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Abstract

Similarly to the developments in green electronics, the emerging field of additive
piezo-electronics increasingly focuses on more sustainable electroactive materials and cleaner
production workflows. However, solution processing with hazardous solvents remains common,
even for hybrid organic-inorganic piezoelectric materials (piezocomposites) made from
eco-friendly biopolyesters polyhydroxyalkanoates, including ductile copolymer
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)(PHBHHX). Therefore, we investigated the
solvent-free extrusion-based manufacturing and fused filament fabrication (FFF) of lead-free
piezoceramic-rich PHBHHx composite with 80 wt% of barium titanate (BTO).
Physicochemical characterization of filaments and prints revealed favorable melt reprocessing
capability of PHBHHX as both neat and BTO-rich biopolymers retained chemical structure and
thermal stability after three remelting cycles (single or double extrusion at 130 °C-140 °C and
FFF at 170 °C). The re-extrusion and FFF processes were calibrated to ensure consistent
printability of well-homogenized and well-fused piezocomposite (0-3 connectivity). The tensile
loading of neat and BTO-rich PHBHHXx structures at increasing speeds revealed complex
material behavior of strain-rate-dependent strengthening, weakening, hardening and softening.
Despite the high BTO fraction, the composite maintained acceptable flexibility, although the
tensile strength decreased due to weaker filler-matrix interfacial bonding. The piezoelectric
response and stabilization (d33 decay due to initial ferroelectric depolarization) were analyzed
over a wide range of poling fields and durations. The 3D-printed piezocomposite demonstrated
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excellent high-field poling capability up to ~22 kV mm~!. It provided a comparatively high
maximum piezoresponse of ~11 pC/N, matching the predictions of the Jayasundere—Smith
model for two-phase particulate composites. The presented sustainable and scalable melt-based
workflow is accessible to the 3D printing community, supporting democratization and further
advances in the material extrusion additive manufacturing of piezoelectric sensors, energy
harvesters/nanogenerators and other devices. The experimental findings are useful for the
development of environmentally safe melt processing routes to produce highly filled

PHBHHZx-based composites.

Supplementary material for this article is available online

Keywords: biodegradable bioplastic, compostable PHBH, P(3HB-co-3HHx),
polymer-ceramic composite, nanocomposite, FDM, electromechanical response

1. Introduction

In pursuit of reducing e-waste and developing environment-
ally safe smart systems, green electronics has become a rap-
idly growing research field, covering diverse 2D or 3D print-
ing technologies [1, 2]. It also includes additive manufactur-
ing (AM) of piezoelectric sensors, nanogenerators and other
devices (piezo-devices) for industrial, environmental, and bio-
medical uses [3, 4]. Further progress in printed greener elec-
troactive materials (e.g. lead-free and halogen-free) is essen-
tial for advancing more sustainable piezo-electronics. In par-
ticular, 3D-printable biopolymeric piezocomposites provide a
versatile and eco-friendly material platform for tuning elec-
tromechanical properties to optimize piezo-devices for spe-
cific application requirements [5, 6].

The biosynthesized polyhydroxyalkanoates (PHAs)
emerged as promising biopolymers for the AM of eco-
friendly multifunctional products [7]. Natural biodegrad-
ability of PHAs (in soil, water, home compost) [8] makes
them a superior alternative to conventional biodegradable
polyesters, which are typically fossil-based or only partially
bio-based (e.g. PCL, PBAT, PBS), or are fully bio-based but
limited to industrial composting (e.g. PLA). The short-chain
length grades (scl-PHAs) have been widely studied, particu-
larly the brittle poly(3-hydroxybutyrate) (P3HB/PHB) and the
less rigid copolymers with 3-hydroxyvalerate 3HV (PHBV).
However, their narrow thermal processing window complic-
ates melt-based manufacturing such as material extrusion
(MEX) AM using fused filament fabrication (FFF). Therefore,
more ductile medium-chain length grades (mcl-PHAs) [9]
are actively developed worldwide. Mechanical performance
of (piezo)composites with hard fillers may largely benefit
from the elastomer-like properties of mcl-PHA matrix [10],
including PHB copolymer with 3-hydroxyhexanoate 3HHx
(PHBHHX) that may exhibit elongations of tens or even hun-
dreds of percent [8]. It offers an improved melt processability
as the effective temperature window increases with higher
3HHx content [9]. Earlier research on melt-processed (e.g.
extruded) PHBHHx-based materials was mostly limited to
Kaneka grades [11-14], though grades from other producers

were tested recently (e.g. Ercros [15, 16], Panara [17] and
Bluepha [18]).

Diverse ceramic and carbonaceous fillers are added to
modify the material properties and impart PHA composites
with useful functions such as antibacterial, thermal and elec-
trical ones [19], including the piezoelectric effect. We note that
filler content in the PHA piezocomposites is typically less than
50 wt% (table S1). It mitigates brittleness when using rigid scl-
PHAs, but reduces the maximum achievable piezoresponse,
which strongly depends on the active filler fraction [20]. Prior
studies on piezoelectric PHA-based materials are not abund-
ant (table S1). Neat PHAs are organic piezoelectric materials
[21] that exhibit weak shear piezoresponse (~1-2 pC/N for
stretched scl-PHA films [22] and <1 pC/N for molded mcl-
PHA films [23]). Longitudinal and transverse piezoresponses
were detected in the fibrous electrospun PHB (d3; ~ 2.1-
5.0 pC/N) [24-28], d3; ~ 4.1 pC/N [24]). Ferroelectric and
pyroelectric behavior was observed in PHAs as well [29].
The piezocomposites were fabricated using mostly scl-PHAs
paired with piezoceramics, including ferroelectric lead-based
[30] or lead-free compositions (e.g. BTO [31-35], KNN [36]),
and non-ferroelectric fillers (e.g. ZnO [25], hydroxyapatite
[37]). There is a severe lack of research on using more ductile
mcl-PHASs in piezocomposites (possibly a single study to date
[33]). BTO is a very common choice due to its moderate cost,
wide availability and applicability. Due to potential biocom-
patibility the BTO [38] and PHAs [21] are considered as can-
didate materials for implanted devices. In some studies con-
ductive modifiers were added to enhance piezoresponse (e.g.
carbonaceous nanomaterials [39—41] or conducting polymers
[42]). The piezoresponse was typically evaluated by measur-
ing d33 using a quasi-static meter (table S1), though ds; was
not always reported [34, 36, 43]. Piezoresponse optimization
via tuning of poling conditions is very important for devel-
oping functional devices. However, earlier studies were often
limited in scope by testing either a single poling field [33-35]
or duration [33-36].

PHA-based piezoelectric materials were mostly fabricated
using solvent-based methods (table S1). Many studies adopted
electrospinning of neat scl-PHAs [27, 28], blends with other
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polymers [26, 42], and composites with piezoceramics [25, 32,
37] or carbonaceous nanomaterials [39-41]. Solution casting
[22, 34, 36], DIW-printing [43] and particulate leaching [35]
were also applied. Despite the known health and environ-
mental risks [44], most reported workflows relied on hazard-
ous solvents [45], predominantly chloroform that was used
widely in electrospinning (table S1). PHAs were also pro-
cessed with other hazardous solvents, including DCM [34],
HFIP [36] and even substances of very high concern such as
highly toxic polar aprotic solvents [46] (e.g. DMF [35, 42]).
Such solvent-based approaches are environmentally unsound
and represent a contradiction in sustainability because toxic
solvents are employed in the manufacturing of composites
meant to be sustainable due to the use of eco-friendly PHAs.
Moreover, solution processing poses limitations in the design
freedom of PHA products and presents obstacles for industrial
production. Solution casting, which consumes large amounts
of solvents, may complicate the production of geometric-
ally intricate monolithic piezo-devices composed of integrated
piezoelectric, conductive and insulating layers. Meanwhile,
conventional electrospinning mainly produces fibrous struc-
tures of relatively simple shapes and, in contrast to AM, may
be less suited for the single-process manufacturing of mono-
lithic multilayer piezo-devices of intricate shapes [4].

The solvent-free fabrication was rarely used for PHA-
based piezoelectric materials (table S1) and was performed by
molding [23, 30] or extrusion [31]. Filler homogenization in
the PHA piezocomposites was accomplished using dry mixing
[30] or specialized melt compounders (e.g. Brabender mixer
[31]). Filler dispersion uniformity is essential for consistent
composite properties as poorly dispersed filler particles may
create micropores and agglomerations. In piezocomposites,
such defects lead to reduced toughness and inferior polariz-
ation of a ferroelectric filler (weaker piezoresponse is induced
because structural inhomogeneities cause uneven electrical
field distribution during poling [20]).

We emphasize that studies on FFF of PHA piezocompos-
ites are extremely scarce, with only a single report to our
knowledge (PHB was 3D printed with low BTO content of
20 wt% [31]). This lack of studies aligns with the broader
research landscape since the 3D printing of fully bio-based
multifunctional PHA products without petrochemical polymer
blends is still in its early stages [47]. Research on 3D printed
PHAs (particularly PHBHHX) is limited compared to compet-
ing biopolyesters such as PLA [48]. Nevertheless, FFF of vari-
ous (non-piezoelectric) PHBHHx-based materials has recently
started to gain momentum, demonstrating wider adoption of
solvent-free processes [15, 49-52] or hybrid melt/solvent-
based workflows to minimize solvent use for easier industrial
upscaling [53].

In this study, we address major limitations of less sus-
tainable manufacturing and suboptimal piezoelectric perform-
ance of the reported PHA piezocomposites, which were mostly
produced by non-AM methods with hazardous solvents and
(semi)brittle scl-PHAs at low ceramic content, resulting in
limited piezoresponse. Furthermore, the effects of rapid high-
field poling and the initial post-poling d33 decay have not been

investigated, even though efficient poling and stable piezore-
sponse are crucial for practical devices. The study contrib-
utes to the field of additive piezo-electronics by pursuing a
cleaner production route and tackling the underexplored chal-
lenges of scalable solvent-free manufacturing, FFF-printing,
high-field poling, and d33 enhancement of highly filled PHA
piezocomposites. We demonstrate an economical melt-based
workflow to produce well-homogenized and sufficiently flex-
ible ceramic-rich PHBHHXx piezocomposite with the max-
imum printable BTO content of 80 wt%, enabling consist-
ent high-field poling and maximized d33. The approach fol-
lows safe-and-sustainable-by-design principles, avoiding haz-
ardous solvents and additives to ensure environmental safety.
Single- and double-extruded filaments of neat and BTO-rich
PHBHHXx were printed and tested to evaluate the influence of
re-extrusion on the thermal, morphological, and mechanical
properties. A detailed piezoelectric analysis was performed
to determine how ds3 and its stabilization are affected by the
wide-ranging poling fields and durations. The results provide
valuable insights for effective melt-based manufacturing of
PHBHHx-based (piezo)composites with densely packed hard
fillers.

2. Extrusion and 3D printing of PHBHHx-based
filaments

2.1. Materials

The fully biobased, water/soil-degradable and home-
compostable semi-crystalline PHBHHx Bluepha® BP350-15
powder (Bluepha Co., Ltd (China)) has 10 mol% HHx, melting
point of 133 °C, glass transition temperature of —2 °C, density
of 1.19 g cm—3 and MFI of 10-15 g 10 min~! (165 °C, 5 kg)
[18]. Submicron-sized BTO particles (Inframat Advanced
Materials LLC (USA)) have a density of 5.85 g cm 3 with a
nominal average particle diameter of 0.5 pm.

2.2. Extrusion of neat and BTO-rich PHBHHXx filaments

The PHBHHx powder was dried in oven Memmert UFB 400 at
65 °C for 6 h to eliminate residual moisture. The dried powder
was extruded into PHBHHXx filament batch (single-extruded
filament F1 in table 1). Some of the filament was pellet-
ized and re-extruded to produce the double-extruded filament
F2 (figure 1(b)). Piezocomposite filaments of PHBHHx/BTO
were manufactured through a dry processing route using
double-extrusion workflow to achieve more uniform filler dis-
persion (figure 1(a)). The workflow started with the prepara-
tion of the composite premix by tumble blending powders of
PHBHHx and BTO (20/80 wt%). The premix was extruded
into an intermediate filament (F1-BTO80), part of which was
pelletized and re-extruded into the final filament (F2-BTO80).
The filaments were printed to produce single- and double-
extruded prints (P1-BTO80 and P2-BTOS80, respectively in
table 1). The extrusion was performed using a conventional
single-screw extruder Noztek Touch equipped with two heat-
ing zones and a ©1.75 mm nozzle. An acceptable dimensional
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Table 1. Labeling of extruded and printed samples.

Label Description

Fi PHBHHX filaments extruded i = 1 — 2 times (i.e. single- and double-extruded samples).
Fi-BTO80 20/80 wt% PHBHHx/BTO piezocomposite filaments extruded i = 1 — 2 times.

Pi PHBHHXx samples printed with single- or double-extruded filaments.

Pi-BTO80 20/80 wt% PHBHHx/BTO printed with single- or double-extruded filaments.
Pi-BTO80-P Printed and poled 20/80 wt% PHBHHx/BTO piezocomposite samples.
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<> Dry composite mix
3K In-process filament
{ Pelletized batch

PHBHHx & BTO
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H Final
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Figure 1. (a) Double-extrusion workflow for solvent-free fabrication of 20/80 wt% PHBHHx/BTO filaments. (b) Extruded filaments and 3D
prints of PHBHHx-based materials. (c) Quality of the piezocomposite printed at different temperatures.

accuracy of the filaments (©1.75 &£ 0.05 mm) was achieved by
installing the extruder at 45° for the filament to be freely ten-
sioned by gravity. A simple in-house pelletizer was built to cut
the filaments into small pellets.

When applying re-extrusion for piezocomposite manufac-
turing, it was important to mitigate the risk of PHBHHx
decomposition (its thermal stability is comparable to PLA
[12]). Therefore, multiple extrusion trials were performed
using different barrel and nozzle temperatures arranged in
either the forward or reverse heating profiles. The objective
was to produce filaments of consistent quality while attempt-
ing to reduce the extrusion temperatures and minimize the risk
of thermal degradation. It was determined that a forward heat-
ing profile in the vicinity of PHBHHX melting point delivered
effective extrusion of neat and BTO-rich filaments (barrel and
nozzle zones were set to 130 °C and 140 °C, respectively). A
slightly higher temperature in the nozzle zone was required to
ensure a stable melt flow rate and maintain a proper thermal
balance at the nozzle (forced air cooling was not applied). The
forward heating profile close to the melting point was also pre-
ferred in other studies [11, 54]. The extruder motor was run at
arelatively low speed of 18 RPM, which ensured stable extru-
sion of high-quality filaments of consistent diameter. It also
provided a more uniform BTO dispersion within the PHBHHx
matrix, which provided a better surface finish for the piezo-
composite filament.

2.3. FFF of test samples

The experimental samples (figure 1(b)) were printed with the
single- and double-extruded filaments in FFF machine Prusa
i3 MK3S+ using PrusaSlicer 3.14.1. We note that PHBHHx
in the double-extruded prints P2 and P2-BTOS80 (table 1) was
remelted three times in total.

The piezocomposite filament exerts an abrasive effect on
the nozzle as nearly half of its volume is composed of
hard particles (~45 vol% BTO). Therefore, the printer was
equipped with a wear-resistant vanadium-alloyed steel nozzle
(©0.8 mm). This facilitated printing by reducing nozzle clog-
ging, maintaining a stable nozzle temperature, and enabling
consistent deposition of the highly filled piezocomposite melt.
Table 2 lists the most effective FFF settings established
through iterative printing trials. They allowed the fabrication
of well-fused samples with consistent mechanical properties
and high breakdown strength (>22 kV mm~') for super-
ior poling stability needed to maximize the piezoresponses
(sections 3.2 and 3.3).

A high ceramic content in the filament reduces the flow-
ability and can result in a non-homogeneous melt with local
BTO agglomerations, which may hinder or even block the

flow in the nozzle. Intermittent melt flow, subpar interlayer
fusion and visible print surface defects were observed dur-

ing piezocomposite printing trials at lower temperatures of
150 °C-160 °C (i.e. ~20 °C-30 °C above the specified
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Table 2. Summary of 3D printing settings.

Parameters Description

0.8 mm (vanadium steel)
170 °C/70 °C

Nozzle diameter (material)
Nozzle/print bed temperature
Print bed surface (adhesive coat) Smooth PEI (Dimafix®)
Printing speed (fan operation) 10 mm s~! (fan off)
Extrusion multiplier 1.2

Extrusion width, layer height 0.9 mm, 0.15 mm

Infill pattern (density, rastering) Rectilinear (100%, +45°)
FFF duration: tensile, poling sample  ~14 min, ~5 min

melting temperature of Bluepha® BP350-15)(figure 1(c)).
Therefore, to reduce piezocomposite melt viscosity, the print-
ing temperature was increased to 170 °C. This prevented
intermittent flow and mitigated nozzle clogging risks, which
enabled continuous and uniform melt deposition, resulting in
dimensionally stable prints with the well-fused layers. FFF tri-
als revealed that neat PHBHHXx filaments could be successfully
printed at a lower temperature of ~150 °C. However, a single
printing temperature of 170 °C was used for all samples to
allow for a meaningful comparison between the material prop-
erties of the neat and BTO-rich PHBHHX (i.e. fabricated under
identical extrusion and printing conditions). To ensure better
adhesion of the first print layer and prevent warping, Dimafix®
adhesive spray was applied to the print bed (heated to 70 °C).
All samples were printed flat at 10 mm s~ using 100% recti-
linear infill. An extrusion multiplier of 1.2 was applied to pre-
vent under-extrusion and formation of interlayer voids with
surface irregularities. The samples were composed of three
layers (nominal thickness of 0.15 mm) with a total measured
thickness of ~0.55 mm due to higher extrusion multiplier.
Compared to PLA, the printing of PHA requires more care-
ful control of FFF conditions because of the more complex
semi-crystalline structure [19]. This can easily cause non-
uniform shrinkage, warping and poor bed adhesion, particu-
larly in open-chamber 3D printers with a less stable thermal
environment. We observed that the PHBHHx samples were
prone to warping when the cooling process was excessively
rapid (e.g. if the print bed was unheated or if the solidifica-
tion was accelerated by the airflow from the printer fan). FFF
experiments demonstrated that a heated bed with a deactivated
fan provided strong first-layer adhesion and effectively con-
trolled the crystallization behavior, which enabled the uninter-
rupted printing of warp-free samples. Moreover, PHAs exhibit
a relatively slow crystallization rate [8, 9, 19], which com-
plicates the FFF workflow. Both neat and BTO-rich PHBHHx
samples exhibited lower strength and higher flexibility if
removed from the bed immediately after printing, implying
incomplete crystallization process. Therefore, to ensure com-
plete solidification of PHBHHXx and maintain dimensional sta-
bility, the samples were left on the print bed to cool to room
temperature. A 20 min period of slow unforced cooling was
sufficient to allow for more uniform crystallization of the

deposited layers, which improved interlayer fusion and res-
ulted in stronger prints.

2.4. Tensile testing

Quasistatic tensile tests were conducted with UTM Tinius
Olsen H25KT (figure 2(a)) by using printed thin strips
(figure 1(b)) of 150 x 10 x 0.55 mm? (Type 2 samples in ISO
527-3). They were clamped in wedge-action grips (100 mm
distance) and tested at 10, 100, and 1000 mm min~—! (i.e. low
strain rate regime [55] of 0.0017, 0.017 and 0.17 s~ respect-
ively). Five samples were printed to assess the average tensile
strength and modulus along with the yield and fracture strains.
A video extensometer Tinius Olsen VEM300 was used to
measure the strains by recording the displacement between
two sets of gauge marks over a 50 mm gauge length. Tensile
strength was calculated as the ratio of the maximum force
recorded at the first peak to the initial cross-sectional area. The
tensile modulus was evaluated as the slope of the secant line
between the strains of £; = 0.0005 and £, = 0.0025, using
the ratio (o, — 01)/(e; — €1), where o and o, represent the
corresponding stress values.

2.5. Electrical poling and piezoresponse measurements

The printed piezocomposite sheets (10 x 10 x 0.55 mm?)
were covered with 50 pm copper foil for poling in silicone oil
at 60 °C (the temperature was found to be efficient for maxim-
izing d33 [56]). High-voltage amplifier Spellman SL600 was
used to apply DC fields of ~3.6-22.5kV mm~! over 2-2000 s
(figure 2(b)). The d33 was measured using a Berlincourt-type
meter PolyK PKD3-2000-F10N with a force-sensing unit. The
samples were preloaded with 4 N and then compressed with
0.25 N at 110 Hz (three samples were tested for each poling
case). The initial post-poling decay of d33 values was mon-
itored over the next two days to evaluate the short-term depol-
arization. The first value was recorded ~2 min after poling,
followed by measurements at 0.3, 2.8, 28 and 56 h. The d33
stabilized between 28 h and 56 h and showed no measurable
decay over the following days. The values measured after 56 h
were considered as the final stable piezoresponses.

2.6. Physicochemical analysis

Calorimetric measurements were conducted with TA
Instruments DSC 25 to evaluate the thermal behavior of
extruded filaments and printed samples, as well as to determ-
ine the effective melt processing temperatures. Samples of 5—
7 mg were tested under a nitrogen atmosphere (60 ml min—").
Heating and cooling rates of 20 °C min™! were maintained dur-
ing both the first and second DSC runs. First, the samples were
heated from an ambient temperature up to 190 °C to remove
any prior thermal history, followed by cooling to —50 °C,
and an isothermal hold of 2 min at the end. In the second
run, the samples were reheated from —50 °C to 190 °C and
subsequently cooled to ambient temperature. Both the first
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Figure 2. (a) Setup for tensile testing of 3D printed thin strip samples. (b) Devices for electrical poling and d33 measurement.

and second heating runs were used to calculate the melting
enthalpy (AH,) and temperature corresponding to the melt-
ing peak (Tr,), while the glass transition temperature (7'g) was
identified at the inflection point of the second heating flow
curve. The degree of crystallinity (X.) was derived as:

AHy,

Xo=
AHy 100% X Wp

x 100 1)
where AH,,—measured melting enthalpy, AHmn 1000—
theoretical melting enthalpy for the 100% crystalline
PHBHHx (115J g~ is a reasonable approximation as it is the
value for the case of 8 mol% 3HHx [57], and there is 10 mol%
HHx in Bluepha® BP350-15 [18]), w,—weight fraction of the
polymer.

The thermal degradation temperature and effective solid
residues were determined using thermogravimetric analysis
(TGA) with TA Instruments Discovery TGA 5500. Samples
(10 £ 0.5 mg) were heated from 30 °C to 600 °C in 100 pl
Pt sample crucible at 10 °C min™! rate under N, flow of
20 ml min~'. Thermal stability was assessed by normalizing
the mass loss to the initial dehumidified mass (W,) prior to
heating and presenting the results with respect to the temper-
ature T (°C).

The crystallographic structure and phase composition of all
samples were analyzed using a Malvern Panalytical Empyrean
diffractometer equipped with a copper x-ray tube (Cu-Ka
radiation: Kal = 1.5405980 A, Ka2 = 1.5444260 A, and
KB = 1.3922499 A) operated at maximum output (voltage
of 45 kV, current of 40 mA). A scan axis of 26 was used
to acquire diffraction patterns between 5° and 70° under a
Bragg—Brentano reflection configuration at a scan step of
0.005°.

FTIR spectroscopy was performed to determine the chem-
ical functional groups in all the samples using a Bruker spec-
trometer equipped with a universal attenuated total reflectance
sampling accessory (diamond crystal). Spectra were recorded
at ambient temperature by averaging 60 scans per sample,
using a spectral resolution of 4 cm™! over the wavenumber
range of 400—4000 cm™!,

The morphology of the fracture surface of the ruptured
tensile samples was examined using FEI Inspect™ F SEM

instrument operated at accelerated voltage of 10 kV. To
enhance the image quality and prevent electrostatic charging
during electron irradiation, a 10 nm gold layer was deposited
on the samples before SEM analysis using an Agar Scientific
manual sputter coater (model AGB7340).

3. Experimental results and discussion

3.1. Thermal and morphological properties

TGA results reveal a relatively narrow thermal decom-
position window of ~250 °C-290 °C (table 3) for the
single- and double-extruded neat and BTO-rich PHBHHx
filaments and prints (figure 3). All PHBHHx samples
demonstrate comparable thermal stability and exhibit single-
step degradation process, which starts at temperatures of
T4y = 253 °C-271 °C (higher by at least ~110 °C and
~80 °C than the filament extrusion and 3D printing tem-
peratures, respectively). Similar decomposition temperatures
for Bluepha® PHBHHx have also been reported previously
[18, 58].

Interestingly, the triple-remelted P2 sample (double-
extruded and printed) decomposes at slightly higher tem-
peratures than the single- and double-remelted samples. This
suggests that the double-extrusion process executed at 130 °C—
140 °C temperatures (near the PHBHHx melting point) and
the subsequent 3D printing at moderately elevated temperat-
ure of 170 °C did not cause noticeable PHBHHx degradation.
This is also illustrated by the comparable mechanical prop-
erties of the P1 and P2 samples (section 3.2). TGA shows
that the residual mass of the PHBHHx samples is consistent
(my < 1%), and the maximum degradation rate R,y varies
between 4.3%—5.8%/°C.

Maximum degradation rate of the piezocomposite samples
is slightly lower (1.7%-2.4%/°C), which suggests more
gradual thermal decomposition. However, BTO particles
cause a mild degradation promoting effect as the piezocom-
posite samples decompose at slightly lower temperatures of
T4(0) = 241 °C-249 °C compared to the neat PHBHHX (such
finding was also reported in earlier study [31]). As expec-
ted, the ceramic filler does not decompose during TGA, and
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Table 3. Thermal degradation properties of single- and double-extruded PHBHHXx and 20/80 wt% PHBHHx/BTO piezocomposite filaments
(F1 and F2; F1-BTO80 and F2-BTO80) and printed samples (P1 and P2; P1-BTO80 and P2-BTO80): temperatures of the degradation onset
T4(0), peak Tq(p) and endset Tq(), 5% mass loss temperature 7's, maximum degradation rate Rmax, mass loss Am, final mass m;.

Sample Ty (°C) Ty (°C) Ty (°O) Ts5(°C) Runax (%/°C) Am (%) mg (%)
F1 264 282 290 254 49 994 0.6
F2 265 282 288 253 5.4 99.8 0.2
P1 253 271 280 245 43 99.0 1.0
P2 271 286 293 262 5.8 99.2 0.8
F1-BTOS80 249 258 262 250 2.4 20.2 79.8
F2-BTO80 241 253 258 244 1.7 20.1 79.9
P1-BTO80 244 257 261 246 1.7 20.5 79.5
P2-BTO80 244 255 259 245 1.8 204 79.6
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Figure 3. (a) Thermogravimetric and (b) derivative thermogravimetric curves for the single- and double-extruded PHBHHx and 20/80 wt%
PHBHHx/BTO piezocomposite filaments (Fi, Fi-BTO80) and prints (Pi, Pi-BTOS80).

the residual mass of the piezocomposite settles at my ~ 80%.
Overall, TGA demonstrates favorable PHBHHx melt process-
ability because the filaments and prints retain thermal stability
even after three remelting cycles. Moreover, the addition of
a high BTO content into the composite minimally affects its
thermal stability and results in a slightly slower degradation
process.

DSC thermograms contain several endothermic melting
peaks during the first heating of all samples (figure 4(a)).
Multiple peaks were also reported for different PHA-based
materials and may be attributed to melt recrystallization and
the formation of different crystalline regions [59]. Similar
glass transition temperature Ty ~ 4 °C=5 °C in all samples
(table 4) indicates that the amorphous phase of PHBHHXx
is mostly unaffected by remelting and high BTO content.
The PHBHHx samples produce a broad melting peak at
T =~ 142 °C (figure 4(b)), which is consistent with the earlier
findings for Bluepha® PHBHHXx [58]. F2 and P2 thermograms
display higher intensity melting peaks (larger enthalpy AH,),
which results in slightly higher crystallinity of X, ~ 4.2%—
4.8% in the double-extruded PHBHHXx samples compared to
the single-extruded F1 and P1 with X ~ 1.1%-1.5%. An equi-
valent increase in biopolymer crystallinity is also observed in
the double-extruded piezocomposites F2-BTO80, P2-BTO80
and P2-BTO80-P as compared to their single-extruded coun-
terparts (table 4).

It is noted that the melting endotherm of P1 is particu-
larly weak, which indicates a predominantly amorphous mor-
phology in the single-extruded and printed neat PHBHHXx.
These observations are consistent with the TGA findings
of the slightly reduced thermal stability of P1 (figure 3).
It decomposes at a lower temperature with respect to the
P2 sample (table 3), which is likely due to lower crys-
tallinity, as the amorphous regions are thermally less stable
than the crystalline ones. Furthermore, the lower crystallin-
ity of P1 is also reflected in its slightly higher ductility
because the fracture strain is marginally larger than that of P2
(section 3.2). Meanwhile, lower intensity but sharper melting
peaks (T, = 132 °C) are observed for the piezocomposites
(figure 4(b)). Despite the lower total heat flow in the piezocom-
posites due to small 20% weight fraction of PHBHHx (reduced
AH,,), the normalized crystallinity is slightly higher than of
the neat biopolymer (table 4). Maximum values of X, ~ 10%—
13% per gram of PHBHHX (equation (1)) were determined for
the double-extruded piezocomposite. This suggests that BTO
particles induce a mild nucleating effect that enhances the
crystallization ability, as reported for PHB copolymers with
inorganic modifiers [60], including ceramic-filled PHBHHx
composites [61, 62]. Overall, we conclude that Ty and T, of
neat PHBHHx and BTO-rich piezocomposite remained relat-
ively stable after repeated remelting during filament extrusion
and 3D printing.
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Figure 4. DSC thermograms for the single- and double-extruded PHBHHXx and 20/80 wt% PHBHHx/BTO piezocomposite filaments and
prints: (a) first and (b) second heating cycles.

Table 4. Thermal data derived from DSC measurements (second heating cycle): T;—glass transition temperature, T'mp)—melting
temperature (peak), AHn—enthalpy of melting, X.—degree of crystallinity.

Melting
Sample T, (°C) Ty (°C) AHn (0 g™ X (%)
F1 4.7 142.5 1.667 1.45
F2 4.8 141.5 5.53 4.81
P1 4.9 142.2 1.272 1.05
P2 4.8 142.2 4.857 4.22
F1-BTO80 42 132.2 0.8252 3.59
F2-BTO80 4.5 131.9 2.657 11.56
P1-BTO80 4.7 132.1 1.242 5.40
P2-BTO80 4.5 131.6 2.449 10.65
P1-BTO80-P 4.5 132.5 0.567 247
P2-BTO80-P 4.2 132.1 2.909 12.65
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Figure 5. (a) FTIR spectra and (b) XRD patterns of single- and double-extruded PHBHHx and 20/80 wt% PHBHHx/BTO piezocomposite
filaments and prints.

FTIR spectra in figure 5(a) reveal strong absorption The peaks at 2967, 2935 and 2875 c¢cm~! are attributed
band of PHBHHx at 1720 cm~! that corresponds to the to asymmetric and symmetric C—H stretching vibrations of
stretching vibration of the carbonyl groups (C=O0) [63]. methyl (-CHs) and methylene (-CH>—) groups. The bands
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Figure 6. SEM-EDS analysis of the double-extruded 20/80 wt% PHBHHx/BTO filament (F2-BTOS80): (a) SEM images of the

cross-section, (b) distribution map of metal elements in BTO particles.

at 1450 and 1378 cm~! are assigned to—CH>—and—CH;
bending vibrations, respectively. The broad region of 1400
and 1000 cm™! corresponds to the—C—-O—and—C-O-C—
stretching vibrations [64]. The piezocomposite spectra dis-
play strong peaks in the 400-600 cm ™! range (Ti—O and Ti—
O-T stretching modes in BTO [56]). They are more pro-
nounced in the prints and slightly shift in the C=0 stretch-
ing band. The absorption of the carbonyl (C=O0) stretching
vibration increases at 1720 cm~! for the double-extruded
F2-BTO80 and P2-BTO80 compared to the single-extruded
samples. Overall, the FTIR results indicate that remelting did
not noticeably affect the main spectral features and retained
the chemical structure of PHBHHXx [65].

PHBHHXx diffraction peaks in figure 5(b) at 13.6°, 17.1°,
22.2°,25.7° and 27.2° may be assigned to crystallographic
planes characteristic of orthorhombic PHB-type crystalline
structures: (020), (110), (111), (031) and (040), respectively
[60]. The main peaks at 13.6° (020) and 17.1° (110) for prints
P1 and P2 exhibit larger intensities, which suggests higher
crystallinity compared to filaments F1 and F2. The peaks are
not discernible in the XRD patterns of the piezocomposites,
which are dominated by sharp diffraction signals from the
abundant BTO particles. The peaks at 22.1°, 31.6°, 38.9°,
45°/45.5°, 50.8°, 56.3° and 65.8° correspond to the BTO lat-
tice planes (100), (110), (111), (002)/(200), (210), (211) and
(220) [66]. The presence of the ferroelectric tetragonal phase
in BTO is identified in figure 5(b) by the characteristic peak
splitting at 260 ~ 45° (002)/(200) [66]. It confirms that BTO
particles are electrically polarizable and the piezoresponse
may be induced in the printed piezocomposite (section 3.3).

SEM micrographs reveal a uniform circular geometry of the
double-extruded PHBHHx/BTO filament with densely packed
and minimally agglomerated BTO particles (figure 6(a)). The
effectiveness of the double-extrusion process is reflected in the
SEM-EDS distribution of barium and titanium, which indic-
ates a homogeneous filler dispersion (figure 6(b)). A homogen-
eous composition is advantageous for piezocomposite print-
ability and polarizability, providing better consistency of the
mechanical and piezoelectric properties of the prints.

3.2. Mechanical properties

The thermal impact during MEX should be controlled to
achieve favorable mechanical properties of the 3D-printed

PHBHHx-based components, including piezocomposite struc-
tures. Tensile tests were conducted at different strain rates to
assess the effect of re-extrusion on the strength and ductility
characteristics of the 3D-printed neat and BTO-rich PHBHHx
thin-strip samples.

The stress-strain curves of PHBHHx samples P1 and P2
(figure 7(a)) reveal tensile responses that are typical for ductile
polymers [55] and demonstrate strain-rate sensitivity com-
mon to deformed semi-crystalline polymers [67]. The samples
exhibit broad plateaus of plastic deformation at larger stress
levels, which indicates higher toughness and resistance to
abrupt failure. No significant differences are observed in
the strength and ductility of P1 and P2 (figures 7(b) and
(c)). Except, at the lowest speed of 10 mm min—!, the P2
samples display slightly lower fracture strain levels, while
they are comparable at higher strain rates. Overall, the results
indicate that PHBHHXx remelting during filament re-extrusion
and printing had no detrimental impact on the mechanical
properties.

The strain-rate-dependent strengthening effect manifests
in the PHBHHx samples when the loading speed increases
by two orders of magnitude (strain rate range of 0.0017—
0.17 s~1). The tensile strength of P1 and P2 is increased by
32% from an average value of ~22 MPa at 10 mm min~! to
the ~29 MPa at 1000 mm min~' (figure 7(b)). The yield strain
does not exhibit strain-rate sensitivity and shows comparable
average values of ~9%—-10% for P1 and P2 (figure 7(c)). In
contrast, the fracture strain (elongation at break) demonstrates
a larger dispersion of values, which is expected, as it is typic-
ally more sensitive to microstructural fluctuations in thermally
processed semi-crystalline polymers [68]. In the 3D-printed
PHBHHXx samples, such fluctuations in structural quality may
be attributed to variability in the extent of micro-voids, which
are likely to occur at imperfectly fused interfaces. A moder-
ate degree of strain-rate-dependent hardening behavior is evid-
enced by a slight reduction in average fracture strains of P1 and
P2 samples at higher speeds of 100—~1000 mm min~! (~15%-
17%) compared to 10 mm min—! (~18%-21%). Such a reduc-
tion in ductility with faster material deformation is consistent
with the strain-rate-dependent tensile responses of other ther-
moplastic polymers [67].

Contrary to the ductile behavior of PHBHHX, the piezo-
composite responds to loading in a brittle-like manner
(figure 7(a)). It undergoes sudden rupture without noticeable
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Figure 7. (a) Tensile responses and (b-c) mechanical properties of 3D-printed thin strips of single- and double-extruded neat PHBHHx and
20/80 wt% PHBHHx/BTO piezocomposite tested at different loading speeds (range of 10-1000 mm min~").

plastic yielding and reaches significantly lower fracture strains
(~0.6%-2.2% depending on strain rate (figure 7(c))). The
piezocomposite exhibits inferior mechanical properties com-
pared to PHBHHXx prints. A similar decrease in the properties
was also reported for the PHB composite with a low BTO con-
tent of 5-20 wt% [31]. In our case, much higher BTO content
leads to ~41% reduction in average tensile strength (~13 MPa
vs. ~22 MPa for PHBHHx at 10 mm min~"). It could be pre-
sumed that high filler content may easily result in pronounced
particle agglomerations, as it is a common phenomenon,
including the PHA-based composites [69]. Some agglomer-
ations are unavoidable, and they would act as multiple stress
concentrators, weakening the composite due to the extensive
crack initiation sites [70]. However, agglomerations appear to
be minimal (figures 6(a)), and a more plausible underlying
cause for the reduced strength is poor adhesion at the inter-
face between the PHBHHx matrix and BTO particles. This
may be attributed to the polarity mismatch because the as-
received (unmodified) BTO likely possesses intrinsically polar
and hydrophilic surface hydroxyl groups [71]. This reduces
filler-matrix adhesion due to the weaker chemical affinity with
the less polar and relatively hydrophobic PHBHHXx [9]. This
claim is supported by the finding that piezocomposite re-
extrusion, acting as an agglomeration-reducing process, has
a negligible effect on the strength (figure 7(b)). Moreover, if

extensive BTO agglomerations were the primary cause, re-
extrusion would likely have a positive reinforcing effect (as
observed in our previous study using the same BTO filler dis-
persed in a highly polar fluoropolymer PVDF-HFP [56]).

The piezocomposite stiffness increased by nearly 3.5 times
with respect to that of neat PHBHHXx (average tensile mod-
ulus of ~3180 MPa vs. ~920 MPa (figure S1)). However,
even at ~45 vol% BTO, the piezocomposite retains accept-
able flexibility (figure 7(a)). Although moderate, it would be
sufficient for many load-bearing components operating under
small to medium deflections (e.g. sensor-integrated structures
subjected to bending in unmanned aircrafts that often rely on
less sustainable lead-based piezoceramics for structural health
monitoring [72]).

Interestingly, mild strain-rate-dependent softening is
observed, as the fracture strain of the piezocomposite slightly
improves at higher loading speed (figure 7(c)). This is in con-
trast to the more common hardening and embrittlement effects
reported for many polymer composites at higher strain rates
[70]. This unusual behavior suggests that in the BTO-rich
piezocomposite, the conventional failure mechanism (initi-
ated by filler-matrix debonding [70]) becomes more complex,
possibly because of the dominant influence of the abundant
hard particles. In addition, figure 7(b) reveals a more intric-
ate and less favorable strain-rate dependency of the tensile
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Figure 8. (a) Optical images and (b)—(e) SEM fractographs of 3D-printed thin-strip samples of PHBHHXx (P2) and 20/80 wt%
PHBHHx/BTO piezocomposite (P2-BTO80), ruptured at 10 and 1000 mm min~".

strength. Initially, it increases by 23% from ~13 to ~16 MPa
at 10 and 100 mm min~!, respectively. This indicates typ-
ical strain-rate strengthening, which is consistent with the
behavior of neat PHBHHx. However, at the highest loading
speed of 1000 mm min~', the tensile strength is reduced by
50% to ~8 MPa, suggesting a premature failure. This may
be attributed to poor filler-matrix interfacial adhesion and the
unavoidable presence of some BTO agglomerations, which
act as stress concentrators and initiate interfacial defects. It
is reasonable to assume that under more rapid deformation at
1000 mm min~!, stresses around the defects can no longer
be effectively dissipated because the stress relaxation time is
known to diminish at higher strain rates [70]. This promotes
micro-crack formation and propagation, ultimately leading to
premature failure. It is likely that poor BTO-PHBHHX interfa-
cial adhesion is the dominant cause of this strength reduction
at 1000 mm min~!, as suggested by the SEM fractographs
(figure 8). Moreover, such a weakening effect at higher strain
rates was not observed in a comparable BTO-rich PVDF-
based piezocomposite, which is characterized by a stronger
filler-matrix bonding due to more polar matrix [56].

The macroscopic fracture patterns of neat PHBHHX prints
(figure 8(a)) demonstrate a strain-rate-dependent transition
from a moderately ductile to a brittle-like failure mode. At
10 mm min~!, the fracture path of P2 sample is uneven
(zigzag-like) without visible necking, which suggests a mod-
erately ductile rupture. At 1000 mm min~!, the fracture path
is straighter and more uniform, indicating reduced ductility
and a shift toward brittle-like rupture. The SEM fractographs
further support these observations because at 10 mm min~!,
we note typical features of moderately ductile fracture. They
include a rough surface morphology with some shear bands,
micro-voids and fibrillated microstructures, which are asso-
ciated with plastic flow and energy dissipation (figure 8(b)).
A similar fracture surface morphology was also observed in
another study on PHBHHx [73]. In contrast, the rupture at
1000 mm min~! produces a smoother and cleaner surface mor-
phology with straight fracture edges and cleavage-like features

1

(figure 8(c)), which indicate minimal plastic deformation and
a brittle-like failure mode. This surface morphology obtained
at the highest strain rate is comparable to the fracture patterns
obtained at lower strain rates in less ductile scl-PHAs [74].

The BTO-rich piezocomposite (P2-BT80) ruptures pre-
dominantly as a brittle material both at low and high strain
rates, which is visible from the relatively straight and micro-
jagged macroscopic fracture path compared to neat PHBHHx
prints (figure 8(a)). The brittle failure mode is also evident
in the SEM fractographs that show no signs of fibrillar fea-
tures (figures 8(d) and (e)). Instead, they display a uniformly
rough, irregular and stepped surface morphology with angu-
lar facets and cleavage-like steps (layered lamellar-type micro-
structures are visible at lower SEM magnification). A similar
rough surface morphology was also reported in another study
on PHBHHx/BTO piezocomposite [33].

Overall, we emphasize that due to brittle fracture beha-
vior, reduced tensile strength and ductility, additional care
should be exercised when designing ceramic-rich piezocom-
posite sensors to ensure their operation within the allowable
deformation range to prevent premature failure.

3.3. Piezoelectric performance

An expected tendency of ds; amplification with increasing
external poling field E¢y and duration f. [75] is evident
in figure 9 (it presents stable ds3 values after the initial
post-poling decay). A compensating relationship is observed
between the f.y and E.y, as the reduction in one parameter
(e.g. shorter poling) may be balanced in some cases by increas-
ing the other (e.g. stronger field) to produce comparable d33
levels. For example, ultra-short poling for 2 s at 18.2kV mm ™!
produces similar d33 of ~3.2-3.6 pC/N as the 1000 s poling at
5-fold lower field of 3.64 kV mm~'. Comparison of d33 at 2 s
and 1000 s (figure 9(a)) reveals that d33 dependence on 7.y, is
very strong at smaller E., (<7 kV mm™'), while it is weaker
and becomes comparable at larger E., (=14 kV mm™").
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Figure 9. Longitudinal piezoresponse of 20/80 wt% PHBHHx/BTO piezocomposite as a function of: (a) contact poling duration zex at
increasing external field Eex¢ (poling voltage of 2—-10 kV), (b) Eex increased until the maximum achievable pre-breakdown magnitude

during poling within the range zexc = 2—1000 s.

Piezoresponse dependences on f or Ee contain sev-
eral distinct regions with different rates of change (slopes
Ads3/Ateyy and Ads3/AEe in figure 9). The region of
increasing ds3 amplification rate Ads3/Atey is character-
istic to the short-duration poling regime at fexy =~ 2—10 s
(figure 9(a)). A more pronounced field dependence is observed
here because stronger fields (Eey =~ 14-18 kV mm™") produce
a markedly larger increase in d33 than weaker fields (Eex; == 4—
11 kV mm™"). In the medium-duration poling regime (fox of
10 s to 100s seconds), the d3; amplification rates at weaker
and stronger fields become comparable. In the long-duration
poling regime (Z.xy > 1000 s), d33 becomes largely insensit-
ive to further increase in f.x, which manifests as ds3 plateau
(values cluster around ~7-9 pC/N at larger Eex). It indic-
ates that a duration-saturated polarization level was reached
in the BTO particles for zx; =~ 1000-2000 s at all fields.
In contrast, no plateau is identified in the field-dependent
dsz plots, though they also contain regions of increasing
(<7 kV mm~') and converging (=7 kV mm~!) d3; ampli-
fication rate (figure 9(b)). The absence of the field-dependent
ds3 plateau suggests that the duration-saturated ds; values at
text = 1000-2000 s (figure 9(a)) correspond to the field-limited
polarization in the BTO particles. Thus, even the strongest
achieved field of ~22.2-22.5 kV mm (figure 9(b)) is insuf-
ficient to induce both the field- and duration-saturated (i.e.
complete) polarization state in BTO for producing higher ds3
levels.

The piezocomposite essentially has 0-3 connectivity due
to randomly dispersed BTO particles that are mostly isol-
ated and interspaced by the interconnected PHBHHXx matrix
(figure 6). However, achieving a complete polarization satur-
ation state in a ferroelectric filler is very challenging for 0-3
piezocomposites. Therefore, the poling efficiency and result-
ing ds3 levels are inherently very limited compared to bulk
piezoceramics [20]. For example, at Eo; = 3.64 kV mm™!
and fe.x; = 1000 s, the ds3 is very small (~3.6 pC/N), while in
bulk BTO it can reach ~150 pC/N under polarization satur-
ation state achieved using nearly identical poling parameters

[76]. This inferior performance is attributed to the orders-of-
magnitude mismatch in the permittivity and resistivity of BTO
and PHBHHXx. The expected values are: ¢ = 1200-1500 [66],
em ~ 5 [77], pr = 10° Q-cm [56], pm =~ 10''-10"3 Q-cm [77,
78]. When external field E.y is applied, the effective electrical
field (E.¢) that acts on high-permittivity BTO particles is con-
siderably smaller because it is partially screened by the low-
permittivity PHBHHXx matrix (i.e. ey /e < 1) [79]. Therefore,
a relatively strong field of Eey > 18-20 kV mm~! is needed
to achieve higher dz3 levels (figure 9(b)), even though the
coercive field of BTO is much smaller (E. < 1 kV mm™!
[76]). Overall, Ecx levels approximately an order of magnitude
higher than E. are required (~7-11 kV mm~"') to produce
more appreciable piezoresponses after minutes-range poling.
For texy > 1000 s, the highest d33 of ~7—11 pC/N is achieved
by applying fields of >7 kV mm~'. Meanwhile, stronger fields
of >11-14 kV mm~! are needed to induce more adequate
ds3 levels after seconds-range poling. Interestingly, even ultra-
short poling for 2—10 s can produce useable ~5-7 pC/N levels
when applying the strongest field of Eq &~ 22.5 kV mm~ .
The strongest achievable field tends to decrease slightly for
longer durations of >1000 s because the likelihood of break-
down increases with time (22.2 kV mm~! was the maximum
field achieved at 1000 s).

In principle, for a given filler content, the poling efficiency
of a piezocomposite is governed by the ratio Eeg/Ecx¢, Which is
increased by minimizing the permittivity and resistivity mis-
matches between the filler and the matrix. Essentially, E.¢
nonlinearly depends on the ratios ep/er and p¢/p, accord-
ing to the simplified Maxwell-Wagner model [79]. Because
emler K 1, the effective dielectric constant e of the piezo-
composite is dominated by &, [80]. This implies that the per-
mittivity of the polymer matrix largely determines the poling
efficiency and the maximum achievable ds3 levels. Therefore,
it is advantageous that the permittivity of PHBHHX (e, = 5
[77]) is higher than that of many common polymers (typ-
ically e, = 2-4 [79, 80]), except for PVDF-based poly-
mers (typically e, > 8-9). Furthermore, a moderate reduction
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Figure 10. Comparison of the measured maximum d3; with the predictions of the Jayasundere—Smith piezoresponse model for two-phase
particulate composites [80] (dielectric constants are based on [66, 77]).

in matrix resistivity during poling (bringing pp, closer to p¢
but avoiding breakdown) may reduce the E.x level needed
to maximize dsz [80]. It is plausible that poling efficiency
also benefits from lower PHBHHX resistivity (p, ~ 10—
10" ©-cm [77, 78]) compared to many polymers (commonly
pm > 10" Q.cm [79]). Additionally, the applied poling at
60 °C further enhances poling efficiency, as previous study on
PHB copolymer suggests that p,, could be reduced by up to
an order of magnitude compared with the room-temperature
case [81]. Thus, it is likely that p, of the PHBHHX matrix
is also reduced at 60 °C, which may bring p, closer to p¢
and amplify the effective poling field, as E.¢/Ecx; depends on
P! pm [79]. Furthermore, the positive effect of thermal poling
is also attributed to the enhanced dipole alignment in the BTO
particles (better ferroelectric polarizability). It is known that
lattice ions and domain walls become more mobile above the
room temperature (below the Curie point of ~120 °C), which
reduces E. of BTO and improves poling efficiency [56].

The highest d3; of 10.9 £+ 0.21 pC/N (figure 9(b)) was
measured after poling at a maximum achieved field of
22.2 kV m~! for a saturation poling duration of 1000 s (this
matches the duration needed for polarization saturation of
bulk BTO [76]). The achieved maximum piezoresponse of
~11 pC/N is noteworthy when compared to similar two-phase
0-3 piezocomposites that are formed as solid sheets (non-
fibrous), consisting of a low-permittivity polymer matrix filled
with conventional piezoceramics (i.e. the BTO grade used
herein). The value of ~11 pC/N exceeds several times the
ds3 of other PHA/BTO piezocomposites (~0.7—-1.5 pC/N [32,

33, 35]), though their fill factors were lower (<25 vol%). It is
more pertinent to compare against the poled piezocomposites
with high piezoceramic content of ~40-50 vol%. The meas-
ured maximum piezoresponse is also higher than the ~6 pC/N
reported for the PHB composite with 50 vol% PZT [30]. It
is also slightly higher than <10 pC/N levels reported for the
BTO-rich piezocomposites based on conventional polymers
[80]. For comparison, the reported piezoresponses for neat
PHAs are typically <5 pC/N (in fibrous samples [24-28]), and
<1 pC/N for the molded sample of neat PHBHHx [23]. We
note that the measured value of ~11 pC/N agrees well with the
prediction of the Jayasundere—Smith model (figure 10), which
is applicable for the higher-filled particulate composites and is
relatively accurate in the 40-50 vol% filler range [80].

The analysis of piezoresponse stabilization shortly after
poling demonstrates that the combined effect of the poling
field and duration has a strong impact on the level of initial
depolarization in the piezocomposite (figure 11). This partial
short-term loss of polarization reflects the capability of reten-
tion of the induced dipole alignment in BTO and is a typical
behavior of 0-3 piezocomposites. Depolarization leads to tran-
sient piezoresponse decay over the next two days after poling
(post-poling time #,, ~ 0.03-56 h). It is evaluated as the relat-
ive ds3 decrease Ap, (figure 11(b)), which is calculated using
values measured immediately after poling (¢,, ~ 2 min) and
after two days (¢, = 56 h).

For all Ex and f.x values used in this study, the d3; mag-
nitudes were found to stabilize after one day (figure 11(a)),
which is illustrated by the ds3 plateau at t,, = 28-56 h (for
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poling at relatively weak and strong fields Eex.. (b) Relative d33 decrease Ap, (d33 values measured immediately and ~2 d after poling) as a
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a specific fe). Longer poling with stronger fields is advant-
ageous for piezoelectric stability, as shown by the decrease in
relative d33 decay levels with larger E.y, and .y (figure 11(b)).
The decay becomes minimal and stabilizes after long-duration
poling for >1000 s, except for the 3.64 kV mm~' case, where
App remains high and tends to fluctuate. Meanwhile, at strong
poling fields of >18 kV mm™', the A, levels exhibit more
substantial drop after the short 100 s poling compared to the
2-10 s case (~30% vs. ~40%-50%). The minimum depolariz-
ation is observed after the long-duration poling at the strongest
field (1000 s, 22.2 kV mm™!), where d33 decays from the ini-
tial ~15 pC/N to a stable value of ~11 pC/N (Ap, = 25%). In
contrast, poling at the 6-fold weaker field of 3.64 kV mm™!
results in maximum depolarization (Ayp ~ 47%-64%), which
remains pronounced even at f.x; > 1000 s. Interestingly, ultra-
short poling for 2—-10 s at 22.2 kV mm~' produces d33 decay
levels similar to the measured after the 1000 s poling at 3-fold
weaker field of 7.27 kV mm~! (App = 40%). Overall, it is
noted that seconds-range poling at 60 °C with the strongest
field of ~22 kV mm~! can induce useable piezoresponses
(~5-7 pC/N), which exhibit adequate charge stability com-
pared to the minutes-range poling regime (A, of ~40% vs.
~25%).

The achieved d33 levels are sufficient to justify further
integration of the piezocomposite into fully FFF-printed func-
tional piezo-devices (e.g. vibration sensors). To enable mono-
lithic integration (co-printing) of electrodes during FFF of
the piezocomposite, we are completing the development of a
PHBHHZx conductive composite filament doped with graphene
nanoplatelets. The resistivity of the filament is relatively high
(~0.5-1 Q-cm), but it is comparable to the best available com-
mercial filaments with carbonaceous fillers [82]. Our initial
experiments indicate that it is feasible to print moderately con-
ductive electrodes and apply them for effective poling and
piezoelectric signal collection (though piezo-charge dissipa-
tion in the resistive electrodes reduces the maximum achiev-
able d33). Moreover, other group has previously demonstrated
the feasibility of this approach [83] using non-biodegradable

piezocomposite and a poorly conductive commercial filament
(NinjaTek EEL™ [82]).

4. Conclusions

3D printing filaments of neat and BTO-rich PHBHHXx
were produced, printed and tested to demonstrate the
economical, scalable and more sustainable (solvent-free)
extrusion-based manufacturing of eco-friendly piezocompos-
ites. Physicochemical and tensile tests indicate that PHBHHx
can be successfully used for composite manufacturing via
melt reprocessing. The re-extruded PHBHHXx retains chem-
ical structure, thermal stability, predominantly amorphous
morphology and favorable mechanical properties after three
remelting cycles (single or double extrusion near the melting
point of 130 °C-140 °C and FFF at 170 °C). The re-extrusion
workflow ensures the uniform dispersion of BTO particles,
which exert a mild nucleating effect and slightly increase low
crystallinity of PHBHHx. The FFF process was fine-tuned to
print well-fused piezocomposites that display adequate mech-
anical properties and relatively strong piezoresponses of up
to ~11 pC/N owing to excellent high-field poling stability
(up to ~22 kV mm~! at 60 °C). Moreover, high-field ultra-
short poling for several seconds produces useable d33 levels of
~5-7 pC/N. The ductile PHBHHx matrix provides moderate
piezocomposite flexibility, which can be sufficient for many
piezoelectric sensors operating in load-bearing components
under small-to-medium deflections. Neat PHBHHx exhib-
its strain-rate-dependent strengthening and hardening effects,
whereas the piezocomposite exhibits strengthening, weaken-
ing and mild softening depending on the strain rate. Because
of high BTO content (~45 vol%) and weaker filler-matrix
interfacial adhesion, the tensile strength and ductility were
reduced compared to neat PHBHHXx. This indicates that the
design of piezocomposite sensors requires careful consider-
ation of actual dynamic loading conditions to prevent pre-
mature failure. It is important for future research to explore
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compositional modifications that enhance filler-matrix bond-
ing and composite toughness, while preserving its eco-safety
profile (e.g. by introducing more polar biodegradable copoly-
mer). Overall, the implemented melt-based workflow relies
on affordable desktop machines, which supports the ongo-
ing democratization of MEX AM technologies. The work-
flow is scalable to larger volume manufacturing of PHBHHXx
composite filaments or pellets filled with densely packed hard
particles.
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