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Shape memory composites based on a
thermoplastic elastomer polyethylene with
carbon nanostructures stimulated by heat and
solar radiation having piezoresistive behavior

Humberto Palza,®© Paula Zapata®® and Christian Sagredo?

Abstract

A thermoplastic elastomer polyethylene (TEPE) based on an ethylene/1-butene copolymer having shape memory effect (SME)
without any chemical modification is presented and the effect of adding either carbon nanotubes or thermally reduced graphite
oxideis analyzed. For electrical percolated samples, the development of a polymer sensor that changes its electrical conductivity
under solar radiation triggered by SME is further presented. Our results showed that programmed samples recovered their
permanent shape showing SME under a direct heating stimulus at 60 °C. The addition of carbon nanostructures increased the
times needed to reach 100% recovery as compared with pure TEPE. Noteworthy, the SME was also stimulated remotely by
solar radiation increasing the sample temperature. Composites presented a faster SME under this remote radiation process as
compared with pure TEPE due to their higher radiation absorption. Percolated TEPE/carbon nanotube composites displayed
further a decrease in the electrical resistivity during SME under this solar radiation. Finally, our results showed that the glass
transition also triggered the SME in these samples allowing the development of triple shape memory polyethylenes without
any chemical crosslinking process. Based on these findings, a simple route was developed to produce double, or even triple,
shape memory piezoresistive polyethylenes that can be activated remotely by solar radiation.
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INTRODUCTION

Shape memory polymers (SMPs) are stimuli-responsive smart
materials able to undergo a large/macroscopic recoverable defor-
mation upon the application of an external stimulus. They can
therefore change from a temporary shape to their original (or
permanent) shape under a stimulus such as temperature, light,
electric field, magnetic field, pH, specific ions or enzymes.! The
shape memory effect (SME) is not an intrinsic property, meaning
that polymers do not display this effect by themselves, and it
results from a combination of polymer morphology and specific
processing.? SMPs are elastic polymer networks having both
reversible stimuli-sensitive molecular switches and net-points
(irreversible during the whole process), the latter determining
the permanent shape by chemical or physical interactions.? In
polymers, SME needs at least two separated phases such as in
physical crosslinking polymers whose morphology consists of
segregated domains.3 A domain with a specific thermal transi-
tion temperature (T,,,) can act as a molecular switch having
flexibility and entropic elastic behavior above this transition.
When the sample is externally stressed from its permanent shape
at a temperature T > T, .., forming the temporary shape, the
deformed chain segments should be prevented from recoiling
through reversible molecular switches occurring at T < Ty,
a process called programming.?2 Upon exposure to a specific
stimulus increasing the sample to T > T, ..., the switching is trig-
gered, and the strain energy stored in the temporary shape is

released, which consequently results in the shape recovery.? The
shape recovery in SMPs is driven by the entropy elasticity of the
switching segments.*

SMPs with switching domains thermally induced by melting,
a liquid crystalline phase or glass transitions are some of the
most investigated.* In these SMPs, the thermal response can be
triggered not only by direct heating but also by electric, magnetic
or electromagnetic indirect heating.> In particular, physically
crosslinked SMPs are highlighted as they are mainly thermo-
plastics exhibiting a reversible nature and being able to melt
or dissolve in certain solutions.3 In amorphous thermoplastics,
SME arises from the glass transition (T,) as a deformed shape
obtained at T > T is maintained by cooling below the glassy
state.® The permanent shape of the network is provided by physi-
cal crosslinking of polymers through molecular interactions such
as van der Waals forces, dipole-dipole interactions or hydrogen
bonding.® In semicrystalline thermoplastic materials, the existence
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of two thermal transitions allows more flexibility as the polymer
crystals can be either the switch segments or the net-points.
From the material point of view, several polymers have been
used in thermally induced physically crosslinked SMPs, mainly
copolymers such as those based on polyurethane,”~° poly(ether
ester),’® poly(ethylene oxide)/poly(ethylene terephthalate),
poly(1,4-butadiene)/polystyrene,'? polyethylene/nylon,'
poly(p-dioxanone)/polycaprolactone’ and perfluorosulfonic acid
jonomer.” Thermoplastic homopolymers can also be thermally
activated although most of them are chemically crosslinked.’s”
During the last few years, biodegradable polymers have emerged
for SPMs such as poly(L,D-lactide),'® and its various blends,'®?°
among others.?!

Polyolefins, in particular polyethylene (PE), are widely used in an
extremely broad range of applications accounting for more than
50% by weight of the polymers produced and remaining at the
top of the global production of synthetic polymers.?? Regarding
SMPs, most reports focused on partially crosslinked PE produced
by irradiation allowing, for instance, the development of commer-
cial heat-shrinkable products.?® PE crystals are formed by cool-
ing below the crystallization temperature defining the temporary
shape by acting as physical net-points. Heating the material
above the melting temperature results in the material return-
ing to its permanent shape fixed during the irradiation process.?>
Various PE topologies have been studied for SMPs including
high-density PE, % low-density PE,'® ultrahigh-molecular-weight
PE2* and ethylene/1-octene copolymers.?>2® Recently, the focus
has been on triple SMPs consisting of crosslinked PE blends
with polypropylene and various PEs.?’-2° Studies of polyolefins
with SME based on physical crosslinking have not been reported
despite the possibility of designing PE materials with controlled
morphologies including thermoplastic elastomer PE with hard
(bundled crystals) and soft (amorphous phase) segments, both
needed for SMPs.3°

Compared with other shape memory materials, SMPs exhibits
poorer mechanical behavior limiting their use in some appli-
cations, and the incorporation of reinforcing fillers has been
investigated in order to overcome this limitation.> Noteworthy,
the addition of functional fillers into SMPs allows the thermal
transition be triggered by other external stimuli such as electrical
resistive heating, light or magnetic field.? Of the various functional
fillers that can be added, carbon nanotubes (CNTs) are highlighted
due to their exceptional mechanical behavior and high aspect
ratios, improving the SME in SMPs." CNTs can further add other
functionalities to a resulting SMP composite such as electrical
conductivity by a percolation process, or infrared absorption.! In
the former case, the current passing through the composite can
induce Joule heating raising the internal temperature of SMPs
to above the switch transition temperature.! For instance, sev-
eral percolated SMP/CNT composites presented electro-induced
shape recovery avoiding external heating.33'-33 Moreover, CNTs
dispersed in a thermoplastic elastomer not only increased the
strain set and stored energy density but also allowed remote
actuation by infrared absorption and electronic conductivity.3*
The presence of CNTs creates a cooperative physical network
comprising crystalline polymer-bridging CNTs, which enables
greater strain energy storage through decreased relaxation and
entropic recoiling of the chains.3* By using a polydimethylsiloxane
matrix with CNTs, a mechanical response to infrared irradiation
was observed depending on the external uniaxial strain applied
and therefore on the particle orientation.3®> This process was
explained by an infrared-photon absorption mechanism heating

the composite. Chemically crosslinked ethylene/1-octene copoly-
mers (PE thermoplastic elastomer), either alone or blended with
ethylene/propylene diene rubber, were filled with carbon black
to produce SMPs electrically activated by means of the Joule
effect.3537 A thermoplastic elastomer PE (TEPE) filled with CNTs for
SMPs has not been reported.

The novel actuation approaches emerging from polymer com-
posites with functional nanoparticles can be used to develop mul-
tifunctional SMPs sensitive to a particular stimulus for sensor or
actuator applications. For instance, electrically conductive SMP
composites filled with carbon particles could be used as strain
sensors, the principle of which is based on the relation between
electrical conductivity and strain (piezoresistivity). The real-time
deformation of these SMP composites could be monitored by
measuring the evolution of conductivity when they recover their
original shape.® For instance, if light-induced SMPs are exposed to
light of a particular wavelength, the deformation triggered would
enable their use as both sensors and actuators.® Although copoly-
mers having SME or polymer/CNT composites having piezore-
sistivity are well known, reports about SMPs with strain sensor
characteristics are rare.

The goal of the work presented in this contribution was to study
the double and triple SME in a commercial thermoplastic elas-
tomer ethylene/1-butene copolymer filled with CNTs without any
chemical crosslinking process. Moreover, motivated by the increas-
ing use of graphene-based fillers in polymer nanocomposites,
thermally reduced graphene oxide was also used. Our results show
that these composites display SME triggered thermally by either
direct heating in an oven or a remote process under solar radia-
tion. Noteworthy, based on previous results regarding the piezore-
sistivity behavior of these materials,3® we report for the first time
the development of a polymer sensor that changes its electrical
conductivity under solar radiation triggered by the SME, opening
novel applications of these SMPs in active solar radiation sensors.

EXPERIMENTAL

Materials

A commercial ethylene/1-butene copolymer from Dow Chemical
(USA) was used as the polymer matrix (ENGAGE HM 7487). Based
on the datasheet information provided, the density, the total crys-
tallinity, the melting temperature and the glass transition temper-
ature were 0.86 g cm™3, 13%, 37 °C and —57 °C, respectively. Bay-
tubes C150P multiwall CNTs were obtained from Bayer Material
Science AG (Germany). Based on the datasheet information pro-
vided, they were characterized by a purity higher than 95 wt%,
number of walls between 2 and 15, an outer mean diameter of
13-16 nm, an inner mean diameter of 4 nm, a length between 1
and > 10 um and a bulk density around 150 kgm~3. CNTs were
used without any purification process. Extra-pure graphite pow-
ders (G), sulfuric acid (H,SO,, 98.08%), potassium permanganate
(KMnO,, 99%), hydrochloric acid (HCl, 32%) and sodium nitrate
(NaNO;, 99.5%) were obtained from Merck (Germany) and used
as received. Hydrogen peroxide (H,0,, 5%) was purchased from
Kadus SA.

Thermally reduced graphite oxide (TrGO) was prepared in a
two-step oxidation/thermal reduction process using G as raw
material based on the process of Hummers and Offeman.?® The
first step is oxidation of G with KMnO, and NaNO; in con-
centrated sulfuric acid, affording graphite oxide (GO). In a sec-
ond step, the dry GO was thermally reduced to afford TrGO
in a nitrogen atmosphere by rapidly heating GO up to 600°C
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during 40s using a quartz reactor heated in a vertical tube
furnace.

Composite preparation and characterization

The composites were prepared by using a Brabender Plasticorder
(Brabender, Germany) internal mixer at 110°C and a speed of
110 rpm. Filler content ranged from 0 to 14 wt%. First, half of the
polymer pellets were added to the mixer operated at 110 rpm.
After 2 min approximately for melting the polymer, the filler was
added during 3 min. Finally, the rest of polymer pellets were added
and the speed of the mixer was held at 110rpm for 10 min.
Therefore, the total mixing time was around 15 min. Afterwards,
the samples were press-molded at 110 °C at 50 bar for 5 min and
cooled under pressure by flushing the press with cold water,
in order to obtain the final samples for tests. For mechanical
characterization, the samples were cut with a stainless steel mold
with dimensions according to type IV (ASTM D638) with a thickness
of 1 mm. After sample preparation, the materials were left at room
temperature for at least 3 days allowing crystallization of the highly
amorphous polymer by annealing.

The mechanical properties were measured using an HP D500
tensile test dynamometer at a rate of 50 mmmin~" at 23°C and
30% relative humidity. A minimum of three samples were tested
for each material and the average values are reported. The experi-
mental error was about 6% relative to the mean value.

For the electric resistivity/conductivity, different meghomme-
ters (Megger BM11 with a highest voltage of 1200V and AEMC
1060 with a highest voltage of 5000V) were used depending
on the conductivity of the samples. With this setup, the stan-
dard two-point method was used. In this case, the electrodes
were embedded into the samples for a bulk measurement.
For each electrical value reported in this contribution, at least
five samples were prepared and five measurements for each
one were carried out. In general, differences around one order
of magnitude were detected in the non-percolated samples
having low conductivity values (ca 1072 Scm~'). For perco-
lated samples, the experimental error for conductivities was
less than 50%.

The melting behavior of the samples was investigated using a
Mettler Toledo DSC1/500 differential scanning calorimeter under
N, atmosphere to minimize thermal degradation. The samples
were heated from 25 to 200 °C at a heating rate of 10 °Cmin~".
For crystallinity measurements, the heat of fusion of completely
crystalline polyethylene was assumed to be 293 Jg~'. An FElI field
emission SEM instrument (QUANTA FEG 250) was used to analyze
the filler distribution in the composites.

Characterization of the shape memory behavior in bending
tests

Samples having dimensions of 90 x 20 X 1 mm?3 (I x w x d) were
prepared for shape memory experiments performed in bending
mode. The permanent shape was associated with the rectangle
in a flat shape. For the temporary shape, the samples were bent
to a storage angle 6, by putting the sample into a U-like mold
in the soft rubbery state (room temperature). The bent samples
were then inserted into an oven, which was heated to the pro-
gramming temperature of 60 °C. After 10 min of annealing, the
samples were quenched in liquid nitrogen at around —195 °C to
fix their shape. After 10 min the samples were located at room
temperature. Using this procedure, U-like shaped samples were
obtained and they were ready for subsequent shape memory
experiments.

For thermally stimulated shape memory experiments, the pro-
grammed samples were inserted into a pre-heated oven at 60 °C.
For solar radiation-stimulated shape memory experiments, the
programmed samples were positioned under a solar simulator
lamp (1.1 Sun), at 6 cm from the sample (Sciencetech model SF150
with a 50-300 W xenon lamp). Photographs of the samples were
taken during the recovery time.

In order to quantify the recovery during SME, the shape recovery
ratio (r) was defined based on the change of the contour of the
sample during heating:

=% 1009 1
"= T80-0, " M
where 0, is the initial angle determined after programming, which
characterizes the ability of the composite to fix the temporary
shape of the sample, and 6 is the angle describing the recovery
process during heating. A 100% recovery is reached when 6,
reaches 180°.

For piezoresistive tests under simulated solar radiation, an
Arduino Uno microcontroller-based kit was used. Arduino Uno
is an open source microcontroller for building digital devices
and interactive objects for sensing and controlling. In our case,
Arduino allowed the measurement of the electrical conductivity
by programing the microcontroller and by constructing a series
electrical circuit between the Arduino, the sensor (the composite)
and a known electrical resistance, applying 5 V. In this way, the sen-
sor was placed under the solar simulator lamp, and the electrical
connections were located at the extreme of the sample by clamps
serving as electrodes. This configuration using a surface contact
is the standard for strain sensors based on polymer composites.*®
This system allowed the on-line measurement of the electrical
conductivity in the recovery process under simulated solar radia-
tion. For each composite, three samples were tested. In a similar
system, electrodes deposited on the cut edges of the specimen
gave the same resistivity as electrodes applied on the surfaces.*!
However, in our case, the electrical values from this configuration
were much higher than results based on bulk measurements;
therefore the electrical conductivity is likely by the surface. The
values reported are the relative resistance defined as the ratio
between the electrical resistance of the strained sample and the
original resistance at permanent relaxed state.

RESULTS

Polymer characterization

Figure 1 shows the effect of adding carbon nanoparticles to
TEPE on both the elastic modulus and the elongation at break.
As expected for a matrix with low stiffness (elastic modulus of
3.5 MPa) as compared with more crystalline PE, the impact of
nanoparticles was relevant with increases as high as 440% in the
Young's modulus. Similar results, or even with greater improve-
ments, can be obtained in other elastomeric matrices filled with
carbon nanostructures such as polyurethane and poly(vinyl
alcohol).#2-%* However, all these elastomers present some polarity
facilitating the filler—-matrix interaction in contrast with TEPE
having nonpolar characteristics. The improvement is associated
with the high reinforcement effect of nanoparticles on the soft
polymer matrix as concluded by analyzing micromechanical
models.* These models predicted the highest improvements in
the elastic modulus of matrices with stiffness lower than 100 MPa
as in our case. The final reinforcement depended on the type of
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Figure 1. Effect of addition of carbon nanoparticles on the tensile mechanical behavior of TEPE: (a) elastic modulus; (b) elongation at break. For the
latter property, some samples did not present a break in our strain-stress tests, and the value reported (1000%) is the maximum strain measured in the

equipment.

filler, with CNTs rendering higher values than TrGO particles. In
this case, the particle/agglomerate aspect ratio is one of the main
variables, meaning that in our case CNTs or their agglomerates
presented higher aspect ratio than TrGO fillers. TEPE can support
large deformations under tensile tests, and some samples did not
show any break for the conditions of our experiments, and the
values reported in Fig. 1(b) corresponded to the maximum strain
carried out during the test (1000%). However, a reduction in the
elongation at break of some composites was observed as com-
pared with the pure matrix, as previously reported for either CNT-
or TrGO-filled polymeric composites.**=46 Both the restrictions of
polymer movements due to the particles and the premature failure
starting at the particle aggregates seem to explain this tendency.*?
However, the composites still present large elongation before
break.

Figure 2 displays the electrical conductivity of the various
composites as a function of the filler content showing the large
effect of carbon nanoparticles. When CNTs were used as filler
at concentrations above 8 wt%, TEPE composites displayed a
marked increase of several orders of magnitude in the con-
ductivity. This increase means a percolation process coming
from the formation of a three-dimensional network of CNTs
throughout the polymer matrix. TrGO fillers in contrast were
not able to render a percolation transition at similar concen-
trations confirming the lower aspect ratio coming from their
agglomeration as compared with CNTs. The latter is based on the
inverse relationship between particle aspect ratio and percola-
tion threshold.*” Figure 3 displays SEM images of representative
composites with CNTs and TrGO confirming the different aspect
ratios between the fillers. While CNTs were dispersed through-
out the polymer matrix with isolated particles having high
aspect ratio, TrGO-containing composites presented larger par-
ticles associated with the micrometric lateral size of this kind of
filler.

The electrical percolation thresholds in our composites are high
as compared with other polymer composites,* meaning a poor
dispersion of carbon nanoparticles able to reduce the effective
particle aspect ratio.** Moreover, in copolymers having low crys-
tallinities such as TEPE, the percolation threshold is even higher
due to the inverse relationship between the concentration thresh-
old and the matrix crystallinity that is found in similar systems.>
Hereafter, composites with 8 and 14wt% of filler were tested
regarding their SME as they allowed the analysis of both the per-
colation transition and type of filler.

1 |—m
—-®

—TEPE/CNT -
— TEPE/TIGO

Electrical conductivity [S/m]

0 5 10 15 20
Filler content [wt%]

Figure 2. Electrical conductivity of various samples based on TEPE at
different filler content.

Double SME

The double SME was analyzed using various programming routes
based on the thermal properties of the TEPE matrix having a
melting temperature of 37 °C and a glass transition temperature
of —57 °C. The shape recovery ratio of the samples was used as
defined elsewhere (Eqn (1)).2 In our particular case, double shape
memory was evaluated in a sample having a U-like temporary
shape with an angle of 90° and a flat permanent shape with an
angle of 180°. Figure 4 displays the shape recovery ratio of samples
programed using the melting transition of the matrix meaning: (i)
the sample in the permanent shape is strained to a U-like shape
and located in an oven at 60 °C for 10 min; (ii) the U-like sample is
quenched in a liquid nitrogen bath (around —190 °C) for 10 min;
(iii) the sample in the mold is left at room temperature for a couple
of days for annealing; and (iv) the sample removed from the mold
is located in an oven at 60 °C and the recovery angle is measured.
The first conclusion from these data is that pure TEPE matrix
without any chemical crosslinking process presented a relevant
SME triggered by the melting process. This confirms previous
results stating that the presence of hard (bundled crystals in
TEPE) and soft (amorphous phase in TEPE) segments is needed to
produce SMPs. As the sample was programmed at a temperature
above the melting transition, the physical crosslinking in the
amorphous state explained the structure able to be strained at this
temperature. The bundled crystals formed during cooling switch
the temporary shape storing the strain energy coming from the
U-like shape. When these crystals melt, this energy is released
producing the shape recovery.
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Figure 3. SEM images of some representative composites filled with (a) CNTs and (b) TrGO.
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Figure 5. DSC analysis of composites used for SME. Results for the pure
polymer (TEPE) are also displayed for comparison.

Figure 4 further shows that this recovery process is delayed in
composites with TrGO fillers needing the longest times to reach
100%. The effect of filler on the SME in polymer nanocompos-
ites is a complex issue as the presence of nanoparticles can affect
simultaneously both the polymer morphology and its stiffness.
In general, by adding nanoparticles the modulus of the result-
ing composites is increased and therefore more energy is stored
by applying a strain (area under stress—strain curve) as compared
with pure matrix. By switching the recovery, this higher energy
stored in the composite is released explaining the improvement
in SME.3*>! However, the opposite tendency can also be found,
with nanoparticles decreasing the strain recovery because of inter-
actions between the nanofiller and the matrix affecting the poly-
mer morphology.® For instance, in chemically crosslinked TEPE
composite SMPs, the presence of a carbon black network has a

deleterious effect on the recovery process.® Filler aspect ratio, size
and dispersion are relevant variables affecting the crystallization
process of the polymer matrix and therefore the SME.*? Therefore,
filler dispersion and changes in polymer morphology are the most
relevant variables affecting the SME in polymer composites.3*>?
In our case, TrGO fillers, presenting a high agglomeration degree
as concluded from Figs 1-3, render the largest delay in the recov-
ery process supporting the relevance of particle agglomeration in
SME. To understand this behavior, DSC was carried out with the
samples having the same thermal treatment: quenched from the
melt to liquid nitrogen and afterwards annealed at room tempera-
ture, as displayed in Fig. 5. These results confirmed that under this
thermal treatment carbon nanoparticles affected the crystallinity
of the polymer depending on the filler (measured as the area
under the heat flow curve divided by the enthalpy of a perfect
PE crystal). While CNTs reduced the crystallinity by around 50%,
TrGO decreased this property by around 30% due to the low dis-
persion. These changes in crystallinity relate to the reduction of
polymer mobility in the presence of nanoparticles. Similar TEPE
polymers mixed with CNTs presented a marked increase in the
elastic modulus at low strain frequencies during oscillatory melt
experiments.> This increase in the elastic behavior can be of sev-
eral orders of magnitude and it is found near the electrical perco-
lation transition of the composites. In polymer nanocomposites,
this rheological transition is due to particle-particle interactions
creating a space-filling network able to block the viscous flow of
macromolecules.>* Polymers in these confined spaces crystallize
as similar to thin film systems and the formation of lamellae is
restricted resulting in a decrease in the degree of crystallinity.>
Based on these results, a change in polymer morphology arising
from a reduction of chain mobility can further explain the delay
process by nanofillers. Less crystalline phases produced fewer
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Figure 6. Example of double SME in TEPE composite with 14 wt% of CNTs programed by melting at 60 °C and triggered at the same temperature by
putting the sample at an oven. The sample is completely recovered after 8 min.
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Figure 7. Effect of time and filler concentration on sample temperature under simulated solar radiation: (a) TEPE samples with CNTs; (b) TEPE samples

with TrGO.

segments able to switch the temporary shape after thermal treat-
ment, reducing therefore the energy stored. Moreover, the lower
mobility produced a delay in the relaxation processes as observed
in our SME results. Finally, Fig. 6 shows an example of the SME in a
TEPE/CNT composite triggered by thermal transition using a more
complex morphology.

Motivated by the melting temperature of TEPE (37 °C), we inves-
tigated the SME of the pure matrix under simulated solar radiation
of 1 Sun. Figure 7(a) shows the temperature of TEPE under this
radiation showing that the surface temperature reached values of
around 30 °C after 2 min of exposure. This temperature was lower
than the TEPE melting temperature, but the sample was able to
present SME as displayed in Fig. 6 associated with the melting of
small crystals having transition temperatures of around 30 °C. By
comparing these results with Fig. 4, it is concluded that SME under
solar radiation is slower by a factor of two than under standard
thermal switching because of thermal transfer differences. Note-
worthy, by adding carbon nanoparticles to the polymer matrix,
the sample temperature was higher, reaching values of around
43 °C under this solar radiation (Fig. 7). It is well known that poly-
mers filled with carbon nanoparticles are able to absorb radia-
tion, mainly infrared light. For instance, the absorption spectrum
of a polymer/carbon nanocomposite is not only of wider range
but also its absorption is higher than that of the pure polymer.®
For CNTs, non-radiative decay of infrared photons absorbed raises
the internal temperature of the sample.3* Our results confirmed
this tendency, further showing that TEPE nanocomposites pre-
sented faster SME than pure matrix (Fig. 8). CNT filler rendered
faster behavior than TrGO filler due to the improved dispersion.

Shape memory composites for solar radiation sensor

Electrically conductive SMP composites could be used as sensors
or actuators taking advantage of the relationship between defor-
mation and electrical conductivity. Thereby, while the sample is

recovering its permanent shape by an appropriate stimulus, the
change in the electrical conduction can be monitored.? Following
the results in Fig. 6, TEPE/CNT composites were studied as sensors
for solar radiation by following changes in their electrical resistivity
while recovering their permanent shape under this remote stim-
ulus. Indeed, these TEPE/carbon nanocomposites were used as
piezoresistive sensors under tensile strain tests.3® Figure 9 displays
the electrical resistivity of TEPE/CNT composite with 14 wt% of
filler, relative to the switched state, as a function of the shape mem-
ory recovery activated by solar radiation. As the sample recovers
its original permanent shape, the electrical resistivity decreases.
Percolated polymer/CNT composites under strain, for instance in
a programmed U-like shape, presented a decrease in the electrical
conductivity due to the filler alignment increasing the interpar-
ticle distance and disrupting the particle network.>® This aligned
CNT configuration out of equilibrium is switched by cooling the
sample below the melting point producing a temporary state with
interparticle CNT distances larger than in the unstrained state.
By melting the sample, the strain is released and the CNTs can
return to the equilibrium state associated with shorter interparti-
cle distances and therefore higher electrical conductivity. Figure 9
confirms that the SME in TEPE/CNT composites can be triggered
remotely by solar radiation producing a change in the electrical
conductivity, and therefore they can be used as solar radiation sen-
sors/actuators.

Triple SME

The SME discussed above was triggered by a melting process as
the temporary shape was produced in the melt state. However,
to obtain a triple SME, another switching mechanism should be
defined. In our case, the new switch was associated with the ther-
mal performance of the TEPE amorphous phase having a glass
transition at around —57 °C. To validate this procedure, a double
shape memory effect was first investigated. The program in this
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Figure 8. Effect of time on recovery of various TEPE composites switched by melting process by putting the sample under solar radiation: (a) composites

based on CNTs; (b) composites based on TrGO.
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Figure 9. Effect of recovery triggered by solar radiation on electrical behav-
ior of TEPE/CNT composite with 14 wt% of filler. The relative resistance is
defined as the ratio between the electrical resistance of the sample in a
specific recovery state and the electrical resistance of the original switched
sample.

case was: (i) the sample is strained to a U-like shape at room tem-
perature for either 10 min or 1 day; (ii) the U-like constrained sam-
pleis quenched to —190 °Cin 10 min; and (iii) the sample is heated
at room temperature for recovery measurements. Figure 10 dis-
plays the recovery of TEPE and TEPE/CNT composite with 14 wt%
of filler showing SME by this switching mechanism. Pure TEPE was
able to recover 100% of the permanent shape at room temper-
ature after a programing process of 10 min. Similar to the SME
switched by the melting process, CNTs delay the SME as com-
pared with pure polymer. These results confirm that TEPE can be
programed using both melting temperature and glass transition.
Noteworthy, the SME depended on the programing time associ-
ated with the strained sample at room temperature. While samples
programed during 10 min presented complete recovery, samples
programed during 1 day were not able to relax completely and
the recovery was much lower. This result confirms the relevance
of the equilibrium state to the SME as samples reaching equilib-
rium during long-time programing were not able to store the same
energy as compared with samples strained and quenched out of
equilibrium.

Based on our results regarding the possibility of switching the
TEPE by either melt process (Fig. 4) or glass transition (Fig. 10), a
triple SMP was investigated. In this case, the program, as displayed
in Fig. 11, was: (i) the sample is strained to a U-like shape at 60 °C for
10 min; (ii) afterwards the sample is cooled to room temperature
where an extra strain is carried out; and (iii) the sample is quenched

100
80
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40
20

Recovery [%]

—&— TEPE, 10 minutes
—&— TEPE/14 wt% CNT, 10 minutes
—A—TEPE, 1 day

w— TEPE/14 wt% CNT, 1 day
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0 5

Figure 10. Effect of time on recovery of various TEPE composites
switched by glass transition by putting the sample at room tempera-
ture after quenching at —190 °C. Two cases were analyzed regarding the
time used for room temperature programing (temporary shape): 10 min
and 1 day.

in aliquid nitrogen bath (around —190 °C) for 10 min. The first ther-
mal activation was at room temperature taking advantage of the
switch mechanism based on the glass transition. Figure 12 displays
the recovery of the TEPE and its composite with 14 wt% of CNTs,
showing a complete recovery after 8 and 22 min, respectively, con-
firming the relevance of CNTs for delaying the SME. Noteworthy,
when the sample reached 100% recovery at room temperature, it
was located in an oven at 60 °C triggering the second thermal acti-
vation based on melting. Both samples reached a 100% recovery
(200% in Fig. 12). Therefore, TEPE samples were able to present a
triple SME.

CONCLUSIONS

TEPE and its composites with CNTs and TrGO were used as SMPs
under various programing conditions. The samples were able
to be switched by either melting or glass transition processes
allowing double and triple SMEs without the need of a chemical
crosslinking process. The addition of carbon nanoparticles to the
TEPE matrix delayed the recovery process although all the samples
presented 100% recovery. Noteworthy, solar radiation was able
to trigger the SME and the composite with 14 wt% of CNTs
presented a faster recovery as compared with pure matrix. The
percolated TEPE/CNT composite with 14 wt% of filler presented
a change in the electrical resistivity during the recovery process
under solar radiation allowing the development of multifunctional
sensors.
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Figure 12. Effect of time on recovery of a triple SMP based on TEPE and
its composite with 14 wt% of CNTs. The first recovery was triggered by the
glass transition process at room temperature reaching a value of 100%.
When the sample reached 100% recovery under this first process, it was
located in an oven at 60 °C triggering the second process by melting.
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