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The impact of small amounts of carboxyl-functionalized multi-walled carbon nanotubes (MWCNT-
COOH) added into a polyether-based thermoplastic polyurethane elastomer (TPU) was studied consider-
ing mainly on the morphological, mechanical, electrical and electrostrictive properties. The electrostric-
tive properties were measured by the analysis of the deformation response occurring under external
electric fields E applied on 50 pm-thick films. Dielectric measurements were carried out in order to deter-
mine the percolation threshold f., which was found near 1 v% loading. This volume fraction leads to a very
high dielectric permittivity &, up to ~330, i.e. about 50 times higher than that of the pure TPU, where
& ~6-7.

The thickness strain S; and apparent electrostrictive coefficient M were measured at low electric fields,
E <4 V/[um, by low frequency of 0.1 Hz. The maximum induced-compressive strain was obtained from an
optimal volume fraction of 0.8 v% which yielded to a high S, = -11.5% corresponding to almost a threefold
increase of M compared to the neat TPU. Beyond f, the conductivity sharply raised up and thus the elec-
trostrictive activity disappeared.
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1. Introduction particles is of a great interest, simple with no chemical reaction re-

quired and various available fillers [7].

High electromechanical activity was investigated in most of
thermoplastic polyurethane elastomers (TPUs) [1-5]. They are con-
sisted of block copolymers of hard segments (HS) with strong polar
groups, and soft segments (SS) with low polar groups. With a high
dielectric permittivity, the electric field-applied dipole interactions
play a role yielding to a rather large compressive electrostriction.
An explanation has been given based on their phase separation
[6]. Nevertheless, improving electromechanical activities are still
required to reach higher performance by lower electrical energy.
Compared to several routes, the incorporation of conductive

* Corresponding author. Tel.: +33 4 72 43 83 82, +33 4 72 43 60 03; fax: +33 4 72
43 85 28.

E-mail address: komkrisd.wongtimnoi@insa-lyon.fr (K. Wongtimnoi).

! Current address: Ingénierie des Matériaux Polymeéres (IMP), INSA Lyon, UMR
5223 Site INSA, Bitiment Jules Verne, 17 Av. Jean Capelle, F-69621 Villeurbanne
cedex, France.

2 Current address: Lunam Université, IETR UMR CNRS 6164, Université de Nantes, 2
rue de la Houssiniére, BP 92208, F-44322 Nantes cedex 3, France.

3 Died on February 28, 2012.

0266-3538/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compscitech.2013.05.015

Many studies have been conducted on the electromechanical
activity of soft dielectric sheet submitted to an electric field E to
describe the behavior of such materials. The total electromechani-
cal strain S may be attributed as the sum of two main strains and is
theoretically linked to the square of the electric field E and the
apparent strain coefficient M [3,8]: S = S + Sy, = M-E2.

(i) Sy is the strain due to Maxwell stress, so-called electrostatic
strain, of two charged electrodes attracting each other com-
pressing soft dielectrics (Modulus ~ 1 MPa) having low
dielectric permittivity when the electrostriction is negligible
[9-11]. Sy can be described as: Sy = —¢, - & ~E2/Y, where Y
is the Young’s modulus, ¢/ is the real part of the relative per-
mittivity and ¢, is the vacuum permittivity, 8.854 x 1012 F/
m.

(ii) Sg is the strain due to the electrostriction, mainly occurs for
strongly polar soft polymers where intrinsic dipole moment
and dipole-dipole attraction lead to an intrinsic compres-
sion [12,13]. A high strain is obtained even under a moderate
E. Sg can be written, as an empirical equation, as [8]:
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Se=Q-&- (g - 1)? - E2, where Q s the absolute electrostric-
tive coefficient due to the electrical field-induced
polarization.

For strongly electrostrictive polymers, Sg may become largely
predominant, compared to Sy, [5]. Therefore, contrary to the dielec-
tric soft elastomers, Sy, can be considered negligible under moder-
ate field and S is approximately close to Sz. However, for a
dielectric material whose &, > 1, M is proportional to ¢, and inver-
selytoY : M « & - €,/Y [2]. Therefore, the ideal way to increase S is
to increase ¢, without reinforcement. Incorporating an amount
close to the percolation threshold (f, a critical fraction) of conduc-
tive particles into the polymer matrix, &, increases rapidly [14].

The aim of this study was to determine the influence of carbox-
ylic functionalized multiwall carbon nanotubes (MWCNT-COOH)
on the mechanical, electrical and, particularly electromechanical
properties of a TPU host matrix.

2. Experimental section

The TPU was Estane 58888 NAT 021, having a density of 1.13 g/
cm? purchased from Lubrizol. MWCNT-COOH, called as CNTC, were
purchased from Nanostructured & Amorphous Materials, Inc. They
have a diameter below 8 nm, a length ranging of 0.5-2 pm, a bulk
density of 1.7-1.9 g/cm?, and a specific gravity of 2.1. Their surface
is functionalized with ~4 w% —COOH, promising a good dispersion
into polar solvents [15] and so our polymer solution. “xCNTC” rep-
resents a composite filled with x v%.

Film samples were made by solution-casing. The first step was
to dissolve TPU in N,N-dimethylformamide (DMF) at 80 °C. In par-
allel, CNTC were dispersed in DMF using an ultrasonic probe
(UP400S, Hielscher) for 15 min. Subsequently, the two solutions
were mixed together, heated and stirred to obtain a viscous solu-
tion. The solution was spread onto a glass plate by the Doctor Blade
applicator (Elcometer®), dried at 60 °C for 1 day and 130 °C for 3 h.
The thickness of dried films was 50 £ 1 pm.

The dispersion was checked by an environmental scanning elec-
tron microscopy (ESEM) in classical mode, namely FEI XL30 FEG
ESEM, within the frame of the Centre Lyonnais de Microscopie
(CLYM). Prior to observations, samples were fractured in liquid
nitrogen and both fractured cross-sections and gold-coated by
plasma sputtering for preventing electron charging on sample
surface.

Mechanical property was measured with a multifunctional dy-
namic mechanical analyzer, Eplexor® of Gabo, in tensile mode with
a load cell of 500 N. Films were cut into 10 x 40 mm? rectangular
samples with 20 mm long for testing. The tests were carried out
with an elongation speed of 24 mm/min (corresponding to
0.02 s~ strain rate) at room temperature. Young modulus was ob-
tained from the 3% first elongation.

Prior to the electrical measurements, the films were coated with
gold on their two faces by sputtering. The conductivity was mea-
sured with a Solartron 1296 impedance-meter from Ametek. At
an average AC at 1Vrms, a frequency scan was performed in a
range of 0.1-10° Hz at room temperature.

The induced strain S; was determined at room temperature
using a laser interferometer (Agilent 10889B) with a 10 nm preci-
sion, as described elsewhere [16]. A film was placed between two
circular electrodes with 20 mm diameters which an alternative
electrical potential (triangular function) was applied at 0.1 Hz. A
mirror was placed on the upper electrode to reflect the laser beam
to determine the displacement. The electrical potential was gener-
ated by a generator (Agilent 33220A) and amplified 1000 times by
a lock-in high tension amplifier (Trek 10/10B).
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Fig. 1. ESEM images of 1CNTC film (a) gold-coated upper surface observed with
high voltage and (b) cryo-fractured section observed with low voltage.

3. Results and discussion
3.1. SEM observation of CNTC/TPU films

In Fig. 1a, the upper surface of a 1CNTC film shows well-dis-
persed nanotubes. Due to the solution-casting technique, most of
them are oriented as shown by the white arrow. They exhibit
diameters around 20 nm, i.e. larger than their real diameter. This
may be due to the fact that the nanotubes are embedded by poly-
mer matrix which makes their diameter thicker than their real size.
Furthermore, checking out of the nanotubes dispersion within the
film through the thickness is still required. The same film was cryo-
fractured in liquid nitrogen at a temperature lower than T, of the
soft segment domain (SSD) of TPU (—45 °C*) in order to observe
the intrinsic morphology of elastomers. Fig. 1b reveals some mi-
cro-aggregates inside the film. This re-agglomeration of CNTC might
be the result of DMF evaporation which decreases the total solubility
of solution and increases the difference of the solubility of the solu-
tion and the nanotubes. This might be a key factor. Two mobile ele-
ments with adjacent solubility are probably easier to
homogeneously mix together. The total solubility parameter J, of
an element is wildly known, also called “Hansen solubility parame-
ters” [17], based on the fact that all types of physical bonds are bro-
ken when the evaporation takes place, including those commonly
called ‘nonpolar’, ‘polar’, and ‘hydrogen bonding’. Solubility parame-
ters of the elements constituting our composite system are gathered
in Table 1.

Assumedly the TPU based of P(MDI-BDO) and PTMG is an
homogeneous mixture. Its §, could be approximated by the classic

4 Also from the Lubrizol’s technical information.
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Table 1

Solubility parameters of some concerned elements.
Elements 5 (Jjem?)1? References
Poly(tetramethylene glycol), PTMG 16.6 [18]
4,4'-Methylene diphenyl diisocyanate, MDI 41.0 [19]
1,4-Butane diol, BDO 50.6 [19]
P(MDI-BDO), 100% rigid segments 23.2/25.3 [18]/[20]
N,N-dimethylformamide, DMF 24.8 [21]
Carbon nanotube, CNT 15-30 [22,23]
Carbon black, CB 20-25 [24]

mixture rule: &;=f;6; + f20,, where f is the volume fraction and
fi+f>=1. As the TPU consists of 45 w% of P(MDI-BDO) (1.30 g/
cm® [25]), and of 55 w% of PTMG (0.974 g/cm? [26]), the §; of this
TPU should approximately be 19.4 (J/cm?)'/2, Compared to the
pristine nanotubes, CNTC surly has higher §,. This might lead an
easy dispersion and a stable suspension in DMF rather than in
TPU. This points out why the dissolved CNTCs (as observed,
Fig. 1a) tend to re-agglomerate in concentrated TPU/DMF solutions,
so the cast film while drying.

3.2. Uniaxial tensile testing, Young’s modulus (Y)

For initial elongations, the stretched film exhibits a linear elastic
behavior from which Y can be determined. In Fig. 2, the increase of
Y with the incorporation of nanotubes into the polymer matrix
exhibits a linear relation to the CNTC loadings. By the aspect ratio
and the volume fraction of filler, Y may be predicted by classical
models such as the Guth model [27] and the Halpin-Tsai model
[28,29]. But it is worth to notice that the reinforcing capability of
nanotubes is overestimated, probably because they are far to be
stiff rods but as coils which decrease their effective aspect ratio.
As an increase of Y impart a negative effect on the electromechan-
ical activities, including M and S;. Besides, the increase of Y may
lead to higher actuating energy (0.5Y - S2) and force, than the softer
pure matrix, under the same applied electric field. Thus, a compro-
mise between Y and Sz has to be done, depending on the actuation
application.

3.3. Electrical conductivity, percolation threshold and dielectric
permittivity

The f. of carbon nanotubes-filled composites is practically
reached with a quite low fraction at 1 w% (0.5 v%) [30] or very
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Fig. 2. Evolution of Y versus CNTC contents.

low at 0.0025 w% (0.001 v%) for long nanotubes [31]. The short
type was then chosen. They have high electrical conductivity
promising significantly to raise the dielectric permittivity of the
incorporating polymer.

In Fig. 3a, the real part of electrical conductivity (¢’) of TPU and
composites is plotted as a function of frequency. The conductivity
jump between 1 and 1.3 v% is related to the insulating-conductive
transition behavior. f. can be determined by the classical power
law of electrical conductivity [32-35] when f> f. as: ¢’ « [(f — f.)/
(1 = f)], where t is the critical exponent, typical for each system.
At 0.1 Hz, ¢’ increases with the CNTC loading and the plot of log(|-
o'|) versus log[(f — f;/(1 — fc)] is presented in Fig. 3b. Above f, the
best fit of ¢ by fraction is f. = 0.98 v% with t = 2.0. It is often found
in many pristine MWCNT-filled composites that the insulating—
conductive transition occurs around 0.05 v%. This could be simply
interpreted that the nanotubes are in general long, entangled into
large bundles, and non-functionalized whilst the ours provided are
typically short and functionalized with —-COOH groups all over the
outer surface rendering less entangling and easier dispersible into
the polar solvent used and thus in composite films. Beside, t has
been concluded to be inversely proportional to the aspect ratio of
nanotubes [34]. This may explain why the short CNTC (our case)
could attain a high f; close to 1%. Moreover, t usually places be-
tween of 1.3 and 4 and frequently near 2.

Below f, our composites are almost perfect insulators and their
¢ can be measured. ¢ increased of composites is due to the space-
charge polarization induced on conductive filler surface. Fig. 4a
shows the real part ¢, increasing with the CNTC content. The high-
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Fig. 3. Electric conductivity as a function of (a) frequency and (b) CNTC content at
0.1 Hz associated with the percolating power law over fc.
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Fig. 4. ¢, of TPU and composites as a function of (a) frequency and (b) CNTC loading
at 0.1 Hz associated with the percolating power law below f.

est value is obtained near f,, before the composites become con-
ductive. In addition, ¢, increases when the frequency decreases.

Again, the percolation theory for the insulating behavior under
fe, gives a linear logarithmic relation between &, and the fraction as
[33,36]: & oc [1 — (flfo)] 79, f < fo, where &/ is the dielectric permittiv-
ity, and q is the critical exponent for the composite. Fig. 4b shows
that, below f, €, increases with the CNTC content and follows a lin-
ear relation between log[e,] and log[1 — (f|f.)] is also put in. The
best fit leads to f.=1.1 v% with g = 1.6. The highest observed & is
330 at 0.1Hz, about 50 times higher than the neat TPU,
&, = 6—7. The found f is close to that from the electrical conductiv-
ity. On the other hand, g for our composites is higher than the uni-
versal critical exponent g=1. In fact, different elaboration
techniques may lead to different final materials, and this means
that the ideal conditions for the application of the percolation the-
ory are not met: the main point is that particles should have been
randomly dispersed.

Below f, the dielectric loss (/) remains low as same value as
the matrix. Above f,, ¢, and &/ both increase but the latter increases
more rapidly than the real part. Thus tand, the ratio of &’/¢], dras-
tically increases as shown in Fig. 5. It depends on the conductive
network in the composite film, which transforms a part of the elec-
trical energy into heat (Joules effect).

3.4. Electromechanical activity improvement

Non-piezoelectric electronic EAPs always perform a thickness
compression when subjected to an electric field (E) applied in the
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Fig. 5. Loss tangent at different frequencies as a function of CNTC contents.

thickness direction. Consequently, the strain and the related elec-
trostrictive coefficients (Ms3 or Qs3) are also negative [2,37,38].
By using an interferometer [16], the E-induced strain (Sz) of TPU
typically presents two parts; the first part at low E with a quadratic
relationship between S; and E and the second part at high E, a sat-
uration plateau until the dielectric breakdown, cited in our previ-
ous work [5] when we concluded that the major
electromechanical activity of the TPU was totally electrostrictive
giving a strain contribution about 1000 times larger than the elec-
trostatic Maxwell strain. The same behavior is here expected.

As shown in Fig. 6a, TPU and some composite films, filled with
CNTC below f,, with 50 um in thickness exhibit a “butterfly” strain
response to E. This behavior strongly suggests electromechanical
losses whatever the film sample. Below f, the strain amplitude in-
creases effectively with CNTC contents up to 0.8 v%, as shown in
Fig. 6b. For some composites with CNTC contents close to or just
above f, (1, 1.2, and 1.3 v% CNTC), the dielectric breakdown occurs
even by a moderate E. High current passes through the film sample,
heats it up, and breaks it down finally. For these early broken sam-
ples, dashed lines are used to estimate the expected S; if the sam-
ples did not break down yet.

The origin of the strain saturation S, is a complex phenome-
non, up to now only a few research groups have tried to interpret
this behavior [39-41]. Fig. 7 reveals that S, slowly decreases from
around —20% for the neat TPU and brutally drops after f.. This is re-
lated to the conductive CNTCs networks and also to the mechanical
reinforcement. The complete understanding of this phenomenon
requires further studies.

By plotting S (in the quadratic range) versus E? in Fig. 8, a linear
response appears with a slope relating to the strain coefficient, so
called the apparent electrostrictive coefficient M or Ms3. Contrarily
to Ssar» M increases up to f.. Sy and M under E=4 V/um at 0.1 Hz
plotted against the CNTC fraction exhibit a maximum near f.
(0.8 v%), as shown in Fig. 9. Thus S; (-11.5%) appears to almost 3
times higher than TPU (S;=-4.3%), and also M increases. The
0.8CNTC  exhibits M=-7.4x 10" m?/V?, compared to
M =-2.7 x 107'> m?/V? for TPU. Above f,, the response falls down.

For many TPUs, the apparent M lies often between —10~'® and
—10""m?)V?[1,2,9,42,43]. However, higher values were reported.
TPU based of isofuran DI-BDO and PEGA with Y=15MPa and
& = 7 exhibits a strong activity with Ms3 = —1.7 x 10~1° m?/V? at
0.05 Hz [3]. Certainly, the electrostriction depends on the mechan-
ical and dielectric properties, and probably on the morphology of
its microstructure (phase separation, etc.) [6]. However, the perfor-
mance of any EAPs extremely depends on the frequency of applied
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Fig. 7. Saturation strain amplitude as a function of CNTC content.

excitation. M decreases systematically with the frequency. It is
mainly related to (i) the decrease of the dielectric permittivity with
frequency, and (ii) to the mechanical loss (damping) expected to
increase for an elastomer just above its glass transition tempera-
ture. Therefore, the results need to be carefully compared only
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Fig. 8. Quadratic strain S; versus E? at low field depending on CNTC loadings.
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Fig. 9. M and S; versus CNTC fraction at E=4 V/um and 0.1 Hz.

with the values obtained in the same ranges of frequency and
temperature.

4. Conclusions

In this work, electrostrictive TPU composites were elaborated
by filling the polymer with soluble carboxyl-functionalized mul-
ti-walled carbon nanotubes. The Young’s modulus of TPU was
monotonically increased with nanotube loadings.

According to the percolation theoretical power law of electrical
conductivity and dielectric permittivity, the f. of this composite
system was found around 1 v%. Close to f, the dielectric permittiv-
ity of composites sharply increases and a high dielectric permittiv-
ity of 330 was found with 1CNTC. Consequently, the
electromechanical activity of the composites also increased. For a
moderate applied field E =4 V/um at 0.1 Hz, the highest strain S,
(-11.5%) with the apparent electrostrictive coefficient
M=-7.4 x 107> m?/V? was obtained with 0.8CNTC, just below
fe. This M is almost three times higher than that of the neat TPU.
As the CNTC content more than 1 v%, the conduction of the nano-
tube network leads to an increase of dielectric loss and the drop
of the electromechanical activity.

In order to further, a modeling of the electrostriction effect
should be developed. The purpose should be to optimize the choice
of the matrix and of the filler, of their characteristics (size, volume
fraction, etc.). Such a work is now going on.
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