 100%

Layer height (fan use) 0.1 mm (off)

Ironing temperature T 260 °C

Ironing speed vir 10 mms™!

Ironing angle, flow rate 90°, 0

Ironing pass spacing 0.1 mm

{ - - - - = : : (] Automatic step
i [ Filament unloading H Nozzle cleaning HNew filament IoadmgH New filament purgmg]

| Ep—

* v,=5mmis (fan off)
« Extr. multiplier: 2

:] Manual step
[ Bottom electrode ) Filament Piezocomposite Filament Top electrode Top electrode
printing* change | 3 printing® change |4 printing* ironing*

1 1
* Nozzle: 1.2mm i * T,=260°C, v,=10mm/s i * T,=260°C, v,=5mm/s » T,=260°C, v;=10mm/s
« Smooth PEI+Dimafix® ! |* Extr. multiplier: 1.3 ! |* Extr. multiplier: 2 « Angle: 90°, flow rate: 0
* T,=260°C, Tyeq=70°C V|* We=1mm, +45°/-45° 1 |* Wexr=1mm, +45°/-45° * Pass spacing: 0.1mm

1 1

1 1

'l L

[Monitoring of previous layer temperature (70i5°C)]

* Weg=1mm, +45°/-45° i Electroded
+ Layer height: 0.1mm *Graphene-doped composite sheet, ® Ceramic-rich composite sheet ; piezocomposite :

Figure 3. Multi-material single-printhead FFF workflow for co-printing filaments of highly ceramic-filled piezocomposite and
graphene-doped conductive composite to additively manufacture piezoelectric sensors (the workflow is based on table 2).

mitigate the risk of dielectric breakdown during electrical poling experiments since air voids (micro-
pores) and other print defects are detrimental to poling efficiency [59]. Ironing flow rate was disabled
in PrusaSlicer 2.8.0 since the excess material (the ridges) was already present on the print surface. The
ironing temperature and speed values were kept the same as in printing (260 °C, 10 mm s~ !), while the
spacing between the ironing passes was set to a relatively low value of 0.1 mm.

The electroded piezocomposite (figure 2(b)) is a triple-sheet structure that comprises three indi-
vidual sheets consisting of 8 printed layers in total: 5 layers for the piezocomposite sheet that is sand-
wiched between the single-layer bottom electrode and the double-layer top electrode sheets. The elec-
troded piezocomposites were printed by implementing the multi-material FFF workflow (figure 3). It
commenced with the deposition of PVDF-HFP/GNP electrode layer of ~0.1 mm height. Next, the fil-
ament was manually changed to the PVDF-HFP/BTO one to print the 5-layer piezocomposite sheet of
~0.5 mm height. Afterwards, the filament was changed again to print the double-layer top electrode of
~0.2 mm height. The thicker top sheet was needed for the effective ironing step that smoothened the
top electrode (figure 2(b)) and reduced its thickness to ~0.12 mm. During filament changeovers, the
hotend and nozzle were cleaned with a @1 mm clog poke to push out the outgoing composite mate-
rial, followed by purging ~5 cm of the incoming filament to prevent contamination of the subsequent
print layer. A non-contact thermometer was used to monitor and control the temperature of the preced-
ing printed sheet. It was sufficient to maintain it within 70 £ 5 °C to prevent delamination by ensuring
strong bonding between the fused sheets of different composites. A larger extrusion multiplier of 2 was
required to increase the flow rate during electrode printing because of the inferior melt flowability of the
conductive composite. In addition, a lower printing speed of 5 mm s~! was specified to ensure consis-
tent deposition of more viscous PVDF-HFP/GNP melt (suboptimal interlayer bonding was observed at a
higher speed of 10 mm s~! due to under-extrusion). The adjustments in FFF parameters for printing the
electroded piezocomposites were executed through customized G-codes using PrusaSlicer 2.8.0. Due to
differences in FFF parameters for both composites (table 2), it was necessary to enter the corresponding
specific G-codes before printing the subsequent composite sheet atop the preceding one.

6



10P Publishing

Smart Mater. Struct. 35 (2026) 075049 G Kompelli et al

2.4. Contact poling and electrical characterizations
Printed neat and electroded piezocomposites were poled in silicone oil at 60 °C using high-voltage
power supply Spellman SL600 (figure S1). Poling temperature of 60 °C was determined to be effective
for similar composites [48]. All piezocomposite sheets (10 x 10 x 0.5 mm?) were covered with a cop-
per foil of 50 pm thickness. For the electroded piezocomposites, the foil was attached on the printed
PVDF-HFP/GNP electrodes of a smaller area (~5 x 5 x 0.1 mm?) to prevent short circuiting and arc-
ing as it is one of the failure risks [20]. After poling, the samples were removed from the heated oil for
ds3 measurements (3 samples per poling case were tested). A Berlincourt-type ds; meter PolyK PKD3-
2000-F10N was employed with a force sensor to apply the static preload of 4 N and the dynamic com-
pressive force of 0.25 N at 110 Hz (figure S1). Electromechanical sensing performance under bending
(d3; operating mode) was evaluated with a shaker-based setup (figure S2) by recording piezocomposite
sensor signals using a digital oscilloscope PicoScope 4824 via a custom-built transimpedance amplifier
(gain: 1 mV nA~"). It was connected to the printed sensors (40 x 13.5 x 0.72 mm?’) adhesively bonded
on a host cantilever, which was subjected to flexural resonant excitation (figure S2) using an electrody-
namic shaker with closed-loop vibration control B&K LDS V555-PA1000L-FPS10L-Type7542.

Dielectric and ferroelectric characterizations were performed at RT on piezocomposite samples
(~15 x 2 x 0.1 mm?®) printed as single tracks (i.e. without interfacial fusion zones), which were poled
using 20 and 40 kV mm~! DC field. Thin-film silver electrodes (~300-350 nm) were evaporated on
the poled single-track samples for the measurements. Dielectric spectra were determined by the con-
ventional parallel-plate capacitor method. The LCR meter HP 4284 A was used to measure capacitance
and loss tangent for deriving the real and imaginary parts of permittivity (Vac = 1 V). Polarization—
electric field (P-E) and displacement—electric field (D-E) hysteresis loops were measured with the fer-
roelectric analyzer AixACCT TF2000 by applying saw-shaped voltage waveform of different frequency in
the 10-50 Hz range. Piezocomposite polarization was evaluated by integrating the measured current and
dividing it by the sample area. The displacement was measured by the single-beam laser interferome-
ter of the TF2000 analyzer. Conductivity of PVDF-HFP/GNP filament (100 mm length) was determined
with Keithley SMU 2614B in four-point probe configuration at RT (filament ends were coated with silver
paint). Sheet resistance of printed electrodes was measured with Ossila Four-Point Probe.

2.5. Mechanical testing

Printed thin strips of 150 x 10 x 0.5 mm?® and 150 x 10 x 0.7 mm? were used as tensile test sam-
ples for the neat and electroded piezocomposites, respectively. The quasi-static testing was conducted at
speeds of 10, 100 and 1000 mm min~! (average engineering strain rates of 0.0033, 0.033 and 0.33 s—1,
respectively, for the extensometer gauge length of 50 mm). The strips correspond to type 2 samples in
ISO 527-3 and were selected since piezoelectric and conductive materials are typically integrated as thin
sheets into sensors or nanogenerators. Five samples were tested to determine average tensile strength and
modulus, yield and fracture strains. The strength was derived as the ratio of the first force peak and the
initial area of sample cross section. Tensile modulus was evaluated as the slope of the secant line between
the strains of £; = 0.0005 and &, = 0.0025 according to equation (o, — 01)/(e; — €1), where o; and
o, are stresses corresponding to the strain values. The tests were performed at RT on the UTM Tinius
Olsen H25KT using a 25 kN load cell. The samples were clamped in manual wedge action grips as per
ISO 527-3. Strains were measured by tracking displacements of 3 gauge-mark pairs through a video
extensometer Tinius Olsen VEM300.

2.6. Nondestructive evaluation with micro-CT

Micro-CT system RayScan 250E was used to perform 3D imaging and analysis of the composite fila-
ments to characterize micro-defects (filler agglomerates and air voids). The scanning was conducted

in the micro-focus mode by applying 160 kV voltage and current of 80 yA (for PVDF-HFP/BTO) and
120 pA (for PVDF-HFP/GNP). A total of 1800 projections of high resolution (voxel size—7 pm) were
acquired for each sample with 2000 ms integration time. The spatial morphology of the micro-defects
was characterized by their volume and surface areas, estimated by summing all the voxels assigned to

the micro-defects. The morphology was evaluated using the Wadell’s true sphericity index Sw = A;/A =
V36w V2 /A (A—surface area of a sphere with the same volume as the measured agglomerate that has
actual surface area A and volume V') [64]. The index quantifies the extent of shape irregularity as a devi-
ation from a perfect sphere (due to elongation, flattening, angularity, etc). S, = 1 corresponds to a per-
fect sphere, Sy, ~ 0.9-0.99 represents a nearly spherical shape, S,y =~ 0.6-0.9 indicates a moderately irreg-
ular shape (e.g. elongated, angular), and S, < 0.5-0.6 corresponds to strongly irregular morphology (e.g.
flattened disk-like shapes) [65].
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Figure 4. 3D visualization of (a) air void distribution in PVDF-HFP/BTO filaments and (b) graphene agglomerate distribution in
PVDEF-HFP/GNP filaments after single-, double- and triple-extrusion process.
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Figure 5. Histograms of (a) volume and (b) sphericity index of voids for single-extruded PVDF-HFP/BTO filament (F1-BTO80).

2.7. Physicochemical characterizations

Surface morphology of composites was examined with SEM Phenom ProX (Thermo Fisher Scientific,
USA) operated at 10 kV. The samples were sputtered with a thin gold layer using a coater Q150R
(Quorum Technologies, UK). Characteristic FTIR peaks of PVDF-HFP phases were recorded in 650—
4000 cm ™! with 2 cm™! resolution using Spectrum Two spectrometer with a UATR diamond accessory
(PerkinElmer, USA). The electroactive 5-phase fraction in PVDF-HFP was evaluated using the Beer—
Lambert law:

Agao
(Ks/Ka)Az62 + Asao

Fg= x 100% (1)

Iand

where A7q; and Agg are the absorbance intensities of the a- and S-phase bands at 762 cm™
840 cm™!, respectively; K, and Kz are the respective standard absorption coefficients of 6.1 x 10* and

7.7 x 10* cm?mol ™! [66].

3. Results and discussion

3.1. Micro-CT defectoscopy

The micro-CT data (figure 4(a)) indicates that the pockets with entrapped air (voids) are present in the
single-extruded piezocomposite filament F1-BTO80 (e.g. ~900 air voids with total volume of 0.44 mm?
in a sample of ~10 mm length). The majority of the voids are spherical and smaller than ~0.001 mm?
(figure 5). We note that the re-extrusion process provides both homogenizing and degassing effects since
air void content is negligible in the re-extruded piezocomposites (figure 4(a)).

Micro-CT imaging does not reveal BTO agglomerates, which suggests that the particles are rela-
tively uniformly dispersed in the matrix (it is also visible in the SEM images in section 3.3). However,
we note that agglomerates smaller than 9 voxels (~3.4 x 10~® mm?) were filtered out and may still be
present. Such particle clusters are relatively small when considering that the average BTO particle size is
~0.5 pm.

Contrary to the highly filled piezocomposite (80 wt% BTO), air voids are not detected in the con-
ductive composite filaments, where filler weight fraction is an order of magnitude smaller (8 wt% GNP).
However, GNP agglomerates are clearly visible, and the single-extruded filament exhibits substantial
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Figure 6. Histograms of GNP agglomerate volume for the single-, double- and triple-extruded PVDF-HFP/GNP filaments: (a)
F1-GNP8, (b) F2-GNP8, (c) F3-GNP8.
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Figure 7. Histograms of GNP agglomerate sphericity index (Wadell’s true sphericity index S ) for the single-, double- and triple-
extruded PVDF-HFP/GNP filaments: (a) F1-GNPS, (b) F2-GNPS, (c) F3-GNPS.

agglomeration with numerous elongated clusters (figure 4(b)). The re-extrusion proves to be an effec-
tive deagglomeration process, which significantly reduces the number and size of GNP clusters (most

are below ~0.0002 mm?® as shown in figures 6(b) and (c)). Moreover, it also promotes agglomerate
spheroidization as evident from the lower content of strongly irregular (S, < 0.5-0.6) clusters in the
re-extruded filaments (figure 7). Nevertheless, many GNP agglomerates retain a relatively irregular shape
(Sw =~ 0.6-0.9) even after three extrusions. Overall, the similarity in agglomerate morphology between
the F2-GNP8 and F3-GNP8 samples (figures 6 and 7) indicates that the third extrusion step provides
only a minor additional reduction in agglomeration beyond the major improvement achieved by the sec-
ond extrusion.

3.2. Phase composition of melt-processed PVDF-HFP

The FTIR spectra reveal distinct phase-specific vibrational bands of PVDF-HFP (figure S3) that are
influenced by melt-processing conditions and composite structure (filler type and content). The phase-
specific peak intensities in the prints are lower than in the filaments. Assignment of widely reported
characteristic peaks is presented in figure S3 and is based on [66, 67].

Figure 8 indicates that the electroactive 3-phase fractions are noticeably higher in the piezocompos-
ite filaments (Fg ~ 83-98%) than in the prints (Fg ~ 42%—45%). The increase in Fg is typically asso-
ciated with the combined influence of processing-specific thermal history and shear forces [19], which
differ substantially between filament extrusion and FFF processes. During filament extrusion, the com-
posites are processed at a significantly lower temperature (~170 °C-180 °C) than during FFF (260 °C).
Similar lower-temperature melt processing was previously reported to increase Fg compared to a higher-
temperature regime (>200 °C) [13, 48]. However, we emphasize that the combined temperature-shear
effect on PVDF crystallization is complex since some studies show that even ~10 °C-20 °C change in
melt processing temperature can appreciably modify Fg depending on shear rate [19]. In contrast, no
increase in Fg is observed for the conductive composite filaments or prints. Overall, this suggests an
intricate interrelationship between filler type, its content and melt processing conditions in modulating
electroactive phase formation in PVDFE. In addition, electrical poling was found to slightly increase Fg
from ~45% to ~57%, which was also observed in our earlier study [48] and is commonly attributed to
partial phase transformation and dipole realignment [7, 67].

Finally, we note that XRD analysis was performed in our previous study on the lower-filled PVDEF-
HFP/BTO composites and confirmed the presence of ferroelectric tetragonal structure within Inframat
BTO [48]. Thus, as the BTO particles are polarizable, the applied poling regime was found to affect the
electrical properties of the piezocomposite (section 3.4).

9
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Fi-xxx: single/double/triple-extruded filaments
of PVDF-HFP with 80wt% BTO or 8wt% GNP.

Pi-xxx: Prints of the respective filaments.

P2-BTO80-p: electrically poled sample.
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Figure 8. Estimated electroactive 3-phase fraction in single-, double- and triple-extruded 20/80 wt% PVDEF-HFP/BTO filaments
(Fi-BTO80) and prints (Pi-BTO80) including poled one (P2-BTO80-p), 92/8 wt% PVDF-HFP/GNP filaments (Fi-GNP8) and
prints (Pi-GNP8), including Kynar 2501-20 powder (PVDF-HEP).

3.3. Mechanical properties

The re-extrusion process modifies the distribution of fillers and micro-defects in the composites

(section 3.1). Moreover, despite superior thermal stability of PVDF [48], repeated remelting during fil-
ament fabrication and printing may cause slight structural degradation of the polymer matrix. Therefore,
it is necessary to determine how the applied melt-based workflow affects mechanical properties of neat
(Pi-BTO80) and electroded (P-ES) piezocomposites.

Under quasi-static tension the piezocomposites exhibit predominantly brittle behavior without plas-
tic yielding before rupture, which occurs along a clean and nearly planar fracture path (figure 9(a)).

This material behavior is expected because plastic deformation in highly filled composites is heavily
suppressed [68], including PVDF-HFP composites with hard fillers [69-71]. The brittle failure mode of
the piezocomposite is demonstrated by the fracture surface microtexture (figure 10), which lacks plas-

tic deformation features (e.g. elongated fibrils due to stretching of highly ductile PVDF-HFP [48, 69]).
Instead, surface morphology appears relatively similar at different strain rates (microtexture tends to

be more uniform at 1000 mm min~'). The surface presents irregular, rough and cleavage-like stepped
microtexture with lamellar-type formations in the piezocomposite, where the closely packed BTO parti-
cles are clearly visible (figures 10(a) and (b)). Similar morphology was also observed in other ceramic-
rich composites [68], including PVDF-HFP with 60 wt% BTO [48]. Meanwhile, the fracture behav-
ior of the conductive PVDF-HFP/GNP composite exhibits more pronounced strain rate dependence
(figures 10(c) and (d)). The highly textured and deeply ridged surface morphology at 10 mm min~
indicates a transitional semi-ductile failure mode, which is characterized by moderate plastic flow and
the absence of the fibrillation typical of highly ductile fracture [48, 69]. In contrast, at 1000 mm min~!,
the conductive composite undergoes mostly brittle fracture. It produces uniformly rough and step-like
surface microtexture without plastic deformation features (it is similar to piezocomposite microtexture at
lower SEM magnification in figure 10(d)).

The stiffness of the piezocomposite is higher by nearly an order of magnitude compared to neat
PVDEF-HFP (tensile modulus of ~3.2-3.3 GPa vs 0.35 GPa [72]). Nevertheless, we note that the highly
ductile Kynar Superflex® matrix imparts acceptable flexibility to the composites (figure 2(a), figure 9(a)).
When loaded at 10-1000 mm min~', the fracture strains of P3-BTO80 and P-ES samples reach ~1.6—
3.8%, which aligns with reported values for other PVDF-HFP composites with similar filler content
(250 wt%) [70, 71]. It indicates that during tensile testing the PVDF-HFP was not loaded until its yield
point (~18% for Kynar Superflex® [72]). This order-of-magnitude reduction in fracture strain (vs >50%
for PVDF-HFP [72]) is consistent with reports for other highly filled particulate composites [68].

The inferior mechanical properties of P1-BTO80 samples show that the first extrusion produces
under-homogenized composite (figures 9(b) and (c)). In contrast, P2-BTO80 demonstrates improved
mechanical properties, which indicates that the second extrusion step noticeably enhances BTO dis-
persion homogeneity. The third extrusion appears to provide a moderate additional homogenizing

1
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Figure 9. (a) Tensile stress—strain curves and (b)—(c) mechanical properties (at different loading speeds) of 20/80 wt% PVDE-
HFP/BTO piezocomposites Pi-BTO80 (3D-printed with single-, double- and triple-extruded filaments), and piezocomposites
P-ES electroded with 92/8 wt% PVDF-HFP/GNP sheets (3D-printed with triple-extruded filaments).
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Figure 10. SEM fractographs of 3D-printed tensile thin strips of triple-extruded piezocomposites loaded at different speeds: (a)—
(b) unelectroded samples, (c)—(d) samples electroded with 92/8 wt% PVDE-HFP/GNP sheets.

(d)

effect since properties of P2-BTO80 and P3-BTO80 are comparable. The re-extruded samples also
exhibit strain-rate strengthening effect that is characteristic to high-quality composites [73] (the effect

is insignificant for the under-homogenized P1-BTO80). The strength of P2-BTO80 and P3-BTO80 sam-
ples is increased by ~50% from ~20 MPa at 10 mm min~! to ~30 MPa at 1000 mm min~'. Moreover,
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a slight improvement in piezocomposite ductility is observed after each extrusion cycle (figure 9(c)),
including the strain-rate softening effect (P3-BTO80 fracture strain increases from 1.63 to 3.18% at
10 and 1000 mm min~!, respectively). The electroded P—ES samples also exhibit strain rate depen-
dence with improving strength and ductility (strength increases by ~31% up to ~37 MPa in the 10—
1000 mm min~! range).

Overall, micro-CT and tensile test results demonstrate that the double- and triple-extrusion workflow
produces effectively homogenized electroactive filaments, which enable printing well-fused composite
samples. Favorable mechanical properties without noticeable BTO pullout (figures 10(b) and (c)) suggest
that the interfacial debonding is not significant and the filler-matrix adhesion is sufficient to prevent
BTO separation from the matrix. This is a noteworthy outcome because BTO-PVDF surface compatibil-
ity is generally considered to be relatively low [74]. The poor interfacial affinity arises from the substan-
tial mismatch between the low surface energy of hydrophobic PVDF and the very high surface energy of
hydrophilic BTO (assuming the untreated ceramic surface is hydroxylated [57]). We note that interfacial
debonding was also not observed in another study on composites containing well-dispersed untreated
BTO particles [52]. This supports the conclusion that the re-extrusion/granulation workflow is an effec-
tive filler homogenization process. The well-dispersed BTO state appears to partially compensate for the
intrinsically poor interfacial affinity. Moreover, several reports [52, 75] suggest that optimization of filler
dispersion may be a more critical determinant of composite performance than chemical filler—matrix
compatibilization. Filler surface functionalization with coupling agents is widely applied [74] to enhance
filler dispersibility and interfacial bonding [57]. However, there is a risk that these benefits may be offset
by losses in the electrical properties of ferroelectric composites [52].

Even though the improvement in mechanical properties after the third extrusion cycle was lim-
ited, achieving the maximum microstructural quality of the printed composites is critical to mini-
mize the defect-dependent likelihood of dielectric breakdown when targeting the highest possible pol-
ing fields and peak piezoelectric performance (section 3.4.3). The third extrusion cycle provides addi-
tional shear mixing that further reduces filler agglomerates (section 3.1) and homogenizes dispersion,
which is a key determinant of composite performance [57]. Furthermore, the better-dispersed filler state
facilitates consistent printing [58] of more uniformly fused layers, likely reducing micro-defects (air
voids) as indicated by the slightly better mechanical properties of the triple-extruded samples (figure 9).
Because micro-defects significantly affect poling efficiency [59], the printed triple-extruded piezocom-
posites were less prone to breakdown under strong poling fields (=>20 kV mm™1!). Preliminary exper-
iments revealed that the maximum achievable fields for double-extruded samples were lower by up to
~0.5 kV mm~!. We consider this moderately improved dielectric strength of the triple-extruded samples
to be crucial for mitigating breakdown risk and reducing the failed sample count during extensive poling
experiments aimed at reaching the upper polarizability threshold to maximize the induced piezoresponse.
Nonetheless, it should be noted that the double-extrusion workflow remains a viable, effective alterna-
tive for similar composites utilizing polymers with thermal reprocessing capabilities inferior to those of
exceptionally resilient PVDE.

3.4. Electrical properties
3.4.1. Dielectric properties
Figure 11 presents the frequency-dependent dielectric properties of the printed and poled single-track
piezocomposites. The dielectric constant ¢’ at 10°> Hz reaches 108 and 103 for the samples poled at
20 and 40 kV mm™!, respectively (table 3). These values are within the upper permittivity range com-
monly reported for highly filled lead-free composites (table 4), and reach the level of the solvent-
processed counterpart (¢/ &~ 107 for 60 vol% untreated Inframat BTO [53]).

The measured ¢’ values are generally consistent with the effective-medium predictions applicable for
biphasic 0-3 composites (equations (2)—(4) for the Jayasundere—Smith, Maxwell-Garnett and Bruggeman
models, respectively [76]):

j—s _ €m(1— Vi) +eeVe[3em/ (s + 2em)] [1+3Vi(er — em) / (€5 4 2em)]

Ceff = (1— V) + Ve(3em) / (ep+2em) [1 + 3V (er — em) / (65 4 26m)] @
M—G _ 3Vi(ef—€m)
Coif = Em |1 (1—Vg) (et —€m) + 3€m (3)
Ef — Ee (1—Vy)(es—em)
f .- ff_ £ 1/3f (4)
eff €m

where V—filler volume fraction, ef, em,—dielectric constants of filler and matrix materials, respectively.
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Figure 11. (a) Dielectric constant and loss tangent as a function of frequency for FFF-printed silver-coated single-track samples
(~15 x 2 x 0.1 mm?) of triple-extruded PVDF-HEP/BTO piezocomposites poled at 60 °C under DC fields of 20 kV mm~!
and 40 kV mm~!. (b) Maximum &’ and ds3 values measured in this study for the poled samples, compared with predictions of
well-known effective medium models [76, 77].

Table 3. Summary of material properties of FFF-printed 20/80 wt% PVDE-HFP/BTO piezocomposite.

Property Values

o (MPa) 20.5 4+ 0.97 (@ 0.003 s~ 1), 24.5 £ 1.75 (@ 0.033 s~ '), 30.5 - 2.37 (@ 0.33 s~ 1)
er (%) 1.63 £ 0.23 (@ 0.003s71),1.93 £ 0.48 (@ 0.033s7!),3.18 = 0.62 (@ 0.33 s~ )
E, (GPa) 324013

e’ (RT, 1 kHz) 108 (poled @ 20 kV mm—!), 103 (poled @ 40 kV mm~!)

tand (RT, 1 kHz) 0.044 (poled @ 20 kV mm—"), 0.073 (poled @ 40 kV mm—!)

e’ (RT, 1 MHz) 78 (poled @ 20 kV mm™!), 70 (poled @ 40 kV mm ")

tand (RT, 1 MHz) 0.174 (poled @ 20 kV mm '), 0.171 (poled @ 40 kV mm™!)

P. (uCcm™?) 2.78 (10 Hz; poled @ 20 kV mm™!), 3.98 (10 Hz; poled @ 40 kV mm ')

Prax (uC cm™2) 3.89 (10 Hz; poled @ 20 kV mm™!), 6.77 (10 Hz; poled @ 40 kV mm~1)

E. (kV mm~1) 18.5 (10 Hz; poled @ 20 kV mm™!), 14.5 (10 Hz; poled @ 40 kV mm—!)

dss (pCN7h) 35.4 4 0.32 (neat piezocomposite), 30.3 = 0.28 (with co-printed electrodes)

Table 4. Comparison of representative highly filled PVDF-based composites (250 vol% lead-free ferroelectric particles).

Material composition Processing e’ ds; (pCN™1) References
PVDF-TrFE/BTO 40/60 vol% Solvent-free (molding) ~92 ~3 (=33 @ 20 vol% BTO) [54]
PVDE-TrFE/BTO 40/60 vol% Solvent-based (casting) ~85 — [52]
PVDEF-TrFE/BTO 40/60 vol% Solvent-based (molding) ~107 ~7-10 [53]
PVDF-HFP/BTO 50/50 vol% Solvent-based (spin coating) 57 — [50]
PVDE-HFP/BTO 45/55 vol% Solvent-based (molding) ~103 — [51]
PVDEF/BTO 25/75 wt% Solvent-based (FFF) ~37 — [49]
PVDE-TrFE/BTO 45/55 vol% Solvent-based (screen printing) ~130 ~7 [78]
PVDF/KNN 20/80 wt% Solvent-based (molding) ~113 ~23 [55
PVDF-HFP/BTO 45/55 vol% Solvent-free (FFF) 108 354 This work

Figure 11(b) shows that the Jayasundere-Smith model predicts slightly larger £’ values compared to
the Maxwell-Garnett and Bruggeman counterparts that match the measured &’ values more closely.

The measured spectra (figure 11) show a typical [79-83] frequency-dependent gradual ¢’ reduction
for the piezocomposites poled at weaker (20 kV mm™!) and stronger (40 kV mm~!) DC fields. We note
that even the 20 kV mm™! field was able to induce appreciable ferroelectric polarization in BTO filler
as demonstrated by relatively high piezoresponses (section 3.4.3). The increase of dielectric constant
and losses in the low-frequency range at ~10'-10? Hz are commonly explained by additional contribu-
tion of space charges [52, 79, 82, 84, 85], i.e. by Maxwell-Wagner—Sillars (MWS) interfacial polarization
effect [86]. It is expected to be substantial due to high BTO content that entails a large interfacial area
at filler—matrix (interphase) boundaries [52, 53, 82]. MWS polarization effect manifests as the relaxation
of space charges trapped at interphase boundaries due to mismatch in conductivity (o¢, o) and per-
mittivity (e, €m) of the phases [86]. A necessary condition for the MWS polarization is a mismatch of
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Maxwell charge-relaxation times 7 = eg¢/0, i.e. Ty # T OF Emlom # €os [87]. In our case, the mis-
match 7.,/7f = (Emog)/(€f0rm) is expected to be significant as it may reach at least one or two orders of
magnitude when considering the RT values of o, & 5 x 1075 S cm™! [72], e, & 12.5 (at 1 kHz Hz)
[88] for PVDF-HFP, and o ~ 107"'-1071° S em™" [89], ef &~ 1200-2000 [90] for BTO.

The &’ values for the stronger-field poling case (40 kV mm™!) are slightly smaller than for
20 kV mm~! within ~103-10° Hz range, where the contribution of interfacial polarization is minimal
[85, 91]. A part of this difference in ¢’ may arise from dimensional variations (e.g. layer thickness).
However, it is also plausible [53] that doubling the poling field E,p, from 20 to 40 kV mm™"' produces a
modest but measurable permittivity-reducing effect on the closely packed BTO particles (figure 10(a)).
In the highly filled piezocomposite, the interparticle distance d; is expected to be smaller relative to
average particle radius r, (di < rp,), which increases the effective electrical field (internal DC bias) Eeg
within the particles according to Eegr = ((1 + rp/di)em/(e¢+(rp/di)em))Eapp [58]. In BTO ceramics stud-
ies, a stronger DC bias is known to reduce the out-of-plane permittivity (along poling direction) [92,
93]. The BTO domain state is stabilized at a stronger bias, which may reduce extrinsic domain-wall con-
tribution to the permittivity [94]. Thus, the slightly lower &’ after 40 kV mm™! poling is consistent with
the increased E.g, which also aligns with the enhanced ferroelectric responses for the stronger-field pol-
ing case (section 3.4.2). Overall, the reduced dielectric constant is advantageous for piezoelectric sensing
performance that scales as d3s/c’ [94], but comes at the expense of higher dielectric losses (table 3).

The measured spectra (figure 11) reveal an increase of dielectric losses in the low-frequency range
at ~10'-10? Hz, minimization at ~10*~10° Hz and subsequent increase towards 10® Hz. Similar
frequency-dependent evolution of loss tangent was observed in other PVDF composites [53, 80, 82,

83, 95]. The measured low-frequency tand peaks are consistent with the MWS relaxation phenomenon
as supported by prior studies on highly filled composites with 30-60 vol% of untreated Inframat BTO
particles [52]. Moreover, it was widely reported that at low frequencies the dielectric constant and losses
were noticeably reduced when surface-treated fillers were used [52, 82]. It suggests that filler—matrix
interfacial effects are dominant and are closely linked to the suppression of low-frequency dielectric
losses compared to the untreated filler case [52]. These findings suggest appreciable contribution of
MWS polarization to tand increase at ~10'—10* Hz. Nevertheless, the collective impact of other polar-
ization and leakage mechanisms cannot be excluded in the densely packed piezocomposite (figure 10(a)),
which is a more complex heterogeneous material in terms of filler—matrix connectivity. Theoretically, an
idealized 0-3 configuration is geometrically possible near ~50 vol% for non-interacting spheres [96].
However, in practice the piezocomposite configuration is nonhomogeneous due to the likely formation
of highly interconnected particle clusters throughout the sample. In such a quasi-percolating filler state
the closely packed particles form (semi) continuous connected filler networks [57, 97, 98]. They facilitate
charge migration by acting as partially conducting pathways due to o > o, and induce leakage cur-
rents at low frequencies f. (DC conduction losses tandcong ~ opc/27fee0e’) [80, 99]. In addition, it is
known that the semi-crystalline PVDF-HFP copolymer itself is a heterogeneous material with crystalline
and amorphous regions that differ in conductivity and permittivity (i.e. local MWS relaxation may be
observed [88]). Finally, it may be noted that dielectric spectral features associated with dipolar relaxation
in a polymer matrix may be distorted by interfacial effects including MWS and electrode polarization
phenomena [91, 100].

The dielectric spectra reveal that in the low-frequency range the tand peak is significantly larger for
the stronger-field poling case compared to the weaker-field case. It is noted that in the ~10'-10% Hz
range, the ¢’ values for both poling cases are similar, and even slightly larger after 40 kV mm™" pol-
ing, which is contrary to the behavior at higher frequencies. The difference in dielectric losses between
the two poling cases progressively decreases at higher frequencies, where tand increases in the ~10%—
10° Hz range until the values converge at ~10°-10° Hz (i.e. molecular/dipolar polarization regime
[79]). Overall, the results indicate a significant contribution of poling-modulated interfacial polariza-
tion at lower frequencies, which is sensitive to poling history through changes in the density of trapped
interfacial charges [53]. It suggests that stronger-field poling at 40 kV mm™! can enhance more signif-
icantly the interfacial charge trapping compared to 20 kV mm™! poling case. As a result, higher space
charge density may increase the low-frequency dielectric constant together with leakage and dielectric
loss [53, 85].

3.4.2. Ferroelectric responses
Polarization and displacement hysteresis loops were measured for the printed silver-coated single-track
piezocomposites to confirm ferroelectric response and examine dependence on poling history (figure 12).
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Figure 12. P-E and D-E hysteresis loops for FFF-printed silver-coated single-track samples (~15 x 2 X 0.1 mm?) of triple-
extruded PVDF-HFP/BTO piezocomposites: (a) poled at 60 °C under DC fields Eex: of 20 kV mm~! and 40 kV mm~! (mea-
sured at 10 Hz), (b) poled at 60 °C under 40 kV mm~! (measured at 10, 30 and 50 Hz).

The measurements reveal leaky P—E loops with non-saturated polarization hysteresis and moderate rema-
nent polarization P, (table 3), which is typical for the piezocomposites [44, 77, 82, 101]. Such loops rep-
resent a combination of lossy dielectric (non-switching) response and ferroelectric switching response
[102]. The latter is primarily governed by the domain switching in BTO particles since electrical field up
to 40 kV mm~! cannot induce appreciable ferroelectric response in PVDF-HFP [48] (very high coercive
field of >70 kV mm~" [103]).

Typically, well-saturated ferroelectric ceramics produce vertical square-like P—E loops when the
switching is complete, although coarse-grained BTO can exhibit slightly tilted (slanted) loops [102].
The leaky P-E loops of the piezocomposite are ellipse-like and highly tilted, which suggests combined
influence of two mechanisms. First, the dielectric loss mechanisms, including MWS polarization and
conductive contributions, introduce a phase lag between the polarization and electric field that mani-
fests as ellipse-like P—E loop that is characteristic of a lossy capacitive response [102]. Due to relatively
large filler—matrix interfacial area and the expected quasi-percolating connectivity at ~55 vol% BTO [97,
104], it is plausible that these losses are influenced by the interfacial charge accumulation and leakage
processes [77, 82] (section 3.4.1). Second, the minimal squareness and lack of polarization saturation are
consistent with incomplete domain switching in BTO particles, which is typical for piezocomposites and
is caused by the local-field screening effect since £, < . The internal field E. acting on BTO parti-
cles is substantially reduced relative to the applied field [58] (Eg ~ (3€m/ef)Eqapp When e, < ¢ based
on Maxwell-Garnett theory [105]). Thus, despite the intrinsically low coercive field of BTO (typically
E. < 1kV mm™! [106]), significant filler—matrix permittivity mismatch strongly limits the achievable
degree of ferroelectric polarization. We note that DC poling history has a noticeable influence on ferro-
electric hysteresis (figure 12(a)). Doubling of poling field strength from 20 to 40 kV mm™"! produces
less tilted P—E loops with more noticeable squareness, approaching towards the shape of the coarse-
grained BTO ceramics [102], and increasing P, and Pp,y by 43% and 74%, respectively (table 3). This
indicates improved BTO domain switching since a stronger DC field promotes formation and retention
of a larger portion of stabilized domains, which can be more effectively realigned during post-poling
AC excitation [94]. The enhanced ferroelectric switching after stronger-field poling is also evident from
the stronger nonlinear electromechanical response observed in the D-E loops for the 40 kV mm™! case
(figure 12(a)).

Frequency increase from 10 to 50 Hz (figure 12(b)) produces slightly more tilted and slimmer P-E
loops, reducing P; and Pp,x by ~36% and ~23%, respectively (table 3). More pronounced loop tilt-
ing with increasing frequency follows the general trend [102] and was earlier observed for other highly
filled piezocomposites [77]. This suggests that the measured polarization includes a substantial ferro-
electric switching component since P, and Py, typically tend to decrease at higher frequencies, where
BTO domains have less time to realign. It is further supported by the smaller displacement amplitudes
at 50 Hz compared to 10 Hz (figure 12(b)), which indicates reduced strain associated with limited fer-
roelectric switching at shorter AC excitation timescales. However, it is likely that interfacial charges
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Figure 13. Longitudinal piezoresponse of the printed sheets (10 X 10 x 0.5 mm?) of triple-extruded PVDF-HFP/BTO compos-
ite as a function of: (a) contact poling duration at different external poling fields applied at 60 °C (copper foil electrodes), (b)
external poling field increased until maximum breakdown-free level using different poling durations (sheets with co-printed and
ironed 92/8 wt% PVDE-HFP/GNP electrodes).

also contribute to the measured polarization in the densely packed piezocomposite (section 3.4.1).
The broader P—E loops of larger area at lower frequencies refer to increased energy dissipation, which
pertains to higher leakage losses [77] and, possibly, the contribution of interfacial polarization [82].

In summary, the measured hysteresis loops confirm a sufficiently strong ferroelectric response, which
is likely enabled by the highly continuous (quasi-percolating) filler connectivity [97, 104]. This in turn
translates into an appreciable macroscopic ds; piezoresponse.

3.4.3. Piezoelectric responses

Figure 13 present d;; measurements for neat and electroded triple-extruded piezocomposites (with co-
printed electrodes), poled in contact mode using DC fields of Eey ~ 8-21 kV mm~! for durations of
fext = 2—2000 s. The conductivity of the triple-extruded filaments with 2, 4 and 8 wt% GNP was deter-
mined as 0.0042 + 0.0005, 0.28 + 0.04 and 1.59 4 0.07 S cm™!, respectively. These values suggest that
the percolation threshold is slightly below 2 wt% GNP, which is consistent with prior composites per-
colating below 3 wt% graphene content [62]. The achieved maximum conductivity of ~1.6 S cm™~! falls
within the upper range reported for solvent-cast and melt-processed graphene composites [62] and rep-
resents a three-fold increase over the solvent-based counterpart [63]. Therefore, the mechanically com-
pliant 92/8 wt% PVDEF-HFP/GNP filament was selected for co-printing of sensor electrodes. Parallel
and perpendicular sheet resistance of the ironed electrodes (~0.12 mm thickness) were 84.4 £+ 7.17 and
94.2 + 6.51 Q)/sq, respectively, enabling effective contact poling.

The piezoelectric characterizations were divided into two stages. Initially, a wider experimental study
was performed on the neat piezocomposites, where a larger set of tx values was tested with fields up
to 20 kV mm~!. The objective was to establish field- and duration-dependent ds; amplification trends
(figure 13(a)), which served as a basis for a more focused parametric study using the piezocomposites
co-printed with the ironed electrodes (figure 13(b)). It is noted that a transient d33 decay was observed
in all the samples during the initial ~1-2 d after poling (figure S4) as discussed in SI. The d3; val-
ues recorded after ~56 h on the polarization-stabilized piezocomposites were used for further analysis
(figure 13).

The piezoresponses are amplified with larger poling field and duration until the maximum ds3 is
achieved after poling for ~1000 s (figure 13(a)). It corresponds to a duration-saturated piezoresponse
state since longer poling for 21000 s has minimal impact on ds3 level. The duration-dependent ds;
amplification rate (slope Ads3/Atey) evolves differently with increasing Eex;. Adss/Atey shows strong
field dependence in the short-duration range of ~2-10 s as poling at higher fields of 16-20 kV mm™!
results in more pronounced ds; amplification compared to 8-12 kV mm™! range. It is noted that short
poling for 10 s at 16-20 kV mm™! can produce appreciable piezoresponses of ~15-17 pC N~!. In the
intermediate regime of ~100-500 s, the ds; strongly depends on the f. and the amplification rate
Ads3/ At equalizes over the entire 8-20 kV mm™! range. In the long-duration regime of ~500-1000 s,
the Adss/Atey shows field dependence that is opposite to the ~2—10 s duration case. Piezocomposite
poling at a relatively weak field of 8 kV mm™! produces significant d3; amplification, while the influence
of 212 kV mm™! fields is moderate. At 20 kV mm™!, the ds; is similar over the ~500-2000 s range,
which indicates that noticeably shorter poling can maximize piezoresponse when sufficiently strong field
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is applied. It implies that this strong-field regime induces duration-saturated polarization in the BTO
particles, which delivers the maximum ds; recorded in this study (35.4 + 0.32 pC N™!). It generally
agrees with predictions of the Jayasundere—Smith model (figure 11(b)) [77]:

_ 3Vies g=s
A5 = 14+ 250 ) et g 5
33 ( 25m+5f o 33,f ( )

We note that the ~35.4 pC N~! piezoresponse is nearly 5-fold higher than we achieved earlier for

the lower-filled piezocomposite with ~31 vol% BTO [48]. It suggests that filler connectivity (quasi-
percolating state) is substantially enhanced within ~30-55 vol% BTO range, which likely leads to signif-
icantly larger field concentration (E.g) in the filler [97, 104]. In addition, the E. level is also increased
due to the thermally assisted poling regime (60 °C). It is more efficient than room-temperature poling
[48] as it reduces filler-matrix conductivity mismatch (i.e. ratio o, /oy shifts closer to one) [107]. It was
reported that PVDF-HFP conductivity oy, increases substantially at elevated temperatures (possibly by
~2-3 orders of magnitude at 60 °C [88]). In contrast, the corresponding increase in BTO conductiv-
ity oy is likely modest (possibly less than an order of magnitude [89]). Consequently, o, approaches o¢
when poling at the elevated temperature, which is expected to increase E.g due to its strong dependence
on the ratio o,/o¢ [107]. It is considered that poling efficiency is predominantly governed by this ratio
when f is larger than the characteristic interfacial relaxation time (estimated to be in the sub-second
range according to Tyw = (Emeo + €f€0)/(0m + o%) [87]).

Next, a smaller set of f.y values was selected to evaluate the field-dependent ds3 amplification for
the electroded piezocomposite (i.e. basic piezoelectric sensor). The objective was to produce the largest
possible ds; when poling with the maximum achievable breakdown-free field (figure 13(b)). First, we
note that the ultra-short poling for several seconds can produce a practically usable piezoresponse of
~10 pC N™! at 21.2 kV mm ™. This is the highest E.y level that the printed sheets could sustain during
poling experiments. In comparison, the single-track samples exhibit even better breakdown strength (up
to ~40 kV mm™1) as there are no fusion zones with intra- and inter-laminar defects that highly elevate
the likelihood of breakdown. In the case of short-duration poling for ~10-50 s, the adequate piezore-
sponses of >5-10 pC N~! are generated by using at least ~12-16 kV mm™! (i.e. poling fields that are
more than an order of magnitude larger than E. < 1 kV mm™! of BTO [106]). The sub-minute pol-
ing for 50 s using strong fields of >20.4 kV mm~! produces markedly higher piezoresponses of ~24—
25 pC N~ L. Meanwhile, the 20-fold increase of tex from 50 to 1000 s has only a modest amplification
effect since the maximum ds; peaks at ~30.3 pC N™!. The breakdown threshold drops slightly with pro-
longed poling as the maximum achievable field decreases from ~21 to ~20 kV mm~! when comparing
the short- and long-duration poling regimes (figure 13(b)).

Opverall, we note that the piezoresponse attenuation is moderate when the manually bonded copper
foil electrodes are replaced with the printed GNP-doped composite electrodes (~35.4 — ~30.3 pC/N).
These ds3 values are higher than those reported for highly filled lead-free analogues including the
solvent-processed non-printed (molded, cast) PVDE-based composites (table 4). Meanwhile, FFF-printed
PVDF homopolymer typically produces <10 pC/N (table 5), and higher ds; up to 18 pC/N was reported
for the costlier PVDF-TrFE [108]. The ds; of FFF-printed lead-free 0-3 piezocomposites hardly exceeds
~20 pC/N (table 5), while values up to 28 pC/N were reported for the solvent-processed composite [31].
Unfortunately, many studies on FFF-printed piezocomposites with ferroelectric fillers do not include ds3
measurements (table S1), while the ferroelectric characterizations are even less common. Furthermore,
the reported piezoresponse studies are frequently limited to small (Eex, fext) ranges, which in turn
impedes more rigorous cross-study benchmarking of the piezoelectric performance under diverse pol-
ing regimes.

In addition, the sensor-level electromechanical performance was characterized under flexural resonant
excitation of the host cantilever, which was bonded with two piezocomposite sensor samples printed
using identical FFF settings and poled at 20 kV mm™! (figures 14(a) and S2). The sensors under bend-
ing demonstrate excellent d3;-mode voltage output linearity (R*> > 0.995) and repeatability, with maxi-
mum coefficient of variation below 4.5% and 2.1% for samples A and B, respectively (figure 14(b)). The
voltage sensitivity was derived from the slope of the linear regression line fitting the average V,ms values
across the 0.25-3.5 g excitation range. Samples A and B exhibit comparable sensitivities of 21.68 and
20.17 mV g~ !, respectively, indicating high reproducibility of the implemented multi-material FFF
workflow.
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Table 5. Comparison of representative FFF-printed PVDF-based piezopolymers and 0-3 lead-free piezocomposites.

Material composition Processing Printed electrodes 4 ds3 (pC/N) References
PVDF Solvent-free No — 0.05 [11]

PVDF Solvent-free No — 1.85 [14]

PVDF Solvent-free No — 5 [16]

PVDF Solvent-free No — 7.29 [17]
PVDEF-TrFE Solvent-free No — 9.97 [18]
PVDF-TrFE Solvent-free No — 18 [108]
PVDF Solvent-free Yes — 0.72 [22]
PVDEF/BTO 60/40 wt% Solvent-based No ~19 28 [31]
PVDF/KNN 65/35 vol% Solvent-based No — 12.1 [36]
PVDEF/BTO 85/15 wt% Solvent-based No — 0.1 [28]
PVDF/KNN Solvent-based No — 4.2 [30]
PVDE-HFP/KNN 65/35 vol% Solvent-based Yes ~69.1 16.1 [24]
PVDF/BTO 80/20 wt% Solvent-free No — 20 [42]
PVDEF/BTO 70/30 wt% Solvent-free No ~15 4.2 [44]
PVDEF-HFP/BTO 45/55 vol% Solvent-free No 108 354 This work
PVDF-HFP/BTO 45/55 vol% Solvent-free Yes — 30.3 This work
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Figure 14. Bending-mode sensing performance of the 3D-printed piezocomposite sensors (40 X 13.5 X 0.72 mm?) on a host
cantilever under flexural resonant excitation (33 Hz): (a) representative voltage signals recorded via transimpedance amplifier

(1 mV nA™") at different accelerations, (b) average RMS output (n = 3) vs. acceleration for two sensor samples mounted side by
side on the cantilever (error bars are omitted as they are smaller than the data markers).

4, Conclusions

Electroactive filaments of well-mixed highly filled 20/80 wt% PVDE-HFP/BTO piezocomposite and
conductive composite with 2, 4 and 8 wt% GNPs were fabricated through a scalable and sustainable
solvent-free re-extrusion/granulation process. The double- and triple-extrusion process eliminated air
voids in the ceramic-rich piezocomposite and provided increasingly homogeneous filler dispersion in the
graphene-doped composite. A fine-tuned FFF workflow delivered uniform deposition of relatively viscous
melts to enable clogging-free printing of well-fused composite layers to form piezoelectric sensors. The
printed re-extruded composites demonstrated favorable mechanical and electrical characteristics. Strain-
rate strengthening of up to ~50% was observed when the loading speed increased by two orders of mag-
nitude. Comparable mechanical properties of the printed double- and triple-extruded samples indicate
that double extrusion could be sufficient for successful fabrication of well-performing composites utiliz-
ing less resilient polymers that might not sustain multiple re-extrusions without thermal degradation.
The filament with 8 wt% GNP achieved satisfactory flexibility and conductivity of ~1.6 S cm™!
sufficient for effective poling with co-printed electrodes (sheet resistance <100 €2/sq). The printed re-
extruded piezocomposite provided sufficient breakdown strength to withstand thermal poling up to 20—
40 kV mm~! at 60 °C, producing relatively strong ferroelectric and piezoelectric responses. This indi-
cates effective ferroelectric polarization of closely packed BTO particles, which is possibly facilitated by
quasi-percolating connectivity that is likely at ~55 vol% ceramic content. Due to numerous interphase
boundaries, the observed lossy ferroelectric responses, partial post-poling depolarization and increased
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low-frequency dielectric properties may be attributed to poling-modulated interfacial charge contribu-
tions. The measured maximum values of ds; (~35.4 pC N™!) and dielectric constant (up to ~108 at

1 kHz) are consistent with effective-medium predictions. The achieved maximum d33 represents a per-
formance level not commonly observed in FFF-printed piezoelectric materials and exceeds ds3 of highly
filled lead-free PVDF composites produced via solvent-assisted non-additive processes. The 3D-printed
sensors mounted on a vibrating host cantilever demonstrated practically usable ds;-mode sensitivity with
high linearity and repeatability. Moreover, the sensors generated ~24-25 pC N™! after sub-minute pol-
ing at ~20 kV mm™!, suggesting that the composites may be suitable for rapid printer-integrated pol-
ing to enable monolithic embedding of piezoelectric components into co-printed structures. Overall, the
cost-efficient solvent-free fabrication workflow presented here serves as a readily accessible route for pur-
suing on-demand MEX AM of customized sensing and energy-harvesting devices.
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