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Introduction

Unleashing the piezoelectric potential of PVDF:
a study on phase transformation from gamma (y) to
beta (B) phase through thermal contact poling}

Alban Morali, @2 Arijit Mandal,® Maksim Skorobogatiy® and Sampada Bodkhe (& *2

Polyvinylidene fluoride (PVDF) is known for its piezoelectric properties. This material has different crystalline
phases, alpha (a), beta (B) and gamma (y), where the B-phase, in particular, is related to the piezoelectric
behavior of PVDF. While the transformation from the a-phase to B-phase in PVDF is well-documented
and widely studied, the transformation from y- to B-phase has not yet been fully explored. However,
when PVDF is produced by certain solution-based methods it can adopt its y-form, which is not as
piezoelectric as the B-phase. Hence, this study aims to bridge this gap by investigating the
transformation from y- to B-phase in PVDF nanocomposites films obtained from solution-based
techniques. Our PVDF nanocomposite is made by solvent evaporation-assisted 3D printing of PVDF's
nanocomposite with barium-titanate nanoparticles (BTO). To achieve the y- to B-phase transformation,
we first highlight the importance of annealing in the successful poling of PVDF samples. We then
perform an in-depth analysis of the a-, - and y-crystallographic phases of PVDF-BTO using Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and differential scanning calorimetry
(DSC). We observed that after annealing but before poling, the PVDF-BTO nanocomposite contains 76%
of B + y phases, the majority of which is the y-phase. Poling of these samples resulted in the
combination of the B + y phases reaching 93% with the appearance of 40% of absolute fraction of the
B-phase. We then demonstrated that the fraction of B-phase in the nanocomposite — as indicated by the
1275 cm™* peak in PVDF's FTIR spectra — is not uniform on the surface area of the film. Additionally, the
value of the absolute B-phase content also depends on the poling field's direction. Our work reveals that
while considering PVDF's piezoelectric behavior, it is critical to be aware of these nuances and this article
offers essential insights on how to address them. Overall, this study provides a step-by-step guideline to
enhance the piezoelectricity of PVDF-based nanocomposites for sensing applications.

be placed each time which is in stark contrast to methods like
electrospinning, where fibers are dispersed randomly.’

Multi-material additive manufacturing (AM) is a promising
potential tool to embed sensors into biomedical structures
given the complexity and personalization required in orthotics,
prosthetics, exoskeletons, and other biomedical equipment.*
Bodkhe et al. have invented a technique to fabricate ready-to-
use piezoelectric sensors printed directly on top of the struc-
tures to be sensed.>® AM of these PVDF nanocomposite sensors
has shown promising results in detecting human motion,
breathing,” and gait.* AM further allows the precise deposition
of PVDF-based sensors, knowing exactly where and how it will
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Piezoelectricity is a physical phenomenon in which a mate-
rial generates electric charges in response to an applied
mechanical strain. The phenomenon of piezoelectricity, which
has been studied for several decades,*” has a wide range of
applications, in pressure sensing,*’ strain sensing,'®'' actua-
tion,"" and energy harvesting.'*'> Among piezoelectric mate-
rials, the polymer polyvinylidene fluoride (PVDF, chemical
formula (C,H,F,),) has been at the core of research owing to its
biocompatibility, flexibility, and chemical inertness.'*™*® This
semi-crystalline polymer exists in 5 different molecular
conformations, iLe., o (TGTG/, form II), B (TTTT, form I), v
(T5GT;G/, form III), 3 and &.** In B-phase, the electronegative
fluorine and electropositive hydrogen atoms are located on
opposite sides of the polymer's carbon-carbon backbone. This
configuration creates a net dipole moment within the molecule,
which renders the piezoelectric properties to PVDF.** However,
PVDF naturally crystallizes into the thermodynamically stable o-
phase, which being non-polar is not piezoelectric. That is why,
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a variety of processing steps like annealing, stretching,* filler
addition,* or thermal poling**** are required to transform
the a-phase into the B-phase. According to Bodkhe et al. the
addition of BTO nanoparticles facilitates the nucleation of the
electroactive B-phase in PVDF.’> Moreover, recent studies have
demonstrated that 3D printing enables the mechanical
stretching of PVDF,**® which can be further leveraged to achieve
higher amount of B-phase. During the extrusion-based printing
process, the PVDF nanocomposite solution is subjected to high
extrusion pressures, up to 1 MPa, which induces a transition
from o- to B-phase. Molecular dynamics simulations conducted
by Yang et al. showed that it is further efficient to add
a stretching step before poling because it creates a synergistic
effect resulting in a greater alignment of molecular chains,
consequently, higher transition to the PB-phase of PVDF.*
Extensive research has been conducted to establish the rela-
tionship between the phases of PVDF and the specific peaks
present in the polymer's Fourier transform infrared spectros-
copy (FTIR) spectra. Despite minor discrepancies across
different studies, there is a broad consensus that FTIR peaks
corresponding to the a-phase are 763, 614, and 1071 cm ™" (ref.
31) to the B-phase are 840 and 1275 cm™*,*>** and to the y-phase
are 840 and 1234 cm™'.**% Eqn (1) quantifies the amount of B-
phase present in the material by analyzing the acquired FTIR
spectra using the Beer-Lambert law:**

Ag

Fpy= —t
1264, + g

1)
where, A, and Ag are regarded as the absorption fractions of the
o- and B-phases (at the wavenumbers 763 cm ™" and 840 cm ™ 1),
respectively. The value of 1.26 corresponds to the ratio of the
absorption coefficients of a-phase (7.7 x 10* cm® mol ) and 8-
phase (6.1 x 10* cm® mol ™). Thus, Beer-Lambert's law is said
to describe the fraction (Fg,) of the electroactive f-phase relative
to the a-phase assuming that there are only these two phases
present in the material.®?**?¢*¢

However, as the absorption peak at 840 cm ' is common for
both the B- and y-phases, eqn (1) no more solely serve as an
accurate representation of the PB-phase proportion in the
material but rather a combination of the pB- and y-phases.**
Therefore, according to Cai et al., when both B- and y-phases are
present in PVDF, it is necessary to use a more specific formu-
lation, like the one below in order to obtain the true proportion
of B- and y-phases (F and F,) in PVDF:**

Fy=F Aty 100% 2
b= Fo \ 8ay v am, ) 100 )
F,=F _AHy ) oo 3
y = L'py X AHB’+AHY’ X 0 (3)

where AHy and AH,, are the absorbance differences between
the peaks around 1275 cm™ ' and the nearest valley around
1260 cm " (corresponding to the peak unique to B-phase) and
the peak around 1234 cm™ ' and the nearest valley around
1225 cm™ ' (corresponding to the peak unique to y-phase),
respectively, while Fg, is the value of B + y phases from eqn (1).
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This additional step, required to determine the true fraction of
B-phase, has often been disregarded in most analyses of the
PVDF's phases, especially when dealing with the transformation
from o- to pB-phase.®***3>*** Knowing the actual phase
composition and real piezoelectric properties becomes a non-
compromising factor, for example, when integrating piezo-
electric sensors into components for structural health moni-
toring through AM. In addition, the minimal thickness of the
sensors hence produced allows them to be seamlessly inte-
grated into the component during production. This integration
offers benefits such as increased sensitivity and superior envi-
ronmental protection but can potentially reduce the sensor's
signal. Therefore, finding ways to enhance piezoelectricity by
increasing the B-phase content becomes a major concern.

In this work, we additively manufacture polyvinylidene
fluoride barium-titanate (PVDF-BTO) nanocomposite films
according to the procedure developed by Bodkhe et al® The
selection of a composite incorporating BTO in PVDF as a filler,
instead of using pure PVDF was aimed at enhancing the
piezoelectric properties of the material. We characterize the
different phases in the films through X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and differential
scanning calorimetry (DSC). We then present a comprehensive
investigation of the effect of poling on the phase composition of
PVDF using the eqn (1) and (2) to determine the true content of
B-phase.***=** Specifically, we focus on analyzing the changes in
the peak intensities of the spectra obtained from these tech-
niques: first qualitatively to extract meaningful insights and
then quantitatively using eqn (1) and (2). This study embarks on
a pioneering exploration of the transition from the y-phase to
the B-phase in PVDF, a topic that hasn't been addressed in the
literature till date. We have achieved significant results in
understanding the crystallization behavior of PVDF when
manufactured using solution-based techniques, particularly
highlighting the differences in piezoelectric coefficients
between the y- and the B-phases. Our study builds upon the
work of Cai et al., published in 2017, and adds to it by offering
a quantitative distinction between the two phases, a perspective
believed to have been neglected for long in the field. Finally, the
study goes a step further by not only studying the differences in
analyses of the two phases but also investigating the variations
of the content of the two phases across the surface of a 3D
printed and poled PVDF nanocomposite film. We believe that
this study deepens the understanding of the physicochemical
properties of polymeric piezoelectric materials and their
potential applications.

Results and discussion

We used a direct-ink-write (DIW) 3D printing process to fabri-
cate square (30 x 30 mm®) PVDF-BTO films as defined by
Bodkhe et al.® The treatment and processing steps for the film
are listed in Fig. 1 and described in the Experimental section.
Samples that were removed from the 3D printer's build plate
without any additional processing are referred to as neat (N),
while those dried in a vacuum oven for 5 h at 90 °C are referred
to as annealed (A). Subsequently, the annealed samples that

RSC Adv, 2023, 13, 31234-31242 | 31235
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Fig. 1 Schematic illustrating the processing steps involved in the fabrication of the PVDF nanocomposite sensors.

were subjected to poling are designated as either glass side (PG)
or air side (PA), depending on the side of the film studied. As
shown in Fig. 1, the glass side refers to the side of the sample
that was in contact with the 3D printer's glass build plate, while
the air side refers to the one in contact with air during the
printing process. During the poling process, the glass side was
always in contact with the negative electrode, while the air side
was in contact with the positive electrode. Only for the samples
in the ESI (Fig. S1}) an inverse configuration was used, i.e. the
glass side was in contact with the positive electrode, while the
air side was in contact with the negative electrode.

Effect of drying

We study the effect of drying on the PVDF-BTO films by
measuring their weight over time. Weight measurements were
initiated immediately after printing the samples, and we
considered the weight thus measured as the initial weight of the
samples. After 4 h of drying in air, the weight of the samples no
longer varied during the rest of the time (up to 24 h), meaning
that no more evaporation occurred under ambient temperature
and pressure conditions (Fig. 2). Samples were then placed in
a vacuum oven at 90 °C, which led to a further decrease in the
sample's weight, indicating that more solvent evaporated at
elevated temperatures. Therefore, this drying step is critical for
the success of the subsequent poling process since short-
circuiting occurs immediately while attempting to pole neat
samples. The solvents used to dissolve the PVDF-BTO, namely,
acetone, DMF, and DMSO are all polar, so any residual solvent
in the sample acts as an electric conductor, causing the charges
to flow through the material. This is consistent with the
measured finite resistances (in the 1-10 MQ range) of the neat

31236 | RSC Adv, 2023, 13, 31234-31242

samples. Whereas, once the samples are completely dry, their
resistance significantly increases reaching the instrument
detection limit.

The attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) spectra of the neat and annealed
samples before poling are presented in Fig. 3A. The peaks at
763 em™ ' correspond to the a-phase, while the peaks at
840 cm ' represent a mixture of the B- and y-phases. Addi-
tionally, the peak at 1234 cm ™' signify the presence of the y-
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Fig. 2 Average film mass evolution during drying on 6 PVDF nano-
composite film samples: (a) in air for 24 h, (b) followed by 6 h in
vacuum oven at 90 °C. The red and green lines represent the ther-
modynamic equilibrium at room temperature and at 90 °C in the
vacuum oven, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05068h

Open Access Article. Published on 25 October 2023. Downloaded on 3/13/2026 4:18:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
@) : (o)
Annealed glass side - = = Experimental data
Annealed air side = Fitting model
Undried glass side = j-phase
Undried air side s
! 5
< <
(]
Q2 a
g F 2T
el
< <
(c)
(a) pot
T T T T T T T
1400 1200 1000 800 600 1400 1300 1200 1100 1000
Wave number (cm™) Wave number (cm™)
(8) ® [For foomeras
L : : Poled glass side L xperimental data
' i Poled air side [~ Fitting model
; ; Unpoled ‘ y-phase
- ' ' 1 ] | [3-phase
a : L _
—_ : : 1 1 D.
=3 //:\ w0 : : 263 -
< : : o <
o puo sy 1240 1220 : : et
e [ ! 1 c I
S 12751 1 H 3
g ' 1 S
2 ! ; g
< ! 1 <
1
1
1
1
T T T T T T T T T T T
1400 1200 1000 800 600 1400 1300 1200 1100 1000
Wave number (cm™?) Wave number (cm™)
Poled glass (2 I ] Experimental data
Poled air = Fitting model
|==——Unpoled [=——17-phase
= f-phase
31.3 384
’DT 449 = i
< <
> g
-~ [ =t
5
€ 2
= Q
g |
()
a)
T T & T — T T T ; T I
10 15 20 25 30 35 40 45 1400 1300 1200 1100 1000
2 Theta (°) Wave number (cm™)

Fig. 3 (A) FTIR spectra of unpoled films in (a and c) printed in contact with air, (b and d) printed in contact with glass, for neat (c and d) and
vacuum-dried (a and b) films. Glass side refers to the side of the sample that was in contact with the 3D printer's glass build plate, while the air side
refers to the one in contact with air during the printing process. (B and C) ATR-FTIR and XRD spectra and enlarged view (insets) of films in (a)
printed with contact to air, vacuum-dried and poled in contact to positive electrode, (b) printed in contact with glass, vacuum-dried and poled in
contact to negative electrode, (c) vacuum-dried unpoled. Deconvoluted ATR-FTIR spectra of vacuum-dried films (D) and printed films poled in
contact with positive (E) or negative (F) electrodes. Purple curve corresponds to the y-phase (peak at 1234 cm™) and green curve corresponds to
the B-phase (peak at 1275 cm™).
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phase alone. It is significant to note that the ATR-FTIR spectra
from all the samples are similar (Fig. 3A), and no statistically
significant difference is observed between them. In all the
samples the total fraction of the - and y-phases was found to
be, Fg, = 76 £+ 1%. Therefore, we conclude that the drying
process does not affect the physicochemical composition of the
samples in our experimental conditions.

Effect of poling

Poling is a crucial step in the fabrication of piezoelectric
materials as it is responsible for the alignment of molecular
dipoles and the resultant piezoelectric response. In this section,
we investigate the effect of poling on the molecular structure of
the PVDF-BTO films using ATR-FTIR, XRD, DSC, and finally the
piezoelectric coefficient with a ds;-meter.

We initially approach the piezoelectric response qualitatively
to derive valuable understanding and subsequently quantify it
using eqn (1) and (2). We have separated the analysis based on
the location of the tests for a deeper understanding of the
impact of poling on the piezoelectric properties throughout the
PVDF-BTO samples.

Variations across sides

Fig. 3B shows the ATR-FTIR spectra of the annealed and poled
PVDF-BTO films. We conducted analyses on both sides of the
poled films: the air side (marked as b) and the glass side
(marked as c). The inset provides an enlarged view of the peaks
highlighting the increased intensity of the B-phase at 1275 cm™*
from the unpoled to poled samples and a clear reduction in the
peak of a-phase at 763 cm™". To better illustrate these changes,
a deconvolution of the FTIR spectra was performed using the
Origin software (Fig. 3D-F). In unpoled samples, only the y-
phase is present (Fig. 3D, purple curve). On the air side of the
poled samples - the side with the smallest amount of B-phase
(as shown in Fig. 3E), - the amount of y-phase decreases when
the B-phase shows up (represented by the green curve). On the
other hand, in Fig. 3F, which depicts the glass side of the
samples - the side with the largest amount of B-phase, - the
amount of B-phase further increases, while the y-phase and the
a-phase both decrease. Table 1 shows the values of Fg,, AH,, Fg
and d3; of unpoled films and both sides of poled films at the
same locations as shown in Fig. 4A. The Fg, values obtained for
the air side of poled samples were 80 + 2% (Table 1), whereas
those for the unpoled samples were 76 + 2% (Table 1), which,
considering the errors in the measurements (value = +2%), are
relatively close. On the other hand, for the ATR-FTIR curves
corresponding to the poled samples along the glass side
(Fig. 3B(c)), due to the appearance of the exclusive B-peak at
1275 em ™', we could use eqn (2) to calculate the Fy values.*??
Consequently, on the glass side of poled samples (Fig. 3B(c)),
the Fg, values reach up to 93% (Table 1). At the same time, AH,,
values (Table 1) - related to the presence of y-phase - are
reduced, meaning that the y-phase content is also reduced
compared to unpoled samples. Hence we can conclude, that it is
the electrical poling that results in the vy- to P-phase
transformation.

31238 | RSC Adv,, 2023, 13, 31234-31242

View Article Online

Paper

Table 1 Spatially resolved measurements of Fg,, AH,, Fg and dss.
Sample nomenclature for different films are denoted by numbers (1-8)
and scan locations labelled by letters (a—f). The data is arranged from
the worst values of Fg, in red to the best values in green

Sample Fpy (%) AH, Fy (%) ds (PCNY)
Unpoled samples
No.6a 77 0.0914 N/A 0.0
No.6b 75 0.0821 N/A 0.0
No.6¢ 76 0.0925 N/A 0.0
No.7a 74 0.0943 N/A 0.0
No.7b 75 0.0995 N/A 0.0
No.7c¢ 74 0.0967 N/A 0.0
No.8a 76 0.0913 N/A 0.0
No.8b 76 0.0910 N/A 0.0
Poled air side
No.1d 79 0.0546 N/A 4.5+0.5
No.le 80 0.0531 N/A 4.5+0.5
No.1f 80 0.0580 N/A 43+0.5
No.2d 80 0.0770 N/A 605
No.3d 78 0.0854 N/A 53+0.5
No.4d 80 0.0647 N/A 4.4+05
No.5d 80 0.0776 N/A 4.1+0.5
Poled glass side
No.1la 88 0.0588 22 45+0.5
No.1b 90 0.0453 38 4.5+0.5
No.1c 89 0.0579 23 43+0.5
No.2a 87 0.0695 16 6+0.5
No.2b 88 0.0724 15 5.2+05
No.2c 85 0.0733 9 4.8+0.5
No.3a 93 0.0607 26 53+0.5
No.3b 91 0.0751 20 4.8+0.5
No.3 ¢ 92 0.0654 25 6.5+0.5
No.4a s 0.0530 40 4.4+05
No.4b 92 0.0568 33 4.9+0.5
No.4c 91 0.0591 33 49+0.5
No.5a 92 0.0523 32 41+05
No.5b 91 0.0655 26 4.4+0.5
No.5¢ 93 0.0566 31 3.8+0.5

Fig. 3C presents the XRD spectra for the films, with
a magnified view in the inset to better illustrate the peaks cor-
responding to the B-phase at 20.6° and the y-phase at 18.4° and
20.3°. The analysis of X-ray diffractograms leads to consistent
conclusions with the ATR-FTIR observations (Fig. 3C), i.e., that
the crystalline-phase composition of the air side of poled
samples (Fig. 3C(b)) is similar to unpoled samples (Fig. 3C(a)),
while the glass side of poled samples (Fig. 3C(a)) shows the B-
phase signature at 20.6°. The shift in the 20° peak to 20.6° and
the presence of a peak at 36.5° for the glass side of poled sample
(Fig. 3C(c)) confirms the appearance of B-phase. Meanwhile, the
air side of the poled samples (Fig. 3C(b)) do not exhibit this
shift. The three peaks at 24°, 32°, and 39° (Fig. 3C) are related to
the presence of BTO, which was added to the PVDF as a filler in
order to improve the Fg, value.”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the surface-sensitive analytical techniques such
as ATR-FTIR and XRD (curves (b) and (c) in Fig. 3B and C) reveal
that there are differences in the physicochemical structure of
the material between the two sides of the poled samples. As
from Fig. 3A, before the poling process, there is no difference
between the unpoled glass side and unpoled air side of the
samples, the difference in f-phase of the two sides of the poled
samples is indeed obtained through the poling process.

We carried out additional experiments to confirm if the
poling process contributed to the observed differences between
the sides of the sample. We used an inverted setup where the
side facing the glass was in contact with the positive electrode
during poling and the side exposed to air was in contact with
the negative electrode. Fig. S17 lists the F,, AH,, and Fg values
of all the samples hence prepared. Again, a correlation is
observed between the B-phase content and the side of the
sample that was in contact with the electrode during the poling
process. It can be seen that for these particular samples, the air
side shows Fp values while the glass side does not. This rela-
tionship implies that the electrode contact side during the
poling process directly influences the distribution of the pB-
phase in the material.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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This non-uniformity of poling across the film thickness on
the sides, to our knowledge has not been discussed in the
existing literature on this subject, pushing the need for further
investigation and characterization of this phenomenon.

Variation across surface area

We then investigated how the local value of the piezoelectric
coefficient, ds;, is related to the local phase content across
a sample surface. The d;; coefficient was measured locally using
a dzz-meter, while reflection mode ATR-FTIR spectroscopy was
used to measure Fg and Fg, with a sample placed in the focal
point of the ATR-FTIR beam. As the placement of the sample
has to be done manually for these two methods, during the
measurements we took care to always probe the samples at the
same locations as shown in Fig. 4A. As seen from the values in
Table 1 and Fig. 4, we see that it is difficult to establish a clear
correlation between the d;; and Fg values due to possible spatial
mismatch in their measurement locations. These measure-
ments are performed by two different instruments, which can
cause misalignment and complicate spatial correlation between
the two measurands. In our FTIR spectra we observe similar
strong local variations in the d3; and Fg values, in contrast to an
almost constant spatially independent value of Fg,. To better
illustrate this variation, Fig. 4B and C depict plots displaying the
Fp and dj; values at locations a, b, and c across five different
samples. Using these figures, we can see the pronounced
discrepancies in the final Fg and d;; across the samples and
along their surfaces despite employing the uniform and
consistent poling procedure for all samples and throughout
their surfaces. This leads us to conclude that the poling isn't
consistent across the surface as well. Thus, special care must be
taken to ensure successful and uniform poling when embed-
ding PVDF sensors via 3D printing into components.

We used the DSC to study the changes in the crystallinity of the
samples. It can be seen from Table 2, that there is no observable
difference in the melting temperature and the crystallinity for the
poled and unpoled samples. According to the literature, it is
difficult to determine the phase from the DSC melting peaks
(Fig. 5) as their melting temperatures overlap.****5%¢ Since the
total crystallinity, which is about 43%, did not change for both
poled and unpoled samples (Table 2), we can conclude that poling
has no impact on the growth of new crystals in the samples.
Therefore, there is only an interchange within the crystalline
content between the phases from vy- to B-phase and a- to f-phase.

All these experiments show that the poling step not only
creates polymer chain alignment but also transforms both a-
and y-phase to B-phase in the poled samples.

Table 2 Summary of DSC analysis with melting temperature and total
crystallinity of the poled and unpoled samples

Melting
No. Sample type temperature Crystallinity
1 Poled sample 158.11 °C 43.62%
2 Unpoled sample 158.15 °C 43.47%
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Fig. 5 DSC curves showing melting temperatures of poled and
unpoled samples.
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Fig. 6 Modified version of traditional fused filament fabrication (FFF)
3D printer by incorporating a dispensing system for solvent- evapo-
ration-assisted 3D printing, enabling the printing of PVDF films.
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Fig. 7 Schematic of thermal contact poling for the nanocomposite
films.

Conclusion

This study provides significant contributions to understanding
the role of the poling process in increasing the piezoelectric
properties in PVDF-based nanocomposites. Firstly, we show
that an additional drying process in vacuum for the

31240 | RSC Adv, 2023, 13, 31234-31242
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piezoelectric films is essential to eliminate solvents and render
the nanocomposite films non-conductive to allow poling at
higher electric fields of up to 50 MV m™'. Secondly, through
ATR-FTIR analysis, focusing on the peak exclusively associated
with the B-phase, ie., 1275 cm ™', we show that the poling
process is not uniform along the two surfaces of the sample. In
particular, the Fg values vary significantly from one point to
another on the same surface of the sample. Therefore, we
highlight the need for careful consideration of spatial variations
of the piezoelectric phases because of the poling process.

This is essential because, successful achievement of uniform
piezoelectric properties within the film is an indispensable in
integrating/embedding sensors into components via 3D
printing. Moreover, as it is close to impossible to replace the
integrated sensors they must be fabricated and analyzed accu-
rately. Therefore, effective tools are essential to successfully
analyze the resulting piezoelectric material and standardize the
response of the PVDF-based sensors. This research introduces
one of those tools, ultimately leading to advances in the devel-
opment and application of PVDF-based materials with
enhanced piezoelectric properties.

Experimental section
Sample preparation

1.8 g of polyvinylidene fluoride (PVDF; average M, ~ 534 000 by
GPC, Sigma-Aldrich) powder, 0.2 g of barium titanate (BTO,
BaTiO3; 99.9% purity, 100 nm, tetragonal; Nanostructured &
Amorphous Materials Inc.) powder were poured into a ball-
milling container. 4 mL of dimethylformamide (DMF; Alfa
Aesar), 0.6 mL of dimethyl sulfoxide (DMSO; Sigma-Aldrich; 65 g
L"), and 6 mL of acetone were added to the container. The
mixture was mixed in a high-energy shaker ball-mill (SPEX
SamplePrep 8000, Series Mixer/Mill) at 1080 cycles per minute
for 20 min with 3 zirconia balls (3.2 g each).

3D printing of samples

The printing setup is illustrated in Fig. 6. The ink was poured
into a syringe (3 mL; Nordson EFD) with a cylindrical steel
nozzle (0.1 mm inner diameter, 6.35 mm nozzle length; Nord-
son EFD), which was placed into a pneumatically operated
dispensing system (Ultimus V combined with HP-7X; Nordson
EFD). The dispensing system was mounted on a conventional
fused filament fabrication (FFF) 3D printer (Creality, Ender 3 v2)
using a 3D printed holder. The deposition pattern was pro-
grammed using the Cura slicer. The film was fabricated by
depositing the material in a series of zigzag infill patterns, with
the lines spaced 0.1 mm apart from each other. The dimensions
of all the films were 30 x 30 mm?”. The printing speed was
20 mm s~ ' and a dispensing pressure was = 1 MPa.

Drying

After printing, the film was left to dry on the glass plate to avoid
shrinkage and curling of the edges. After 24 h, the film was
removed from the plate. Except for those labeled as “neat”,
other samples were placed in a vacuum oven at 90 °C (at 10.1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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kPa) for 5 h. The final thickness of all the films was 0.070 +
0.010 mm.

Poling process

The in-house poling station similar to that used by Tao et al.,**
as shown in Fig. 7, was used to pole the samples. The setup
consists of a heating plate, a silicone bath, and a voltage
generator (ES60N-10W, Gamma High Voltage Research Inc.). It
was ensured that the side in contact with the glass plate during
3D printing was the one facing the bottom metal disk in the
silicone bath. On top side of the film (the air side), a 20 x 20
mm” metal plate was used as the second electrode. A 3 kV
voltage was applied at 100 °C for 1 h. After 1 h, the heat was
turned off but the electric field was maintained until the
temperature dropped to 60 °C. The film was taken out of the
silicone bath and washed with detergent (Alconox, Powdered
Precision Cleaner) to completely remove the silicone oil.

Characterization

ATR-FTIR was performed using a PerkinElmer, Spectrum 65
ATR-FTIR spectrometer. The range of wavenumbers was set
from 600 cm ™' to 1400 cm ™" with a resolution of 4 cm ™. All
membranes were scanned on both sides with ATR (attenuated
total reflection) mode. A picture of the ATR-FTIR is provided in
Fig. S2.t1 Five samples for every type (neat, annealed, poled and
unpoled) were tested at 3 different positions on each side of the
film as shown in Fig. 4A.

XRD was carried out using a Bruker, D8 advanced diffrac-
tometer with a copper anode at 40 kV and 40 mA. The samples
were scanned in a 2-theta range of 10° to 45° with a step size of
0.0167°. Two samples every type (neat, annealed, poled and
unpoled) were tested.

The crystallinity of poled and unpoled PVDF-BTO samples
was measured using Differential Scanning Calorimetry (DSC)
with TA Instruments differential scanning calorimeter, DSC
Q100. Approximately 5 mg of samples were cut from the
nanocomposite film, weighed and placed in an aluminum pan.
Heating scans were carried out from 0 to 200 °C at the rate of
10 °C min~". The total crystallinity was calculated using the
following equation:

_ AH,
T AH

X, x 100 (4)

where AH,, is the melting enthalpy of the sample, AHy, = 104.7 ]
g~ is the enthalpy of the hypothetically 100% crystallized
PVDF.***>% Two samples of each type (poled and unpoled films)
were tested.

The ds; values were obtained using a dz;-meter (YE2730,
Sinocera Piezotronics, Inc.). A photograph of the ds;-meter is
presented in Fig. S3.1 The samples are placed between two
small clamps and the equipment applied dynamic stress while
measuring the signal output. In Fig. 4, average d3; refers to the
average of the absolute values measured on both sides of the
PVDF film. Five samples for every type (neat, annealed, poled
and unpoled) were tested on 3 different positions on each side
of the film as shown in Fig. 4A.
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