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Abstract

Electrostrictive polymers having a large strain are desirable for actuators, sensors, and
energy harvesting in wearable electronics and soft robotics. However, a high electric field (>100
MV/m) is usually required for current electrostrictive polymers. To realize large electrostriction
at reduced electric fields, the fundamental electrostriction mechanism needs to be better
understood. In response to this need, the structure and electrostrictive properties of relaxor
ferroelectric poly(vinylidene fluoride-co-trifluoroethylene-co-chlorotrifluoroethylene) [P(VDF-
TrFE-CTFE)] random terpolymers films with different thermal annealing histories were studied in
this work. First, the semicrystalline structure of the P(VDF-TrFE-CTFE) terpolymer films was
studied by combined small-angle X-ray scattering and wide-angle X-ray diffraction analyses. A
three-phase model was employed, namely, crystals, oriented and isotropic amorphous fractions
(OAF and IAF). The bulky CTFE units generated taut-tie molecules (TTM) in the crystalline
lamella, dividing it into many nanosized crystals (~1.3 nm thick). It is this unique crystalline
structure with nanocrystals and mobile TTM/OAF that enabled the relaxor ferroelectric behavior
for the P(VDF-TrFE)-based terpolymers. Through electrostriction measurements and nonlinear
dielectric analysis, an inverse correlation was observed between the ferroelectric nonlinearity and
the electrostrictive coefficient under a high poling electric field (=100 MV/m). This suggested
that higher electrostriction performance could be achieved by decreasing the ferroelectric
nonlinearity of the RFE terpolymer. Indeed, above the Curie temperature, the paraelectric
terpolymer films achieved a high electrostrictive performance with the transverse strain being ~5%
at 200 MV/m. This was attributed to the strong electrostatic repulsion among electric field-induced
ferroelectric nanodomains. The finding from this work provides a viable way to design new

electrostrictive polymers with higher performance at low driving fields.
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Introduction

Under an external electric field, electrostrictive strain, which is proportional to the square
of the induced polarization, can be generated in all dielectric materials.!? Compared with the
counterpart in ceramics,’ electrostrictive polymers are featured by light weight, easy processing,
and large electrostrictive strain, which are attractive for potential applications such as actuation,"
34 mechanical sensors,>® and energy harvesting’” in soft robotics. Due to the low dielectric
constants (& < 12) of most dielectric and ferroelectric polymers, the electrostrictive strain and
electromechanical coupling factor are quite small. Intriguingly, a large electrostrictive strain (>4%)
can be achieved for relaxor ferroelectric (RFE) polymers," 4 such as electron beam-irradiated
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poly(vinylidene fluoride-co-trifluoroethylene) [P(VDF-TrFE)] random copolymers®
P(VDF-TrFE-X) random terpolymers [X is either 1,1-chlorofluoroethylene (CFE) or
chlorotrifluoroethylene (CTFE)].!'1> Nonetheless, the fundamental electrostriction mechanism is
still unclear. Previous studies have simply attributed the large electrostrictive strain in these RFE
polymers to their high dielectric constant (gr > 40).!

Recently, our study has revealed the physical origin of negative Qss/positive Q31 in PVDF-
based ferroelectric polymers,'® which has puzzled the field for quite a while.'*!> Namely, different
from ferroelectric ceramics, the conformational transformation of polymer chains in both crystals
and the oriented amorphous fraction (OAF) makes the sample elongate along the transverse (i.e.,
1) direction and shrink in the longitudinal (i.e., 3) direction. However, the nonlinear ferroelectric
flipping with a large hysteresis should not be considered as genuine electrostriction. Two
mechanisms of electrostriction in PVDF-based ferroelectric polymers are unraveled. The first is

the mechano-electrostriction, which is caused by the electric field-induced conformational

transformations between the twisted and zigzag chain conformations.'® For normal ferroelectric



polymers with large ferroelectric domains, only dipoles in the OAF can respond to the applied
electric field by chain conformational transformation when the electric field is below the coercive
field (Ec). For RFE polymers, nanodomains can easily switch via chain conformational
transformation, even under a low electric filed. Due to the low hysteresis of nanodomains
switching, this conformational transformation is genuine mechano-electrostriction. The second
mechanism is the electrostatic repulsion among highly polarized/aligned ferroelectric
nanodomains in the transverse direction under a high electric field. In this sense, mechano-
electrostriction is dominant under a low electric field, whereas electrostatic repulsion is dominant
under a high electric field. Under a low electric field, the electrostriction coefficient Q31 is found
to be inversely proportional to the product of Young’s modulus and dielectric constant.!> 17
Although the understanding of mechano-electrostriction under a low electric field has been
achieved in the previous study,'® the mechanism of the electrostatic repulsion among ferroelectric
nanodomains under high electric fields is still unclear. As we reported recently,'® ferroelectric
domains could be induced in the OAF under a high poling electric field. Therefore, the
electrostatic repulsion between intrinsic ferroelectric nanodomains in crystal and electric field-
induced nanodomains in OAF should be considered and investigated. In this work, four P(VDF-
TrFE-CTFE) samples were prepared with different thermal annealing histories in the paraelectric
phase. Their complex semicrystalline structures and electrostriction were studied to unravel the

crystalline structure-electrostrictive property relationship.

Experimental Section
Materials. The P(VDF-TrFE-CTFE) random terpolymer with a molar ratio of

62.2/30.2/7.6 was kindly supplied by Piezotech/Arkema, Lyon, France. The number-average



molecular weight was determined by size-exclusion chromatography to be 276,000 g/mol and the
dispersity index was 2.54, using linear polystyrene as the standard.!® Polymer powders were used
as received without further purification.

Films Fabrication and Processing. Four types of film samples were fabricated in this
study. (1) 4 quenched and stretched (terP-QS) sample. Using nonsticking aluminum foils, the
terpolymer was hot-pressed at 160 °C for 5 min at 6 tons, followed by quenching into liquid
nitrogen. The quenched film was uniaxially stretched to an extension ratio of ca. 500% using a
home-built stretching apparatus at room temperature. The stretching rate was 12 mm/min. This
stretching condition remained the same for all samples in this study. (2) A quenched, stretched,
and 60 °C-annealed (terP-QSA60C) sample. The QS sample was annealed at 60 °C for 12 h using
an Instec HCS402 hot stage (Instec, Inc., Boulder, CO). (3) A quenched, stretched, and 80 °C-
annealed (terP-OSA80C) sample. The QS sample was annealed at 80 °C for 12 h. (4) A quenched,
stretched, and 90 °C-annealed (terP-OSA90C) sample. The QS sample was annealed at 90 °C for
48 h. Because the terP-QS sample annealed at 90 °C for 12 h behaved quite similar to the terP-
QSAS80C film, we prolonged the annealing time to 48 h. The final thicknesses of all films were
around 20-35 pm.

Characterization and Instrumentation. Differential scanning calorimetry (DSC)
experiments were carried out on a TA DSC250 (TA Instruments, New Castle, DE). Approximately
2 mg samples were used at a scanning rate of 10 °C/min under a dry nitrogen atmosphere (flow
rate of 50 mL/min). Fourier transform infrared (FTIR) spectroscopy was performed on Thermo
Scientific Nicolet iS50 (Thermo Fisher Scientific, Waltham, MA) and Agilent Cary 630 (Agilent
Technologies, Santa Clara, CA) FTIR spectrometers. The scan resolution was 4 cm™ with 32 scans.

Broadband dielectric spectroscopy (BDS) measurements were carried out using a Novocontrol



Concept 80 broadband dielectric spectrometer (Novocontrol Technologies, Montabaur, Germany)
with temperature control. The applied voltage was 1.0 Vs (i.e., the root-mean-square voltage)
with frequency ranging from 1 to 10° Hz and temperature from -50 to 100 °C. Gold (Au) electrodes
with an area of 7.06 mm? were evaporated on both surfaces of samples using a Quorum Q300T D
Plus sputter coater (Quorum Technologies, Ltd., Laughton, East Sussex, UK). The Au electrode
thickness was 10 nm.

Two-dimensional (2D) small-angle X-ray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD) experiments were performed at the 11-BM Complex Material Scattering
Beamline of the National Synchrotron Light Source II (NSLS-II), Brookhaven National
Laboratory (BNL). The wavelength (A) of the incident X-ray was 0.0729 nm. The distances
between the sample and the WAXD (Pilatus 800 K, Dectris, Gaden-Dattwil, Switzerland) and the
SAXS detectors (Pilatus 2M) were 261 and 5050 mm, respectively. These distances were
calibrated using silver behenate with the first-order reflection at a scattering vector of ¢ =
(4msinB)/A = 1.076 nm™' (0 is the half scattering angle). The typical data acquisition time was 30
.

Simultaneous electric displacement-electric field (D-E) and transverse strain-electric field
(S1-E) loops were measured using a Premiere II ferroelectric tester (Radiant Technologies, Inc.,
Albuquerque, NM) with a Trek 10/10B-HS high-voltage amplifier (0-10 kV AC, Trek, Inc.,
Lockport, NY), as described in previous reports.?>! The applied voltage had a bipolar sinusoidal
waveform at 1 Hz. The film samples were coated with gold (Au) electrodes on both sides with an
overlapping area of 8x3 mm?. The Au-coated film was immersed in silicone oil to avoid corona
discharge in air. The stray capacitance was determined using a biaxially oriented polypropylene

film (8 um, provided by SB Electronics, Inc., Barre, VT) with a dielectric constant of 2.25. The



Si of the film samples (the initial length = 8 mm) was measured using a home-built fixture
connected to a MTI 2100 fotonic sensor (MTI Instruments, Inc., Albany, NY), following a
previous report.?! At high temperatures (>35 °C), significant conduction was observed in D-E
loops in the large-area terpolymer films. To overcome this problem, separate D-E loop
measurements were performed on small-area samples (7.06 mm?). A home-built sample fixture
was used to connect the Au electrodes on both sides of the film with the interface of the Radiant
ferroelectric tester using high-voltage cables. The temperature was controlled using a ChemGlass

CG-1999-V-10 hot plate (ChemGlass Life Sciences, LLC, Vineland, NJ).
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Figure 1. Two-dimensional (2D) (A,C,E,G) SAXS and (B,D.F,H) WAXD patterns for (A,B) terP-
QS, (C,D) terP-QSA60C, (E,F) terP-QSA80C, and (G,H) terP-QSA90C films at room temperature.
The drawing is along the vertical direction and the film normal direction (ND) is along the
horizontal direction.

Result and Discussion
Unique Semicrystalline Structure with Nanosized Ferroelectric Domains in the

P(VDF-TrFE-CTFE) Terpolymers. In the past, a two-phase model was used to describe the



RFE terpolymers, i.e., crystals and the amorphous phase. Due to the repeat-unit isomorphism, it
was considered that bulky CTFE units were included in the crystals.'":!* However, on the basis
of our recent reports on PVDF-based homopolymers and random copolymers, this two-phase
model cannot fully describe their complicated crystalline structures. Instead, a three-phase model
should be employed, namely, crystal, the oriented and isotropic amorphous fractions (OAF and
IAF).!322 Therefore, the semicrystalline structure of the P(VDF-TrFE-CTFE) random terpolymers
needs to be revisited.

Figures 1A,C,E,G show 2D SAXS patterns for different terpolymer samples. Butterfly-
like primary crystal (PC) scattering patterns were observed for all samples, indicating that the
crystalline lamellae were tilted at an angle (60-73°) from the stretching direction. Upon increasing
the annealing temperature, the butterfly scattering peaks gradually approached the beam center,
indicating an increased lamellar spacing due to lamellar thickening via chain-sliding in the
paraelectric phase. In addition, a weak scattering peak with a d-spacing of 4.1 nm was seen on the
equator, which was attributed to the lamellar stacking of secondary crystals in the IAF, as we
reported before.> The 2D WAXD patterns of different terpolymer samples are shown in Figures
1B,D,F,H, respectively. A sharp (110/200) reflection (K1) was seen on the equator, and extremely

broad (001/111/201) reflections (K2) were observed on the meridian.
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Figure 2. (A) 2D edge-on WAXD pattern of the terP-QSA60C film at room temperature. The
drawing direction is vertical, and the film ND is horizontal. Different scatterings and diffractions
are indicated in the WAXD pattern. (B) Fitted IAF: [from the integrated region of -3° - 3° in (A)]
and IAF: scatterings [from the integrated region of 68.5° - 71.5° in (A)]. The Guassian+Lorentzian
functions are used for peak-fitting. (C) The subtracted WAXD curve (magenta) for crystal
diffractions and OAF scatterings after the sample intensity (black) subtracts the total IAF
(IAF1+IAF2) scattering (green). (D) Fitting of the subtracted WAXD curve in (C), using
OAF1+OAF: scattering (red), Ki diffraction (blue), and Ko+OAF3 scattering (olive). (E) The final
fitting result of the terP-QSA60C WAXD curve using total IAF scattering (green), OAFi1+OAF2
scattering (red), K1 diffraction (blue), and K2+OAF3 scattering (olive). The final fitting results are
presented in (F) terP-QS, (G) terP-QSAS80C, and (H) terP-QSA90C.

Figure 2A shows the 2D edge-on WAXD pattern of the terP-QSA60C sample. Three
oriented halo-scatterings around the PC (i.e., Ki and K>) reflections were observed, which could
be assigned to the OAF scatterings, including OAF1 around K1, OAF: (a weak scattering extending

from K to K2), and OAF3 around K2. Meanwhile, two IAF scatterings could be seen in the areas
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free of the crystalline reflections, namely, IAF1 at ~12 nm™' on the meridian and IAF2 at 27 nm™!
in the quadrant. They could be ascribed to the average interchain (~0.5 nm) and intrachain (or
inter-bond, ~0.23 nm) spacing in the IAF, respectively. A schematic representation of the three-
phase morphology is shown in Scheme 1A, where chain-folding is not the major structure at the
crystal-amorphous interfaces. Instead, many chains extend out of the crystals, forming the OAF.
The orientation of chains gradually tapers off from the crystal basal planes and finally IAF is
formed in the middle of the amorphous layer. In this sense, the OAF is more liquid crystal-like,
rather than amorphous. Because the OAF chains stem out from the crystal basal planes, lamellar
tilting is resulted to reduce chain-crowding at the crystal-amorphous interfaces. Usually, OAF has
a lower mobility than IAF due to its direct tethering of at least one end to the rigid crystals. If a
significant portion of OAF vitrifies, it becomes the so-called rigid amorphous fraction (RAF).2+2

The overall lamellar spacings of all the terpolymer samples were calculated from one-
dimensional (1D) correlation function analysis using the SasView software (for details see Figure
S1). As shown in Figure 3A, the lamellar spacing increased from 12.6 nm for terP-QS to 27.2 nm
for terP-QSA90C (i.e., an extended-chain crystalline morphology), as a result of lamellar
thickening due to thermal annealing in the paraelectric phase.?6>® Assuming a crystallinity of ~0.3,
the crystalline layer was estimated to be ~3.8 nm for terP-QS. However, from the Scherrer analysis,
the crystallite size for (001/111/201) (t/) was estimated to be ~1.3 nm (see Figure 3B), indicating
that the crystalline correlation was extremely small along the chain axes. Therefore, a lot of
conformational defects (e.g., kinks and twists) caused by the bulky CTFE unit must exist in the
crystalline layer, forming taut-tie molecules (TTM) between neighboring crystals. Note that the
kink band in the cooled phase of P(VDF-TrFE), as proposed by Tashiro, contains a layer of single

trans-to-gauche twisted conformation.?*>° It is possible that the bulky CTFE units caused more
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twists in the crystalline region. Combining both SAXS and WAXD analyses, the semicrystalline
structure of the P(VDF-TrFE-CTFE) terpolymer can be explained in Scheme 1B. The crystalline
layer contains alternating thin crystal (~1.3 nm) and finite TTM layer with conformational twists,
and the amorphous layer contains both OAF and IAF. In the IAF, certain secondary crystals (SCiar)
could grow (represented as the dashed rectangles in Scheme 1B), which gave the weak scattering
on the equator of the SAXS patterns (Figures 1A,C,E). This unique semicrystalline structure is

believed to be the origin of RFE behavior reported before.! % !!

—»' § «— strain
S ——————

mechano-electrostriction — elongation
along 1 direction and shrinkage along 3 direction

B Electrostatic repulsion under a high electric field (>50 MV/m)

stretching direction electrostatic repulsion — elongation
along 1 direction and shrinkage along 3 direction

Scheme 1. Schematic representations of (A) mechano-electrostriction due to the twisted-to-zigzag
conformation transformation in OAF or TTM under a low electric field (e.g., <30MV/m) and (B)
electrostatic repulsion among polarized nanodomains in crystals, TTM, and OAF under a high
electric field (e.g., > 50 MV/m).

According to our recent reports,'> 2 the contents of PCs (xc), TTM/OAF (xtt™m/o0AF; note
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that the structures of TTM and OAF are similar and it is not possible to differentiate them in the
WAXD pattern), and IAF (x1ar) could be determined using quantitative 2D WAXD analysis. As
shown in Figure 2B, the IAF: and IAF: scatterings could be obtained by integrating regions I (-3°-
3°up to 20 nm™) and II (68.5°-71.5° from 17 to 39 nm™), respectively. After subtracting the total
IAF (i.e., IAFI+IAF2) scattering from the overall 1D WAXD curve, a subtracted curve was
obtained (Figure 2C). This subtracted WAXD curve was further deconvoluted into OAF1+OAF2
scattering (red), Ki diffraction (blue), and Ko+OAF3 scattering (olive) using the PeakFit software
(Systat Software, Inc.) (Figure 2D). However, due to the extremely broad (001/111/201)
reflections, it was not possible to differentiate the Kz diffraction from the OAF3 scattering in the
WAXD pattern. If we assume that the ratio of OAF3 to K2 was 1:1, then xc, xrrm/0AF, and XiAF
could be estimated from the integrated peaks for terP-QSA60C in Figure 2E. Similarly, the final
fitting results and the estimated xc, xrr™m/0AF, and xiar values for terP-QS, terP-QSA80C, and terP-

QSA90C are shown in Figures 2F,G,H, respectively.

A 90 5 B 4 c

g0 = 0.4
£ ) < 49 ° . e 3 w
%) 180 @ <
% . =] >
c 20 & =
S . . = =48] 2E Zos
£ 0T o e
i . - n ®© = " B E
Bqp T “ *
B g a7 1 ) o

> ¢
£ @ 02 it
g u 4160 TTM/OAF

= Xiar
0 ; : ; i 46 ; ; ; ; 0 ; : ; j
0.6 0.65 0.7 0.75 0.6 0.65 0.7 0.75 0.6 0.65 0.7 0.75
1-Xa (OF XX rri0aF) 1-Xap (OF X+ Xrri0F) 1-XiaF (OF X *+Xrricar)

Figure 3. (A) Lamellar thickness and tilt angle, (B) d-spacing of the (110/200) reflection (d.) and
the crystallite size of (001/111/201) reflection (t), and (C) xc, xTT™m/0AF, and xiar as a function of
1-x1aF or xctxrrmoar for various P(VDF-TrFE-CTFE) terpolymer films.

The above estimation allowed us to understand the thermal annealing effect on the

semicrystalline morphology of different terpolymer samples. Figure 3C shows the xc, XTT™M/0AF,
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and x1ar as a function of 1-xiar or xctxrrm/oar. Upon thermal annealing terP-QS at an increasingly
higher temperature, xiar decreases linearly with respect to xctxrrmoar. Meanwhile, xc increased,
and xTrmoar first increased up to 80 °C and finally slightly decreased upon annealing at 90 °C for
48 h. Because the structures of TTM and OAF were fairly similar, it was not possible to further
differentiate them using the WAXD analysis. From this result, we understand that thermal
annealing in the paraelectric phase increased the content of oriented structures (both crystals and
TTM/OAF) in the terpolymer, at the expense of decreasing xiar. FTIR was used to study the local
chain conformation in different samples. As shown in Figure S2, no obvious difference was
observed, indicating that the local chain conformations of the terpolymer films annealed at

different temperatures were similar.
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Figure 4. (A) The first heating DSC curves for various P(VDF-TrFE-CTFE) films. The heating
rate is 10 °C/min. (B) Melting point (Tm) and melting enthalpy (AHr) and (C) Curie temperature
(Tc) and heat of Curie transition (AHc) as a function of 1-xiar or xc+xrr™oar of the terpolymer
films.

The first heating DSC curves of all the terpolymer samples are shown in Figure 4A. In
addition to the melting temperature (Tm) around 125 °C, a broad Curie transition around 30 °C was
observed. Upon increasing the annealing temperature, the Tm gradually increased from 123.8 °C

for terP-QS to 129 °C terP-QSA90C, indicating crystalline lamellar thickening (Figure 4B). This

is consistent with the SAXS/WAXD results above. After annealing at 90 °C for 48 h, the terP-
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QSA90C achieved more or less extended-chain crystalline morphology. The melting enthalpy
(AHy) reached 22.0 J/g (Figure 4B), which is considered to have contributions from both crystals
and liquid crystal-like TTM/OAF; therefore, it is not possible to calculate the heat of fusion for
perfect extended-chain terpolymer crystals. For the thermally annealed samples, terP-QSA90C
exhibited higher Curie temperature (Tc) and Curie transition (AHc), suggesting that extensive

thermal annealing could grow larger crystals and thus larger ferroelectric domains.
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Figure 5. Bipolar (A-D) D-E, (E-H) Si-E, and (I-L) S1-P? loops for different P(VDF-TrFE-CTFE)
films at room temperature under different poling fields: (A,E.I) terP-QS, (B,F,J) terP-QSA60C,
(C,G,K) terP-QSA80C, and (D,H,L) terP-QSA90C. The poling frequency is 1 Hz with a
sinusoidal waveform.

Electrostrictive Performance of P(VDF-TrFE-CTFE) Films at Room Temperature.

As we discussed above, thermal annealing in the paraelectric phase decreased xiar and increased

xe and xrrwoar for P(VDF-TrFE-CTFE). What would be the effect of xc and xrrmoar on the
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electrostrictive performance? To answer this question, we measured simultaneous D-E and Si-E
loops for different terpolymer samples at room temperature under different poling electric fields
(Figures SA-H). In order to avoid the transient response and the remanent Si during the first loops,
the second D-E and Si-E loops were presented in this study.!?

As shown in Figures SA-D, the D-E loops became increasingly broader with increasing the
annealing temperature, indicating enhanced ferroelectricity after annealing. Meanwhile, the
maximum D also increased. Figure 6A presents the D values of different terpolymer samples as a
function of the poling electric field. The terP-QS exhibited the lowest D under all electric fields,
and the D of terP-QSA60C was higher. From the above WAXD analysis (Figure 3C), the increase
in D should be attributed to the decreased xiar after thermal annealing. Since the xc values of terP-
QS and terP-QSA60C samples were almost the same, the enhancement of D for terP-QSA60C
should be ascribed to its increased xrrmoar. Finally, terP-QSA80C and terP-QSA90C had the
highest D and their D curves almost overlapped. This could be attributed to the significantly
increased x. for both samples (Figure 3C). The higher xrrmoar and xc would increase the
ferroelectric domain size upon high-field electric poling. Therefore, the increased D was a result
of increase ferroelectric domain size for the terpolymer samples upon increasing the annealing
temperature. The question is: will the higher D enhance electrostriction?

The electrostrictive performance is shown in Figures SE-H, and parabolic-like Si-E loops
were observed, which is typical for RFE polymers.""* 3 Figure 6B summarizes the maximum Si
as a function of the poling electric field for different terpolymer samples. When the poling field
was below 30 MV/m, the S difference for various terpolymer samples was quite small. It became
more obvious when the poling field was above 50 MV/m. From Figure 6B, Si1 was the lowest for

terP-QS. It reached the maximum values for terP-QSA60C and terP-QSA80C, and then decreased

16



for terP-QSA90C. Therefore, a higher D did not necessarily guarantee a higher electrostrictive

performance.
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Figure 6. Maximum (A) D and (B) Si, and (C) calculated Q31 as a function of the poling electric

field for different P(VDF-TrFE-CTFE) films at room temperature. (D,G) Linear €& and &7, (E,H)

nonlinear e¥’ and €M and (F,]) overall €., and &/, as a function of the poling electric field for

different P(VDF-TrFE-CTFE) films at room temperature.

The other important factor for electrostriction is the electrostrictive coefficient, Qsi.
Because S1 = Q31P? for RFE polymers, Q31, could be obtained from the linear region in the Si-P?
loops (Figures 5I-L). Figures 6C summarizes the Q31 of different terpolymer samples as a function

of the poling electric field. All terpolymer samples showed a similar trend, namely, Q31 firstly
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increased with the electric field for E < 50 MV/m, and the increase became smaller or Q31 leveled
off above 90 MV/m. When the poling field was above 50 MV/m, the Q31 of the terP-QSA60C
reached the highest values and then decreased with further increasing the annealing temperature.
There is a question: What is the working mechanism behind the Q31 of different terpolymer
samples? As shown in Scheme 1A, mechano-electrostriction is dominant under a low electric field
(e.g., <30 MV/m), which originates from electric field-induced twisted-to-zigzag conformational

3 From Figure 6B, the

transformation in the nanocrystals and TTM/OAF, as reported before.!
difference of mechano-electrostriction between different terpolymer samples was small. When
the external field is zero, ferroelectric nanodomains exist only in the crystals, not in the TTM and
OAF (see the left panel of Scheme 1B). Above 50 MV/m, additional ferroelectric nanodomains
could be induced in the TTM and OAF by the high poling field. Because all these aligned
nanodomains are closely packed, the electrostatic repulsion among them significantly enhances
electrostriction (see the right panel of Scheme 1B). After the external field is removed, the electric
field-induced nanodomains in TTM/OAF should largely disappear. Therefore, the high-field
electrostriction in Figure 6C should primarily originate from the electrostatic repulsion among
existing (in crystals) and field-induced (in TTM and OAF) nanodomains.

To understand different Q31 values in different terpolymer films, nonlinear dielectric

d,!3 183132 and the procedure is presented in Scheme S1. Here, we use the

analysis was performe
terP-QS as an example. Following our previous reports,'> '8 3! the linear deformational
polarization (Ddef), which originates from electronic and atomic polarizations of the entire sample
and the orientational polarization from the amorphous phase, was first determined. After

subtracting the linear Dder from the D-E loops in Figure 5A, the nonlinear polarization (Pnp)-E

loops for the terP-QS were obtained, as shown in Figure S3A. Then, the overall D(t), the linear
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DL(t), and the nonlinear Pxi(t) waves were plotted in Figures S3B-D, respectively. After applying
Fourier transform for the overall D(t), linear Di(t), and nonlinear Pni(t) waves, the complex overall
D;, (n=1,2,3,4,5, etc.), linear D}*, and nonlinear DN'* were obtained. Then, the complex overall
€, linear €& | and nonlinear e¥L* were determined using the equation, &, (ekf, eN*) =
D;, (D¥*, DNL*) /(eoE), where € is vacuum permittivity and E is electric field: &), (linear,
nonlinear, total) in Figure S3E, &)/, (linear, nonlinear, and total) in Figure S3F, eM¥' and £M}” in
Figure S3G, and &M and £Y” in Figure S3H. This nonlinear dielectric analysis was also
performed for the D-E loops of terP-QSA60C, terP-QSA80C, and terP-QSA90C in Figures 5B-D,
and the results are shown in Figures S4-S6, respectively. Compared with the first harmonics, the
higher order harmonics were small, and we can focus on the first harmonics for discussion.
Figures 6D-1 summarize the complex first harmonics as a function of the electric field for
different terpolymer films. Below 30 MV/m, linear ] remained constant for all samples; 43.5
for terP-QS, 53.9 for terP-QSA60C, 62.6 for terP-QSA80C, and 57.9 for terP-QSA90C (Figure
6D). These values are consistent with the BDS results in Figure S7. When the electric field was
above 30 MV/m, linear -] quickly decreased and leveled off around 19.5 above 150 MV/m for
all films. From Figures 6E,H the nonlinear eM}’ and eM}" of terP-QS and terP-QSA60C were
similar and much lower than those of terP-QSA80C and terP-QSA90C. Compared with the Q31
in Figure 6C, the terP-QS and terP-QSA60C samples with a lower nonlinear L' had a higher Qs1,
and the terP-QSA90C with the highest nonlinear eM}" had the lowest Qs1. This inverse correlation
suggests that the dielectric nonlinearity is detrimental to Qsi. In other words, ferroelectric
nonlinearity from larger crystals in heavily annealed terpolymers should be avoided for high

electrostriction performance. This is consistent with our recent study comparing P(VDF-TrFE)

75/25 (mol./mol.) and P(VDF-TrFE-CTFE) terpolymer,'? where the ferroelectric P(VDF-TrFE)
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75/25 exhibited a much smaller electrostrictive strain than the RFE terpolymer.

Finally, according to the above electrostriction equation, the overall electrostrictive strain
has a combined contribution from D and Q31 (Figure 6B). For terP-QSA60C, Q31 is the highest
but D is somewhat lower. For terP-QSAS80C, D is the highest but Q31 is lower. As a result, their
electrostrictive performance is similarly high. For terP-QS, D is the lowest and thus the
electrostrictive performance is the lowest. For terP-QSA90C, the Q31 is the lowest and thus the

electrostrictive performance is lower than that of terP-QSA60C and terP-QSAS0C.
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Figure 7. Bipolar (A-C) D-E, (D-F) Si-E, and (G-H) Si-P? loops for the terP-QS film at different
temperatures under different poling electric fields: (A,D,G) 35 °C, (B,E,H) 45 °C, and (C,F,I)
55 °C. The poling frequency is 1 Hz with a sinusoidal waveform.
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Further Enhancing Electrostriction at Elevated Temperatures. From the room
temperature study, we consider that electrostriction could be further enhanced by decreasing the
ferroelectric nonlinearity of the terpolymer films. To verify this idea, a simple and effective way
is to increase the temperature above Tc and study electrostriction of the paraelectric terpolymer
films. Figure 7 shows the electrostrictive performance of terP-QS at different temperatures. As
shown in Figures 7A-C, the D-E loops above Tc were much slimmer than those at 25 °C (Figure
5A). This could be attributed to the much smaller field-induced ferroelectric nanodomains in the
paraelectric phase, and thus decreased ferroelectric nonlinearity. Note that even in the paraelectric
phase above Tc, a high enough electric field can still induce ferroelectric nanodomains.>*3° Figure
8A presents the maximum D of terP-QS as a function of the poling electric field at different
temperatures, and it decreased with increasing temperature. Parabolic shaped Si-E loops for terP-
QS sample were seen in Figures 7D-F, and they also became slimmer upon increasing temperature.
Figures 8B summarizes Si as a function of the poling electric field at different temperatures.
Below 100 MV/m, the Si-E curves at 25, 35, and 45 °C overlapped; however, the Si at 55 °C was
lower. This is because 55 °C was much higher than the Tc of terP-QS, and few field-induced
ferroelectric nanodomains could be induced under such a low electric field. When the electric
field was above 100 MV/m, Si of terP-QS was higher at higher temperatures. This is
counterintuitive, because we had expected lower electrostriction performance when temperature

was increasingly higher than Tc.
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Figure 8. Maximum (A) D and (B) Si, and (C) calculated Q31 as a function of the poling electric

field for terP-QS at different temperatures. (D,G) Linear £} and €£, (E,H) nonlinear M’ and

eNL" and (F,I) overall €}, and &/, as a function of the poling electric field for the terP-QS film at

different temperatures.

To explain this counterintuitive observation, we need to study Q31 and correlate it with the
nonlinear dielectric property. From the Si-P? loops in Figures 7G-I, Q31 as a function of electric
field was obtained for terP-QS at different temperatures. Different from the Q31-E curve at 25 °C,
the Qs1-E curves of terP-QS at 35, 45, and 55 °C showed a similar trend. Namely, Q31 first
increased slowly below 70 MV/m, increased sharply above 100 MV/m, and finally leveled off
above 140 MV/m. This indicated that a high enough field was required to induce ferroelectric
nanodomains in the paraelectric phase. The maximum Q31 increased with an increase of
temperature: ~7.7 m*/C? at 25 °C, ~13.8 m*/C? at 35 °C, ~17.9 m*/C? at 45 °C, and ~20.5 m*/C? at
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55 °C. Intriguingly, the maximum Q31 of terP-QS at 55 °C was nearly 2 times higher than that at
25 °C.

To understand this dramatic increase in Q31 above 100 MV/m at elevated temperatures,
nonlinear dielectric analysis was performed on the D-E loops in Figures 7A-C, the results are
displayed in Figures S8-S10, respectively. Figures 8D-I summarize the first harmonics vs. the
poling electric field at different temperatures, and linear £}, nonlinear e¥', and overall €}, of
terP-QS at different temperatures are presented in Figures 8D,E,F, respectively. Above 100 MV/m,
the linear e&] at different temperatures were almost the same. The nonlinear e} increased first
and leveled off above 100 MV/m. The maximum &Y’ value decreased with increasing
temperature, indicating a decrease in ferroelectric nonlinearity with temperature. In other words,
the poling field-induced ferroelectric nanodomains were smaller in size at elevated temperatures.
Compared with the Q31 changes in Figure 8C, terP-QS with a lower nonlinear e at 55 °C had
the highest Q31 of 20.5 m*/C?. Again, an inverse correlation between the ferroelectric nonlinearity
and Q31 was observed. Indeed, enhanced electrostrictive performance for terP-QS was achieved
under a high enough poling field (>100 MV/m) at elevated temperatures due to the decreased
ferroelectric nonlinearity in the paraelectric phase.

In addition to terP-QS, the high-temperature electrostriction performance was also studied
for terP-QSA60C, as shown in Figure S11. The nonlinear dielectric analysis was performed for
the D-E loops in Figure S11A-C, and results are presented in Figures S12-S14. The maximum D
and Si under different poling fields are summarized in Figures SISA,B. When the poling field
was above 100 MV/m, again increased S1 was observed for terP-QSA60C at an increasingly higher

temperature. From the Si-P? loops in Figures S11G-I, Q31 was obtained in Figure S15C. Above

100 MV/m, Q31 values at 45 and 55 °C were higher than those at 25 and 35 °C. From nonlinear
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dielectric analysis results (Figures S15D-I), the linear £} values were similar for terP-QSA60C
above 100 MV/m at all temperatures. However, the eM’ gradually decreased upon increasing
temperature (Figure S15E). Again, an inverse correlation was observed between Q31 and £,
Namely, terP-QSA60C at 45 and 55 °C had the lowest e¥{' but the highest Q31. Based on Q31 and
D, the Si values reached the highest for 45 and 55 °C: ~4.9% at 200 MV/m. This value was about

36% higher than the S at 25 °C (3.6%).

Conclusions

In summary, the semicrystalline structure of the P(VDF-TrFE-CTFE) terpolymer was
revisited using combined SAXS and WAXD analyses. Instead of the conventional two-phase
model, a three-phase model should be employed to describe the complex semicrystalline
morphology, i.e., crystals, OAF, and IAF. Within the crystalline layer, alternating thin crystals
(1.3 nm thick) and finite TTM layers were present. From the WAXD analysis, xc, xTTm/0AF, and
xiar were determined. Upon increasing the thermal annealing temperature and time in the
paraelectric phase, xiar decreased and xc/xrrmoar increased. Finally, after annealing at 90 °C for
48 h, an extended-chain crystalline structure was obtained with larger crystals and intrinsic
ferroelectric nanodomains.

Electrostriction performance of different terpolymer films was studied, and the structure-
property relationship was unraveled. Two mechanisms of electrostriction were identified:
mechano-electrostriction due to conformational transformation at low fields (e.g., < 30 MV/m)
and electrostatic repulsion among field-induced ferroelectric nanodomains in TTM and OAF at
high fields (e.g., > 50 MV/m). It was observed that the Q31 could be enhanced by decreasing the

dielectric nonlinearity from the RFE crystals. Combining both effects from D and Qs1, the overall
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electrostrictive performance could be enhanced. 1) At room temperature, the RFE terP-QSA60C
film exhibited the highest electrostriction (3.6% at 200 MV/m), because it had relatively high D
and Q31 (due to its low ferroelectric nonlinearity). 1ii) Above Tc, existing ferroelectric
nanodomains in the nanocrystals disappeared. However, nanodomains could be induced by a high
enough poling field (> 100 MV/m) in the paraelectric phase. Because of decreased ferroelectric
nonlinearity (i.e., smaller nanodomains), the paraelectric terpolymer films were able to achieve
high electrostrictive performance: ~5% at 200 MV/m.

The knowledge obtained from this study will help us design new RFE P(VDF-TrFE)-based
terpolymers for further enhanced electrostrictive actuation. First, the large CTFE units should be
more uniformly distributed in the polymer chains to divide up the ferroelectric domains into
smaller ones. To achieve this, composition drift during radical copolymerization should be
avoided, and continuous feeding of comonomers is an effective method.’® Second, a new
comonomer should be pursued to replace CTFE. Recently, a double-bond comonomer [from
dehydrochlorination of P(VDF-CTFE)] was reported to enhance electroactuation.®’ It is possible

to achieve better electrostrictive performance by exploring new terpolymers.

Supporting Information. The Supporting Information is available free of charge on the
ACS Publications website at DOI: XXXXXXXXXXXXX.

1D SAXS profiles and correlation function analysis, FTIR spectra, nonlinear dielectric
analyses for various terpolymer films at different temperatures, temperature-scan BDS results, and

electrostrictive performance of terP-QSA60C at various temperatures.
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