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Abstract:

Carbon-based electroactive polymers (EAPs) are core materials for actuator applications.
Introducing conductive fillers into EAPs is considered an effective method to improve the
actuating performance, due to the enhanced dielectric properties achieved. This work describes
the elaboration and characterization of polyurethane (PU)/oxygen-functionalized graphene
(OFG) composite films. Results revealed that for the nanocomposites, a large increase in
dielectric constant was obtained without a great mechanical reinforcement, whereas there was no
improvement in electromechanical performance as compared to pure polyurethane. The possible
reasons for these discordant results were thus investigated with the help of multiscale studies.
The importance of measuring the dielectric and mechanical properties under the same conditions
as those used to drive actuators could be pointed out. Using high electric field values led to a
better prediction of the electromechanical coefficient M3; for pure PU at low frequency, but did
not completely explain the decreasing M3 found for the composites. The discrepancy could be
due to the moderate adhesion between the polymer and the graphene nanoplatelets, but also to
the competition between the increased dielectric constant and the decreased electric field seen by
the polymer, induced by MWS interfacial polarization.
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1. Introduction

Electroactive polymers (EAPs) are used in a wide range of applications such as artificial
muscles, sensors, microfluids and robotics, for their lightness, easy elaboration, and flexibility
[1-4]. However, due to their relatively small dielectric constant, the application of EAPs are
limited by the high driven electric field required. For this reason, research aiming at improving
the electromechanical performance is of great interest [5S—8]. Among the electronic EAPs,
polyurethane (PU) is a promising candidate thanks to its low cost as well as balanced properties
among which can be mention the electric field-induced strain, mechanical modulus and
temperature behavior. The studied PU elastomer presented a specific structure with a mix of hard
and soft segments. Thermodynamic incompatibility of the two types of segments led to a phase
separation favoring a high-level electromechanical performance[7,9,10].

The total strain S can be expressed in terms of the Maxwell effect due to the electrostatic
interaction between charged electrodes, and electrostriction, which is linked to the change in
material properties with strain. The strain is related to the applied electric field E with a quadratic
equation:

S = Smaxwett + Setectrostriction = ME? (1

A previous study on this polyurethane showed that the Maxwell effect is the main mechanism
involved in the total strain [11]. Its electromechanical performance thus depends directly on the
ratio of the dielectric constant (&;’) to the mechanical Young’s modulus (Y), so the

electromechanical coefficient M3 can be expressed as [12]:

Msy = = @)

Consequently, increasing the dielectric constant is a convenient way to improve the
performance of a PU actuator. Several approaches can be employed for this, including the
incorporation of fillers. In the case of insulating fillers, large quantities are required which in turn
gives rise to a significant increase in Y, to the detriment of M3;. For conductive fillers and

especially nanosized ones, a lower content can be sufficient giving rise to a moderate mechanical
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reinforcement. Many authors linked the beneficial effect of the conductive fillers to Maxwell-
Wagner-Sillars interfacial polarization [13—15]. Consequently, it would be interesting to increase
the quantity of interfaces by raising the filler content. The main issue is to preserve the insulating
characteristic of the composite for which functionalization of the fillers can offer a suitable
solution.

Research on composites of carbon nanotubes, graphene, carbon black have been reported for
actuation applications [6,7,16,17]. Graphene is of particular interest, due to the extensive
electron mobility and a large specific surface area in favor of interfacial polarization. Moreover,
the functionalization of fillers favors the dispersion as well as the cohesion with the polymer
matrix [18]. Therefore, in this work, oxygen-functionalized graphene nanoplatelets (OFG) were
chosen to prepare PU/OFG composites.

An investigation was performed of the microstructural, mechanical and dielectric properties of
PU/OFG nanocomposite films, in order to better understand how these properties affect the
electromechanical coefficient M31. Solution tape casting was used for the film elaboration. OFG
weight contents were varied in the range 0-14.60 wt%. The impact of nanoplatelets on the PU
microstructure was investigated by SEM and DSC analyses, and the dielectric and mechanical
properties were characterized. Frequency, temperature and electric field ranges were chosen so
as to separate the various mechanisms involved in the polyurethane properties, while considering
the conditions for driving actuators. The electromechanical coefficients were evaluated by
bender displacement measurements, and compared to the values calculated by equation (2).
Their difference was discussed, especially in terms of conductivity/MWS relaxation contribution

and the different dielectric behavior of PU and PU/OFG composites under a high electric field.

2. Experimental

2.1 Materials and preparation



Polyurethane granules (PU, Estane 58887 NAT 038, 1.13 g cm™, 87 shore A) and oxygen-
functionalized graphene nanoplatelets (OFG, Graphene Supermarket, oxygen HDPlas™, planar
size 0.3-5 um, thickness <50 nm) were used to prepare PU/OFG composite films. The PU used
in this work was a block copolymer, consisting of 4,4-methylene diphenyl diisocyanate (MDI),
1,4-butanediol (BDO) as hard segments, and poly(teramethylene) oxide (PTMO) as soft
segments. Firstly, the PU granules were preheated at 80°C for 3 h following the recommendation
of the supplier. Suitable content of OFG nanoplatelets were dispersed in N,N-
dimethylformamide (DMF, Honeywell D158550) using an ultrasonic processor with a 7-mm
sonotrode (Hielscher UP400S, amplitude 0.7, cycle 1, 40 min). Next, PU granules were
dissolved in a DMF/OFG mixture with mechanical stirring and were heated at 80°C for 3h under
reflux. The obtained homogenous solution (20 wt% PU in DMF) was left aside during 24 h after
which the solution was applied to a glass plate by tape casting, followed by overnight heating at
60°C. A second treatment at 125°C for 3h was applied to remove the residual solvent and ensure
the same thermal history. Films with a thickness of around 100 uym and a ratio of OFG to PU
ranging from 0 to 14.60 wt% were finally obtained.

2.2 Microstructural characterization

The morphology of the PU/OFG composites was observed with a Zeiss Supra Scanning
Electron Microscope (SEM) under high vacuum, at a low accelerating voltage of 1 kV.
Observations were performed on cryofractured (cross-section) surfaces of the films.

Thermal properties were obtained with Differential Scanning Calorimetry (Setaram DSC 131
Evo) under a nitrogen atmosphere. A sample around 20 mg was encapsulated in a 120-uL
aluminum crucible. It was first cooled down to -120 °C, then heated to 220 °C, and finally
cooled down to ambient temperature. Heating and cooling ramps were carried out at a rate of 10
°C min™".

2.3 Mechanical characterization



The mechanical properties of the films were characterized by a setup consisting of a Newport
translation table, a motion microcontroller (XPS), and a 10-N force sensor (Doerler Mesures
LC102TC). Films with dimensions of 60 mm in length and 10 mm in width were held on one
side with a fixed clamp and on the other side with a mobile clamp, with and without the
application of an electric field (function generator, amplifier trek 10/10). A low strain of 1 % was
applied to the samples at a speed of 0.4 % s!. The strain as well as the stress response of the
samples was detected by the motion controller and the force sensor. The Young’s modulus of the
composite films (Y) was determined on the linear part of the curve from the ratio of stress to
strain.

2.4 Dielectric characterization

Gold electrodes (20 mm diameter, 26 nm thickness) were coated on both surfaces of the films
by sputtering (Cressington 208 HR). Dielectric spectroscopy was carried out using a
Schlumberger Solartron 1255 impedance/gain phase analyzer and a 1296 dielectric interface.
The dielectric constant and conductivity were determined in the frequency range of 0.1Hz -
1MHz.

Temperature measurements were performed under liquid nitrogen using a cryostat (Optistat
DN2 Oxford Instruments) and a temperature controller (Oxford ITC503). Measurements were
performed in a temperature range of 180-350 K and a frequency range of 0.1 Hz - IMHz, at 1
VRums.

The dielectric constant was also recorded at high levels of electric field in the range 0.7-10
MV m! at 0.1 Hz. A unipolar AC voltage was generated by the impedance/gain phase analyzer,
amplified by a Trek 10/10 amplifier, and applied to the sample.

2.5 Electromechanical characterization
The composite films were coated with a 26-nm gold electrode on both surfaces, and then

attached to a rigid substrate (Mylar, RS 785-0792, 100 um) with double-sided tape (3M, ATG



969, 100 um). The electromechanical coefficient M3 of the obtained cantilever was evaluated

with the help of a laboratory-built characterization bench (Fig. 1).
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Fig. 1. Setup for the measurement of the electromechanical coefficient Ms;.

One end of the unimorph cantilever structure was clamped in the device, with the other end
free to move. The active area was 40 mm x 10 mm x 0.1 mm. A unipolar AC electric field of 10
MVm™ at 0.1 Hz was applied to the sample with the help of a function generator (Agilent
33220A) and a high-voltage amplifier (Trek 609-6). When the electric field was applied, a
transverse elongation was generated in the polymer film, forcing the cantilever to bend. The tip
displacement & of the free end was measured by a laser sensor (3RG7056-3CMO00-PF
Pepperl+Fuchs), and the field-induced strain S31 could then be calculated from the measured
displacement o, with consideration taken to the configuration geometry and material properties.

The M3 coefficient was deduced from S31. Details of the calculations can be found in [11].

At least four samples of each composition were used for the dielectric, mechanical and
electromechanical measurements, except for the thermally dependent dielectric measurements.
3. Results and discussions
3.1 Microstructure of PU and PU/OFG composites

Fig. 2 presents an example from the SEM analysis of the composite containing 10.25 wt% of

OFG.



Fig. 2. SEM micrographs of a cryofractured (cross section) surface of the PU-10.25 wt%-OFG.

According to Fig. 2(a), the OFG nanoplatelets were overall uniformly distributed in the PU
matrix. There was no sign of a preferential orientation of the nanoplatelets: they exhibited
various orientations and positions (platelets in and perpendicular to the plane), indicating a three-
dimensional (3D) distribution in the PU matrix. Fig. 2(b) displays a stack of a few OFG
nanoplatelets (about 200 nm in thickness). The cohesion between the stacked platelets and the
polymer appeared to be imperfect since the cryofracture created a gap between them. In addition,
Fig. 2(c) confirms this observation by highlighting a few links between the OFG nanoplatelets
and the PU matrix, though the interfacial cohesion was incomplete.

The planar size (1) and thickness (d) of the OFG nanoplatelets were determined statistically
from the SEM analysis. A planar size of 1.56+ 0.64 um and a thickness of 115+ 83 nm were
obtained. The planar size was in the range given by the supplier, while the thickness was greater
than 50 nm, in agreement with the observed stacked platelets. The mean aspect ratio (A= 1/d)
was 14.

Fig. 3 depicts an example of DSC thermograms for PU and a PU/OFG composite. The thermal

properties of all the compositions are given in Table 1.
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Fig. 3. DSC thermograms of PU and PU-12.63 wt%-OFG.



Table 1. Thermal properties of PU-OFG films from DSC experiments.

wt% Tgss ACp  Tmi2 AHg
OFG (°C) mW) (°C) /g

0 -50.0 1.2 147-169 12.8

277 452 13 147-169 13.1

540 -489 13 150-168 11.6

10.25 475 1.1 147-170 12.6

12.63 -45.8 1.2 150-169 11.2

13.13 -41.1 1.1 147-173 11.2

Four main thermal events could be observed during the temperature evolution. The first
thermal event at -40/-50°C was related to the glass transition of the soft segments (SS) in PU,
giving an indication of the separation state between soft and hard segments (HS). Globally, the
Tg values did not vary considerably with the OFG content: only a moderate increase was noted
at high contents. This increase could be an indication of a higher quantity of HS dissolved in the
soft domains and thus a higher degree of HS-SS mixing [19]. The endotherm in the range 40-
80°C, which can be associated to local restructuring of HS units within the hard micro-domains
[20] was not affected by the presence of OFG even if a slight modification was observed with
OFG contents of 12.63 wt% and 13.13 wt%.

There were two possible interpretations for the bimodal endotherm (T and T2y in the range
130-180°C. The first one was the micro-mixing of non-crystalline or semi-crystalline hard and
soft phases followed by the fusion of crystalline HS [20]. The second was the fusion of
crystalline HS with the two peaks related to two lengths of HS [19]. In both cases, the increase of
the crystallinity was linked to an increase of Tm1 and Tm2 and the global melting enthalpy AHy.
In our case, the crystallinity could be considered to be unchanged, since the AHf was almost
constant versus the OFG content, and no significant change of the Tmi nor T value was

observed.

3.2 Mechanical properties



Fig. 4(a) gives an example of a stress-strain curve of the PU/OFG composites. Fig. 4(b)

presents the experimental Young’s modulus versus OFG content.

@ (b)
— 10.25 wt % — B Y measured
g 604 Halpin-Kardos: Y= 1 TPa
0.20 = — - - Halpin-Kardos: Y= 350 GPa /
—_ = Halpin-Kardos: Y= 4.5 GPa e
© > 7
o B .
= 0.154 g 50 A,ave =14 ‘/
~ - 7
= 3 s L]
? 0.10- 2 s .
o~ = 40 -
e -U’ Py
n - - §
0.054 :=: el
O 30- ;/i
>
0-00 T T T T T T T T T T T T
0.000 0.001 0.002 0.003 0.004 0.005 0 2 4 6 8 10 12 14

strain S (mm™) OFG weight fraction m (wt%)

Fig. 4. (a) Stress-strain curve of PU-10.25 wt% OFG at a speed of 0.1 % s™!, (b) the Young’s
modulus of the PU and PU/OFG composites measured and predicted by the Halpin-Kardos
model with varying Y values.

Due to the nature of the OFG fillers (nanoplatelets) and its random dispersion, the Halpin-

Kardos model was chosen to predict the Young’s modulus according to (3):

Y _ 3(A+2Aru1¢y)

id 5 (1+2ur¢y)
Yo 8 (1-mdp)

8 (1-urdy)

3)

where Y and Y are the Young’s Modulus of respectively the composites and the matrix, ®r is
the volume fraction of fillers, which was calculated assuming a density of 2.2 g cm™ for OFG
and 1.13 g cm™ for PU, A¢ is the aspect ratio, whose average value was determined to be 14

earlier in this work, and pr and prare geometry factors, according to (4) and (5).

YY1

= Yf/Ym+245 S
_ Yf/Ym-1

Hr = Yf/Yim+2 o)

Here, Yt is the Young’s modulus of the fillers. This model assumes that a perfect adhesion
between polymer and filler.
Both the experimental and predicted values increased linearly with the introduction of OFG,

and the predicted values were reasonably close to the experimental ones. The increase in
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Young’s modulus with the OFG content was moderate. For example, an increase of 30 % was
obtained with 10.25 wt% OFG loading. As there was an uncertainty regarding the Yt due to the
fact that the Young’s modulus usually decreases with the number of graphene layers due to the
slippage between the layers [21], 3 values were employed for the model: 1 TPa for a monolayer
[22], 350 GPa as published for a 10-layer graphene sample [23] and for the lowest value of 4.5
GPa corresponding to the Young’s modulus of graphite [24].

Among the possible physical values for Y, the best fit was obtained for the lowest value.
Possible reasons can be the decrease of Yrinduced by the functionalization, as reported in
literature [25], and the moderate interfacial adhesion between the polymer and the nanoplatelets,
which is in good agreement with the SEM micrographs. This effect was indeed not considered
by the model, and consequently, the mechanical reinforcement was moderate, in favor of a large
electric field-induced strain.

3.3 Dielectric properties
Fig. 5(a) presents the evolution of the real part of the dielectric constant (&) for different OFG

weight fractions (m) as a function of the frequency for PU films and PU-OFG nanocomposites.
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Fig. 5. (a) Variation of the real part of the dielectric constant &’ and (b) the loss factor tand as a
function of frequency, (c) the dielectric constant €.’ versus OFG weight fraction.

The dielectric constant decreased when the frequency increased for both the PU film and the
PU/OFG composites. Two slope changes were observed: the first one occurred at the lowest

frequencies and is usually attributed in the literature to different phenomena such as DC
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conduction, Maxwell Wagner Sillars (MWS) polarization and/or electrode polarization[8,17,26];
and the second one, less pronounced, around 10* Hz, generally attributed to dipolar relaxation.

Figure 5(b) depicts the variation of the loss tangent (ratio of the imaginary part & to the real
part &’ of the dielectric constant) versus frequency for various OFG contents. As for the pure PU
films, as the frequency increased, the nanocomposites exhibited a large decrease in loss tangent
followed by a moderate increase. The decrease observed for low frequencies was linked to the
end of the contribution of electrode polarization, MSW polarization and/or conduction to the
dielectric properties whereas the increase at medium frequencies was due to other dipolar
relaxations. For frequencies below 10 Hz, lower loss tangent values were obtained for all
composites as compared to pure PU.

Generally, conductive fillers increase the loss tangent of the composites [7,16,17]. Only very
few papers have reported on lower dielectric losses with conductive fillers [27]. This decrease
could certainly be associated to the functionalization of graphene. The insulating layer formed by
the plasma functionalization may have played an effective role since the oxygen
functionalization created carbonyl, hydroxyl and other functionalities on the surface of the
conductive platelets.

Fig. 5(c) presents the variation of the dielectric constant versus OFG content, at 0.1 Hz. The
dielectric constant increased with the OFG content and this occurred to a greater extent after
10.25%. The attained value of the dielectric constant was about four times higher than that of the
PU film.

Below the percolation threshold, the experimental data can be modeled by [33]:

& = &rm(l— )7 (©6)
Here, &m’ is the dielectric constant of the polymer matrix, mc is the percolation threshold, and q
is the critical exponent.

At 0.1 Hz, a percolation threshold of 13.34 wt% and a q exponent of 0.32 were obtained. This

percolation threshold was situated in the upper part of the percolation rate range reported for
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composites with conductive fillers [28]. According to the literature, typical values for the q
exponent are 1, 1.3 and 0.7 for 1D, 2D and 3D space dimensions[29-32], respectively. q values
below 0.5 have also been reported and attributed to a 3D network of fillers [33]. The q value of
0.32 obtained in this work can be related to a 3D distribution of OFG nanoplatelets, which was
confirmed by the SEM micrograph.
Fig. 6(a) presents the real part of the conductivity (¢”) of PU and PU/OFG composites as a
function of the angular frequency (w). The curve of conductivity of both PU and PU/OFG
composites consisted of two parts, namely, a low-frequency plateau, followed by a
monotonously increasing part at higher frequency. In this higher frequency range, the
conductivity increased when raising the OFG content, which was consistent with higher
conduction values of the graphene fillers. For concentrations beyond 14.60%, the global
conductivity exhibited a sharp increase in accordance with a percolating system.
According to Jonscher’s law[34], the conductivity 6’ can be described as:
6'=opc + Ao" (7

where A is a constant and n is the power exponent.
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Fig. 6. (a) Conductivity of PU/OFG composites versus frequency, (b) DC conductivity versus
OFG weight fraction.
The DC conductivity opc corresponds to the value measured for the plateau. The n exponent

was obtained using the slope of the curve representing log (¢' - opc) as a function of log ® (data
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not shown). The n exponent was in the range 1 to 1.1, except for 14.60 wt% with n near 0.8.
Despite that the exponent is limited to n< 1 in the original Jonscher’s law, reports on n values
higher than unity exist in polymers with ionic-like conduction mechanisms [35,36]. For a higher
OFG content near the percolation threshold, the n exponent value diminishes which can indicate
the contribution of electronic hopping conduction.

Fig. 6(b) depicts the evolution of opc versus the OFG content. The observed trend was similar
to that obtained for the loss tangent: an initial decrease for low and moderate OFG contents
followed by an increase for higher contents in the vicinity of the percolation threshold. The
evolution was therefore quite different from what has been described in several papers on EAP
composites with carbon fillers [17,37], which reported a monotonic increase of DC conductivity
when increasing the content of conductive fillers. Since opc s related to the transport of free
charges from one electrode to another, it can be assumed that the OFG would behave as traps for
the charged mobile species with an efficiency correlated to the distance between them. In
addition, the isolating layer created by the functionalization can also contribute to the decrease of
the conductivity, as it did for loss tangent. For a moderate OFG content, the distance between
two neighboring traps was high enough to disturb the charge transport but this capability
decreased as the distance was reduced, thus leading to new paths for the charge displacement.
Near the percolation threshold, an electronic conduction can have an important role through the
tunnel effect.

Temperature-dependent experiments were conducted for a more thorough interpretation of the
charge carrier transport in these materials. It was important to pay particular attention to these
features since they occur near room temperature and can help with the interpretation of the
electromechanical performance of such EAPs.

Fig. 7 presents the evolution of the imaginary part of the dielectric constant &, and the
modulus M” in the temperature range from -100 to 80 °C. The dielectric modulus M” formalism

[38] (equation (8)) can be used to highlight relaxation phenomena not observed with &,”,
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especially at low frequencies when high dielectric constant and conductivity values can mask the

phenomena.
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Fig. 7. Dielectric relaxations of PU/OFG composites at 0.1 Hz (a) imaginary part of the dielectric
constant &, (b) imaginary part of the dielectric modulus M”.

Two maxima of M” were clearly observed for the PU and the PU/OFG composites. Another
peak of lower intensity was also present near -90 °C, assigned to the -relaxation caused by the
local motion of polar groups on the polymer chain. This relaxation was not really affected by the
OFG nanoplatelets. The second peak around -50/-40 °C was related to the a-relaxation with the
segmental motion of the soft phase. The polymer went from a rubbery to a glassy state. The PU
and nanocomposites exhibited similar positions for the a-relaxation, in agreement with the Tg
values obtained by DSC. The 3 and o relaxations are well documented for polyurethanes [39,40],
and are not affected by fillers. In addition, the temperature range is below that used for actuators.
For all these reasons, attention was paid to the last peak in the vicinity of room temperature. This
peak was highly dependent on OFG content, with the position of the maximum varying from 0 to
25 °C. A mix of interfacial polarization (MWS), conduction and/or electrode polarization was
associated to this range. To go deeper in the interpretation and obtain information on the type of

charges involved in this process, two studies were conducted: the variation of DC conductivity
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with temperature, and the treatment of the relaxation phenomena in the range from -10°C to
35°C after subtracting the opc part.

Fig. 8(a) presents the evolution of the log of opc versus 1/T. In the temperature range -10 °C
to 35 °C, log opc exhibited a near linear relation with 1/T. The temperature range was chosen so
as not to consider other phenomena such as the a relaxation. The linear evolution agreed with the
Arrhenius law:

—logopc(T) = loga, + La_ )
KpT

where oo is the pre-exponential factor, E, is the activation energy of DC conduction, and Kg is

the Boltzman constant.
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Fig. 8. Evolution of the DC conductivity of PU and the PU/OFG composites: (a) log opc versus
1/T, (b) activation energy versus OFG content.

Fig. 8(b) presents the evolution of the activation energy as a function of the OFG content. It
was in the range 0.7- 0.9 eV, regardless of the OFG content. These two observations favored the
idea of an ionic conduction.

Fig. 9(a) depicts the evolution of & versus the angular frequency for various contents of OFG.
The contribution of the conductivity (Opc/eow) on & was then subtracted from the measured

values to remove the ohmic conduction part in the loss spectra &;”. Fig. 10(b) presents the

obtained values.
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Relaxation peaks were visible in the corrected spectra, revealing the MWS relaxation. They

were fitted using the double stretched Havriliak-Negami relaxation function[41]:

& (w

) = € +—

[1+(iwT)¥]B

(10)

where &, is the dielectric constant at high angular frequency far from the relaxation peak, Ae¢ is

the dielectric dispersion, 7 is the characteristic relaxation time, and o and [3 are related to the

asymmetry and broadness of the spectra, respectively. The Havriliak-Negami fitting results on

conduction-free loss relaxation are presented in Fig. 10 at ambient temperature (298 K).
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Fig. 10. Havriliak-Nagami fitting parameters versus OFG content for the MWS relaxation at

ambient temperature (from DC conduction-free dielectric data): (a) dielectric dispersion Ag, (b)

high frequency dielectric constant €«, (¢) relaxation time T, (d) spectra broadness parameter 3.
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The dielectric dispersion Ae increased non-linearly with the OFG content, going from 2 for the
pure PU to 5-6 for low and moderate OFG contents, and then abruptly grew for contents in the
vicinity of the percolation threshold. This was evidence of a MWS polarization contribution non-
proportional to the OFG content, and it was consequently indirectly correlated to the number of
interfaces. e« presented a slight increase versus OFG content, indicating that contrarily to what is
generally assumed other relaxations, such as o and [3 relaxations, may have contributed. This
point is currently under investigation.

The relaxation time t remained in the range 1.0-1.5 s, and was not significantly influenced by
the OFG content. The parameter a was equal to 1 for all the compositions, evidencing that the
distribution of the relaxation time was symmetric, whereas the § parameter lay in the range 0.4-
0.65, displaying a significant broadness of the distribution. Both for PU and the PU/OFG
composites, the MWS polarization did not relax at a single frequency. From the temperature
dependence of the relaxation time (data not shown), the activation energy was determined to be
in the range 0.1-0.35 eV. The E. was not greatly affected by the OFG content and the low values
obtained indicated a high dipole mobility.

3.4 Electromechanical properties

Figure 11 depicts the variation of S31 versus the square of electric field amplitude for PU and
composites. As expected for Maxwell effect, a linear increase of S31 was observed, allowing the
calculation of M3; with the slope of the curve. The electrical breakdown was estimated to be over

25 MV! for all compositions.
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Fig. 11. Field-induced strain S3; versus square of electric field, at 0.1 Hz and 5-20 MV m.
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Fig. 12. (a) M3; of PU/OFG composites measured at 10 MV m™!, 0.1 Hz and M3, calculated with
equation (2), (b) evolution of the dielectric constant of PU and PU/OFG composites versus
electric field, (c) strain-stress curve of PU with/without an electric field applied, (d) M3 of
PU/OFG composites measured and calculated with &’ and Y obtained at 10 MV m™}, 0.1 Hz.

Fig. 12(a) depicts the evolution of the measured M3; and predicted M31.1v (from the dielectric
constant and Young’s modulus recorded at 1 Vrms) versus the OFG content at 0.1 Hz.

The predicted M3i.1v increased with the filler content, first at a moderate level and then more
dramatically near the percolation threshold. This is in good agreement with the large increase of
the dielectric constant, which is more important than the increase of Young’s modulus. The
evolution of the measured M3; exhibited a different trend. The measured M3 values of the
composites were lower than the ones of pure PU, and it decreased slightly with the OFG content.
The measured M3, values of pure PU were highly dispersed. It is noteworthy that the
measurement conditions in terms of temperature and frequency were also those where a very

large variation of dielectric properties was observed.

18



The inability of the &,’/Y law to predict the measured data can also be linked to the fact that
the dielectric constant and the Young’s modulus can depend on the electric field. Given that
EAPs work at electric fields from a few to hundreds of MV m!, it was essential to investigate the
dielectric and mechanical properties under high electric fields.

Fig. 12(b) presents the evolution of the real part of the dielectric constant as a function of
applied electric field for PU and two composites at 0.1 Hz. Their dielectric behavior was
different: the dielectric constant of the pure PU was three-fold of that at moderate electric fields
before stabilizing at a value near 20 at 10 MV m™!. The increase was lower for PU-10.25wt%-
OFG, and for PU-12.63wt%-OFG, a decrease was observed.

Fig. 12(c) presents an example of a strain-stress curve, measured with and without a 10-MV
m! electric field for pure PU. The curves without and with an electric field were parallel,
indicating that the electric field had no influence on the Young’s modulus.

The evolution of the measured M3 coefficients and new predicted values of M3 from data
measured at 10 MV m™' (namely M31.g) were then plotted and can be seen in Fig. 12(d). The M-
g coefficient was successful in predicting the higher M3 of pure PU compared to the composites,
while M3i.1v did not. For the PU/OFG composites, neither M31-1v nor M3i_g were able to predict
the measured coefficients, or the decrease in measured M3; versus OFG content. The difference
between the experimental and calculated coefficients increased with the OFG content. This
observation can be correlated with the increase in Ae and €« parameters due to the MWS
relaxation. The depolarizing field induced by the interfacial polarization could indeed diminish
the applied field, leading to a competition between the increase in dielectric constant and the
effective electric field seen by the polymer.

In addition, fluctuations in the temperature range harboring the maximum of the relaxation
peak could produce strong variations in dielectric properties, leading to a dispersion of the
measured M3i. As discussed previously in this paper, the moderate mechanical interfacial

adhesion could also affect the strain transmission and reduce the macroscopic electric field-
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induced strain.
4. Conclusions

The mechanical, dielectric and electromechanical properties of PU/OFG composites with
various OFG content were investigated, with attention paid to the properties at low frequency
and temperatures between -20 and 35°C, where most EAP actuators and energy harvesters work.

The 3D distribution of nanoplatelets in the composites was confirmed by SEM analysis as
well as the percolation law. The mechanical reinforcement remained modest probably due to a
moderate adhesion between polymer and graphene nanoplatelets, highlighted by SEM and in
agreement with over-estimated values predicted from the Halpin-Kardos model.

DSC experiments revealed that the microstructure of polyurethane was not really affected by
the presence of functionalized graphene, indicating the extrinsic role of the fillers on the
properties.

As excepted, a large increase of the dielectric constant was obtained near the percolation
threshold, as well as a decrease versus frequency. The variation in DC conductivity versus OFG
content supported the fact that the OFG behaved as traps for the charged mobile species with the
efficiency correlated to the distance between traps. The obtained activation energy lay in a range
0.7- 0.9 eV, regardless of the OFG content, pointing at an ionic origin of the conduction.

A detailed study was carried out on the dielectric relaxation peak at low frequency, near room
temperature, after removing the contribution of the DC conduction. Havriliak-Negami fitting
indicated a Maxwell Wagner Sillars polarization contribution. It was however not proportional to
the OFG content, and consequently not directly correlated to the number of interfaces.

A comparison of the experimentally determined M3 and the calculated M3; revealed the
importance of taking the dielectric constant values under the same conditions as those used to
drive actuators. The dielectric constant measured at high electric fields gives a better prediction
of the electromechanical coefficient M3 of pure PU at low frequency, but does not completely

explain the decreasing M3 of the composites. A possible explanation for this could be that the
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interfacial polarization decreased the electric field seen by the composites and counterbalanced

the increase in dielectric constant. Other factors, such as a moderate mechanical interfacial

adhesion as well as temperature fluctuations around the maximum of the relaxation peak, could

also explain the values of the M3 coefficients.
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