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Humidity-Activated Shape Memory Effects
on Thermoplastic Starch/EVA Blends and Their

Compatibilized Nanocomposites

Valentina Sessini, Jean-Marie Raquez,* Denis Lourdin, Jean-Eudes Maigret,

José Maria Kenny, Philippe Dubois, and Laura Peponi*

In this work, a systematic study on the humidity-activated shape memory
properties of dual-responsive shape memory bionanocomposites with

both humidity- and thermally-activated shape memory effects is reported.
The study is performed through humidity-mechanical cycles in an Instron
machine with a temperature chamber equipped with an ultrasonic humidity
generator. In particular, the bionanocomposites studied are based on

blends of ethylene-vinyl acetate (EVA) and thermoplastic starch reinforced
with natural bentonite. In our previous work, thermomechanical cycles are
performed by using EVA-induced crystallization and a preliminary humidity-
activated shape memory test is designed. Herein, the shape memory results
of both blends and their nanocomposites reflect the very good ability to
humidity-activated recover of the initial shape with values higher than 80%.
Moreover, the ability to fix the temporary shape of this systems is very good,
especially when nanofillers are added. The compatibilizer effect of natural
bentonite is demonstrated by means of different techniques such as scan-
ning emission microscopy and mapping by confocal Raman spectroscopy.

1. Introduction

The continuous demand for new engi-
neering materials with high performance
and different functionalities is leading
to the development of new smart multi-
functional materials, more particularly
the so-called “shape memory” materials,
including shape memory polymers
(SMPs), metal alloys, hybrids, ceramics,
and gels.'l SMPs are polymeric smart
materials capable to memorize temporary
shapes and recover their original shape
upon external stimulation, including tem-
perature, light, humidity, pH, electric or
magnetic field, etc.’] In general, SMPs
are strongly affected by the molecular
structure of the polymer and they can be
programmed in order to exhibit shape
memory properties, i.e., combining the
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effect of two polymer domains/segments

or phases.!l One is the “fixity domain,”
typically imparted by a network structure that involves covalent
or physical crosslinks, and the “switching domain” able to fix
the temporary shape. The switching domain is characterized by
a reversible phase transition.l’!

SMPs used for advanced medical application (smart stents,
sutures, and other invasive devices) must satisfy some specific
requirements such as no toxicity for the human body, steriliz-
ability, eventual biodegradability/bioresorbability under physi-
ological conditions, and biocompatibility, while depending on
the application, the thermal activation is required to be near
to the human body temperature without external heating.[’!
With the aim to overcome this limitation, other strategies have
been developed, among which the moisture-activation of the
SMPs."l In fact, in order to develop humidity-activated SMPs
it is possible to use polymers with functional groups able to
be involved in hydrogen bonding with water molecules or it is
possible to use hydrophilic component. Further investigations
showed that the hydrogen bonding is the key player behind the
water-activation and water or humidity absorbed in the polymer
plays a main role in the shape recovery process.® With this pur-
pose, for the last years, the interest paid in the developments of
new multifunctionally tailored materials, obtained by applying
nanotechnologies as well as by using environmentally friendly
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approaches, such as renewal sources, biodegradable, biocom-
patible materials, etc. has strongly increased.*1*!

Among natural biopolymers, starch is attracting the interest
of scientists as well as of industry due to its complete biodeg-
radability, low cost, and renewability.'!] Starch is mainly com-
posed by two structurally distinct o~p-glucan components:
amylose, which is linear, and amylopectin, which is highly
branched.'"”] Although starches from different botanical ori-
gins present identical structural units, their amylose and amy-
lopectin contents change, strongly influencing their physical
and chemical properties. Moreover, it is well known that,
depending on the botanic origin of starch (i.e., potato, maize,
pea, rice, barley, etc.), native granules present a wide variety of
size (2-100 um), size distribution, shape, extraction from plant
conversion factors, and chemical composition. Furthermore,
both amylose content and botanic origin considerably influence
its crystalline organization.l'3] Although starch can be used as
filler,'Y thermoplastic starch (TPS) is preferred to be used as
polymeric matrix after melt-processing native starch with plas-
ticizer such as glycerol and water.'® Its T, is strongly affected
by the relative humidity (RH) at which it is stored showing
either a glass-like rigid and fragile mechanical behavior, or
rubber-like behavior depending on its moisture conditions.!*®!
Its high water sensitivity tends to make TPS poorly competi-
tive for the replacement of oil-based thermoplastic applications.
However, from the other hand, its moisture sensitivity can be
an advantage for the design of humidity-responsive functional
materials.l'”] Furthermore, in commercial application, TPS is
blended with other synthetic and bio-based polymers in order
to improve its poor mechanical properties and high moisture
sensitivity.['8]

Among Dbiocompatible polymers, ethylene—vinyl acetate
copolymer (EVA) is a low cost commodity polymer that has
found a wide industrial usage.'”! EVA is a copolymer of eth-
ylene and vinyl acetate (VA) with a random incorporation of VA
comonomer units into polyethylene (PE) backbones.2% The VA
content typically varies from 10 to 40 wt% strongly affecting the
final EVA properties. Thus, EVA with a low VA content (<20%)
are usually used as thermoplastic and those with a higher VA
content are used as oil-resistance elastomers.?'-23l Since EVA
is biocompatible, it has been used in many biomedical engi-
neering applications, such as in drug delivery devices?* and
shape memory applications.[?%%’]

In particular, in our previous communication!!! we reported
the ability of bionanocomposites based on blends of EVA
and TPS reinforced with natural bentonite (CLNa‘') to pre-
sent dual-responsive shape memory effects. In fact, they were
designed in order to present both thermally activated shape
memory effects due to the EVA-induced crystallization as
well as humidity-activated shape memory behavior due to the
presence of TPS demonstrated in preliminary tests. In this
work, we intend to study in a systematic way the humidity-
activated behavior of EVA-TPS blends and their nanocom-
posites upon humidity-mechanical cycles as performed in an
Instron machine with a temperature chamber equipped with
an ultrasonic humidity generator. Moreover, the morphology,
the thermal and mechanical properties of these materials
were deeply studied, focusing the attention on the effects of
the addition of nanoclays in the blend compatibility, and in
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the humidity-activated shape memory properties of the final
bionanocomposites.

2. Experimental Section

2.1. Materials

Native pea starch was obtained from Cosucra groupe War-
coing SA, Belgium, with a dry content of 85 wt%, including
60.7 wt% amylopectin, 35.7 wt% amylose, 3.4 wt% fiber, and
0.24 wt% protein, as determined by colorimetric methods and
Prosky and DUMAS methods.?%l Starch was used as received.
Commercial EVA copolymer with 19 wt% VA content was pur-
chased from Exxon Mobil Chemical Company. Glycerol (purity
97%) was purchased from VWR International and was used as
starch plasticizer. Commercial natural bentonite, Cloisite-Na*
(CLNa") was purchased from BYK Additives and Instruments.
Its dimensions are typically ranging from 2 to 13 pm.

2.2. Starch-Based Blends and Nanocomposites Processing

Two different blends with different TPS content, ie., 40 and
50 wt%, were processed and characterized, as well as their nano-
composites reinforced with 1 wt% of CLNa*. The processing
method used was reported elsewhere.!! Briefly, first, the thermo-
mechanical destructuration of native starch granules with liquid
glycerol and distilled water (in the wt ratio of 100:25:20) was pet-
formed in a Brabender internal kneader (for 3 min at 110 °C with
a rotor speed of 100 rpm) in order to obtain thermoplastic starch.
Once obtained TPS, it was melt blended with the commercial
EVA with a twin-screw DSM microcompounder for 5 min at
160 °C with a screw speed of 125 rpm. Therefore, the blends
with 40 and 50 wt% of TPS were obtained and named B40TPS
and B50TPS, respectively. When the nanocomposites had been
processed, CLNa* nanoclays were used as nanofillers and were
prior mixed with TPS through melt intercalation method in
such a way to mix them with glycerol for a better clay disper-
sion. Two different nanocomposites, with 1 wt% of CLNa* were
obtained, named B50TPS + 1% CLNa* and B40TPS + 1% CLNa™.
The extruded blends and nanocomposites were successively ther-
mocompressed in a hot press for 5 min at 160 °C at 200 bars
in order to obtain films to carry out their characterization. The
intercalated structures of the bionanocomposites have been veri-
fied by X-ray diffraction and field-emission scanning electron
microscopy (FE-SEM), reported in the Supporting Information.

2.3. Characterizations

To determine the glass transition of TPS, differential scan-
ning calorimetry (DSC) thermograms were recorded on a DSC
Q2000 from TA Instruments. TPS was ground into powder
using a cryogrinder and was stored at different relative humidity
conditions, at RH = 97, 70, 59, 40, 25%, and dry (RH = 10%).
Approximately 4 mg of sample was placed in sealed aluminum
pans. A scan from —-80 to 100 °C was run at 10 °C min~'. The
glass transition temperature (T,) was determined on the first
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scan at the midpoint of the calorific capacity change on the
thermogram. The equilibrium water content was measured by
gravimetric method. The same samples conditioned at different
RH values for the DSC analysis, were dried in a ventilated oven
and they were weight after 7 and 24 h in order to measure their
water content.

Dynamic mechanical thermal analysis (DMTA) of the sam-
ples, conditioned at 59% of RH, was carried out using a DMA
Q800 from TA Instrument in film tension mode with an ampli-
tude of 5 um, a frequency of 1 Hz, a force track of 125%, and
a heating rate of 2 °C min~!. The relaxation temperatures are
defined at the tan § profiles. Samples subjected to DMTA were
cut from compression-molded thin films into regular speci-
mens of =20 mm X 5 mm x 0.60 mm.

Scanning electron microscopy (SEM) images of the cryo-
fracture surface of the blends and their nanocomposites,
before and after etching of TPS phase in dimethyl sulfoxide
(DMSO) overnight at room temperature (RT), were obtained
by SEM (PHILIPS XL30 with a tungsten filament) in order to
study their morphology and the compatibility of the two poly-
mers in the blends and their nanocomposites. The polymer
samples were frozen using liquid N, and then cryofractured.
All the samples were gold/palladium coated by an automatic
sputter coated Polaron SC7640. FE-SEM (Hitachi S8000) in
transmission mode was used to study the melt intercala-
tion of the polymer and to observe the filler dispersion in the
nanocomposites.

Furthermore, the compatibility of the blend was investigated
by confocal Raman spectroscopy using the mapping method.”!
Raman spectra mapping is a method for generating detailed
chemical images based on a sample’s Raman spectrum and the
Raman images were used to visualize the phase separation of
the polymer blends!?®! and of their nanocomposites. For Raman
mapping measurement a Renishaw InVia Reflex Raman Micro-
scope (Wotton-Under-Edge, UK) system was used. An optical
microscope was coupled to the system. The laser beam was
focused on the sample with an Olympus 0.75 x 50 microscope
objective. The spatial resolution was about 1.22 um. Calibra-
tion was done by referring to the 520 cm™! line of silicon. The
Raman scattering was excited using a diode laser at a wave-
length of 785 nm (320 mW power). The collection time for each
static spectrum (center 575 cm™!) was 1 s with 100 accumula-
tions. The spectrometer grating had 1200 lines mm™. An auto-
matic motorized translator X-Y stage was used to collect two
dimensions images. A total of about 950 spectra were meas-
ured for each sample.

Mechanical properties were determined using an Instron
Universal Testing Machine at a strain rate of 150 mm min™.
Tensile test measurements were performed on five dog-bone
specimens with a width of 2 mm, thickness of 0.60 mm, and
leaving an initial length between the clamps of 20 mm. From
these experiments were obtained the Young’s modulus, as the
slope of the curve between 0 and 2% of deformation, the elon-
gation at break and the maximum stress reached. Mechanical
properties were studied for the specimens conditioned at
RH =59 and 97% for one week. In order to perform the DMTA
and the tensile test of neat TPS a film was produced by solvent-
casting. DMSO was employed as solvent and the film was cast
for three days at 60 °C.
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Moisture absorption tests were performed after specimens
were dried in a desiccator (RH = 10%) for one week. The sam-
ples were then put on the humidity chamber at RH = 97% and
at 37 °C until reaching the equilibrium. The specimen were
weighted every 5 min first, and the moisturizing time increased
gradually when their absorption speed was slower.”-?’l Finally,
the dependency of moisture absorption on time could be
obtained. The same method was used to test the dependency of
moisture loss on time but the specimens were previously con-
ditioned at RH = 97% for one week, and then they were put on
a dry chamber (RH = 10%) at room temperature until reach the
equilibrium.

2.3.1. Humidity-Activated Shape Memory Properties

The samples for the humidity-activated shape memory were cut
from compression-molded thin films into rectangular speci-
mens of =20 mm X 4 mm X 0.60 mm and were tested using
an Instron Universal Testing Machine with a temperature
chamber equipped with an ultrasonic humidity generator and
dry air entry. Before starting the test, samples were stored at
25 °C and at RH = 97% for at least 3 d. Samples were stretched
under humidity saturated atmosphere until 80% of elongation
at 10 mm min! of speed. Then, the samples were left in ten-
sion at controlled condition, first at RT at humidity saturated
atmosphere for 1 h and second at RT drying for 15 h. Finally,
the recovery was triggered by humidity sorption releasing the
stress and under humidity saturation at 37 °C. Therefore, with
the aim to get a quantitative estimation of the shape memory
properties of the material, the strain fixity ratio (Ry), and the
strain recovery ratio (R;) have been calculated. In particular, R,
the ability to recover the initial shape, was taken as the ratio of
the recovered strain to the fixed strain, as given by the following
equation

(gu — % (N))

L e T

x100% (1)

Ry, the ability to fix the temporary shape, is the amplitude
ratio of the fixed strain to the total strain, as presented by the
Equation (2)

Re(N)= @xwo% 2)

where &, is the deformed strain, g, is the fixed strain, g, is the
recovered strain, and N is the number of cycles.

3. Results and Discussion

In order to study the effect of the nanoclay addition on the mor-
phology of the blends, Raman mapping spectra of neat EVA,
neat TPS, and B50TPS, as example, were utilized (Figure 1)
in order to check their characteristic bands. The 400-700 cm™!
spectra region was then chosen to obtain the Raman maps.
The peak at 478 cm™ belongs to the skeleton vibration of
pyranose ring in the glucose unit of starch as also obtained
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Figure 1. Raman spectra of neat EVA and neat TPS are shown on the left. In the inset, the Raman spectrum of B50TPS is reported. Video images of
both blends and nanocomposites are reported on the right. a) B40TPS, b) B40TPS + 1% CLNa*, c) BSOTPS, and d) B50TPS + 1% CLNa*.

by Kizil et al.,?% meanwhile the peak at 629 cm™ belongs to
the vinyl acetate component of EVA copolymer as previously
reported by Macdonald et al.?!) The Raman spectra of B50TPS
in Figure 1 showed that the peaks chosen to perform the map-
ping are both visible and separate.

Figure 1 displays the video images of the mapped regions
of both blends and their nanocomposites. However, to better
understand this analysis, a not-square-shaped region of the
Raman images generated by plotting the Raman intensity vari-
ation of the scattering band at 478 and at 629 cm™}, to illustrate
the distribution of TPS and EVA phases, respectively, within
different materials, is shown in Figure 2. In particular, three
different points (named “a,” “b,” and “c”) have been taken into
account just considering the different color distribution in the
Raman images. The spectra from these selected points are
shown in the same figure. The blue portion is related to the
intensity of EVA signal from the band centered at 629 cm™ and
the red portion is related to the intensity of TPS signal from the
band centered at 478 cm™.

In images 1 and 3 of Figure 2 neat blends, B40TPS and
B50TPS, have been reported, respectively. For the neat blends, a
decrease in the peak intensity is observed at 478 cm™! (referred
to TPS) as the sampled region transit from the points a to ¢,
which almost disappears at the point b in image 1 of Figure 2.
At the same time, the peak intensity at 629 cm™ (referred to
EVA) increases from a to ¢, showing the maximum intensity
in b. This is due to a phase-separated structure owning to the
two-component system. It is reasonable to assume that images
1 and 3 of Figure 2 represent a spatial distribution of EVA and
TPS phases. In the case of images 2 and 4 of Figure 2 where
the corresponding nanocomposites have been reported, it is
easy to note that the phase-separation distribution is completely
different with respect to their neat blends. This fact is a conse-
quence of the good dispersion of the nanoclays, which are able
to act as compatibilizers between both phases, leading to the
polymer—polymer interface as can be seen also in the FE-SEM
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images in the Supporting Information. In particular, the results
shown that in all selected points, a, b, and c, the intensity of the
peaks does not change significantly, indicating that the phase
compatibility in the nanocomposites is substantially improved
with respect to the neat blends.

These results were also verified by SEM observation of the
cryofracture section before and after etching the TPS com-
ponent in the neat blends as well as in their nanocompos-
ites. The SEM images for all the samples studied are shown
in Figure 3. Both EVA and TPS blends were immiscible as
expected. TPS is dispersed into the EVA matrix with a non-
homogeneous particle size distribution. Moreover, the absence
of interphase in TPS/EVA blends (Figure 3a,c), due to phase
debonding, indicated a poor adhesion between both different
phases. However, in the case of nanocomposites, the phase
debonding is almost absent, indicating a partial miscibility
between both phases, EVA and TPS probably due to the addi-
tion of nanoclays. Comparing the SEM images of the cryo-
fracture after etching TPS phase in both neat blends and their
nanocomposites, it can be noticed that in the nanocomposites
a better dispersion of TPS phase and a decrease of the TPS
particles dimension were observed, confirming the compati-
bilizer effect of nanoclays.?” As previously reported in the lit-
erature, nanoparticles accumulated at the polymer—polymer
interface are particularly effective in changing the microstruc-
ture of immiscible polymeric blends, lowering the interfacial
tension between polymers, improving the interfacial adhesion
and suppressing the coalescence effect of the minor phase.l**!
Moreover, natural bentonite presents good affinity with polar
polymers, which is the case of TPS and the VA content of
EVA. Therefore, the presence of nanoclays in the EVA-TPS
interface probably enhances EVA polarity making it more
compatible with the TPS phase.

As it was previously described, the T of starchy materials is
strongly influenced by their moisture content. Therefore, the
effect of relative humidity on the moisture content and on the
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Figure 2. The Raman images and spectra generated by plotting the Raman intensity variation of the scattering band at 478 cm™' and at 629 cm™ for
(1) B4OTPS, (2) B4OTPS + 19 CLNa*, (3) B50TPS, and (4) BSOTPS + 1% CLNa*.

glass transition of neat TPS was studied and they are shown in
Figure 4. The moisture content in TPS, conditioned at different
RH values, was calculated by gravimetric method.

Moisture content of amorphous materials increases with
the humidity level of the conditioning. In the case of neat TPS,
moisture content varies from 2.8 to 9.3% when RH ranges
from 25 to 70%. The evolution of T,, determined by DSC, is
related to the relative humidity. The T, of neat TPS decreased
relatively linearly from 63 to 21 °C when RH increases from
25 to 55%. The T, values obtained in this work are in agreement
with previously published data.’*l Figure 4 shows that a glassy/
rubbery state change can be obtained at RT for RH > 55%
for neat TPS. These results confirm the possibility to shift the
T, of TPS upon humidity.

The mechanical properties of these materials have been
also tested at RH = 59 and 97% and the stress—strain curves
obtained at room temperature and at RH = 59% are reported
in Figure 5.

Regarding Figure 5, the materials (excluding TPS) show the
typical curve for rubber polymer behavior, characterized by high
elongation at break and low elastic modulus as it is reported in
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Table 1. Furthermore, neat EVA curve shows the highest elon-
gation at break compared with the other samples. The obtained
values for the elastic modulus, elongation at break, and max-
imum stress for all samples are summarized in Table 1. Table 1
shows a quite low elastic modulus for the EVA as expected for
rubber polymers. The TPS conditioned at RH = 59% shows a
typical elastic modulus of an amorphous polymer in the rubber
state because at room temperature the material is above its T,
The obtained value (25 £ 8 MPa) is in agreement with values
published in other works.’!

The results obtained by Van Soest et al.*®l showed the
dependence of the mechanical properties on the water content
of the samples. They reported that at water contents lower than
5%, the materials were too brittle to be measured. The water
plasticization of TPS results on a decrease of the elastic mod-
ulus from 500-1000 to 0-100 MPa and an increase of the elon-
gation at break from 20 to 105% for a water content of 7.1 and
14.1%, respectively. At a water content of 13-15% the materials
reach a maximum in the elongation at break. Above 15% of
water the materials become weak and the ultimate elongation
is decreased.
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Figure 3. SEM images of EVA/TPS blends and their nanocomposites cryofractured, before etching (left) and after etching of TPS phase (right).
a) B40TPS, b) B40TPS + 1% CLNa*, c) B5SOTPS, d) B50TPS + 1% CLNa*, e) B40TPS after etching of TPS phase, f) B40TPS + 1% CLNa* after etching
of TPS phase, g) BSOTPS after etching of TPS phase, and h) BSOTPS + 1% CLNa* after etching of TPS phase.

As it was shown in Figure 4, our TPS conditioned at
RH = 59% had water content at about 7% (determined for
gravimetric method), and therefore this material presents a low
modulus and an elongation at break of almost 60%, according
to the literature. The decrease in the elastic modulus with
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increasing water content is characteristic of a polymer being
plasticized through its glass-to-rubber transition. At low water
content, the material is glassy, and at intermediate water con-
tents the material is rubbery.’®l As we expect, the mechanical
behavior of the blends is quite different from the mechanical

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

Macromolecular

SCIENCE NEWS

www.advancedsciencenews.com

90 — 50
j = Glass Transition A
80 . A Moisture content
4 L] N
70 1 40
< ) . -30 €
S 50+ o
B . s
S 404 ©
= h -20 @
= 1 5
@ 304 . 2
© ] . o
O 204 . =

=10
N /
0 —T T T T T T T T T T T T T T T T T 0

0 10 20 30 40 50 60 70 80 90 100
Relative humidity (%)

Figure 4. Effect of relative humidity on the glass transition and water
content for neat TPS.

behavior of neat EVA. In fact, by increasing the amount of TPS
in the blend, the elastic modulus slightly increases, whereas
both the maximum stress and the elongation at break pro-
gressively decrease, so-designing more brittle materials. This
phenomenon is likely due to the lower water content in the
blend, compared to neat TPS, leading to a more brittle behavior
for the final material. The elastic modulus of the nanocompos-
ites slightly decreases with respect to the corresponding neat
blends when 1 wt% of nanoclays was added. In both cases, a
reduction of about 15% has been obtained, likely due to the
compatibilizer effect of nanoclay rather than the reinforcement
effect expected by the nanoclays addition. However, the good
dispersion of the nanoclays was confirmed by the increase in
the maximum stress of the nanocomposites compared to their
corresponding neat blends. Generally, a reinforcing effect,
among other factors, depends on the interfacial adhesion
between the different components, which allows an efficient
stress transfer between the different phases in the system.[’’]
The comparisons between mechanical properties at RH = 59%
and 97% in terms of elastic modulus, maximum strength and

30— TPS
—EVA
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1——B40TPS + 1 % CLNa"
< 204——B50TPS + 1% CLNa’
o
<
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o
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Figure 5. Stress—strain curves of all the samples studied at RH = 59%.
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Table 1. Mechanical properties of all the samples.

Sample Elastic modulus ~ Maximum stress  Elongation at break
[MPa] [MPa] [%6]

TPS 25+8 1.7£0.1 60+10

EVA 32+2 29.0£5.0 1080 + 50
B40TPS 361 8.7+0.5 500 + 20
B40TPS + 1% CLNa+ 311 12.0£1.0 600 + 50
B50TPS 45+3 6.6 0.7 400 + 60
BSO0TPS + 1% CLNa+ 38£3 7.2+0.7 380+ 50

elongation at break are shown in Figure 6a—c. The TPS values
of mechanical properties after conditioning at RH = 97% are
absent because of the impossibility to perform the test with the
obtained material. The stress—strain diagram obtained for the
samples conditioned at RH = 97% is reported in Figure 6d. As
noted in Figure 6, the mechanical properties of the blends and
nanocomposites conditioned at RH = 97% changed without
any specific trend. The elastic modulus decreases when the
water content increases in the materials. Similar results were
reported in the bibliography for starch films conditioned at dif-
ferent RH values, such as RH = 32, 58, and 90%.1® This vari-
ation is more evident in the blends compared to the nanocom-
posite and it is higher for the B50TPS sample. Meanwhile, ten-
sile strength increases with the water content, probably because
of the recrystallization phenomenon of the TPS. Indeed, when
starchy materials are stored above their T, the crystallization
is promoted thanks to its chain mobility. There was previously
reported in the literature that mechanical properties of plasti-
cized samples, presented a low increase in crystallinity during
storage.[3?)

Van Soest et al. studied the influence of glycerol and water
content on the structure and properties of extruded starch
plastic sheets during aging.[*¥) They demonstrated that starch
materials above their glass transition temperature were soft,
almost behaving as a gel just, after extrusion. During the
first week of storage, the strength and stiffness increased rap-
idly. The differences between the material properties before
and after storage were ascribed to the formation of an entan-
gled starch matrix by starch chain—chain associations that are
related to plasticizer content. However, the sample B40TPS +
1% CLNa* conditioned at RH = 97% presents a tensile strength
higher than its corresponding neat blend. Regarding the elon-
gation at break, it is easy to note that a dual behavior is shown
here. For the samples containing 40 wt% of TPS the elonga-
tion at break decrease when the samples were conditioned at
RH = 97%, on the other hand, samples containing 50 wt% of
TPS showed an increase of the same property. For the nano-
composites, this variation is higher than for the neat blends.

In order to study the main thermomechanical relaxation
of our system, DMTA analysis was performed. The evolution
of the storage modulus (E), loss modulus (E”), and damping
factor (tan 8) as a function of temperature, measured over
the temperature range —80 to 90 °C, for neat TPS and EVA
as well as for neat blends and their nanocomposites, condi-
tioned at 59% of RH, are presented in Figure 7. The storage
modulus drop (Figure 7a) associated with the glass transition

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Comparison of mechanical properties of all blends and their nanocomposites conditioned at 59 and 97% of RH. a) Elastic modulus,
b) tensile strength, and c) elongation at break. d) Stress—strain diagram of the sample conditioned at 97% of RH.

(B-relaxation) of EVA is about two orders of magnitude for all
the samples. This is notably different for many other semic-
rystalline polymers, such as polyethylene, for which the glass
transition also occurs below room temperature but the associ-
ated modulus drop is rather minimal due to the predominance
of the crystalline phase.?” As a result, the samples containing
EVA are soft at room temperature despite their semicrystal-
line character and they have low modulus values, according
to the tensile results. Indeed, the room temperature moduli
obtained from the stress—strain curves were within the range
of 32 £ 2 MPa (for neat EVA), confirming the softness of all the
samples. EVA modulus shows a strong dependency on the tem-
perature. This change is accompanied by a peak in loss mod-
ulus curve at —28 °C, confirming the value obtained by DSC
analyses (—26 °C) (see Figure S2, Supporting Information).
Regarding the tan ¢ evolution, EVA has a broad T, between —30
and 10 °C due to the glass transition and the PE crystals relaxa-
tion overlapping as reported in literature.*!] Another small peak
appear in the tan 6 curve at 42 °C due to the melting of smallest
crystals as previously demonstrated.*?!

In the case of neat TPS, the storage modulus falls in two
steps, the first between —80 and —30 °C and the second one
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between —30 and 20 °C with the respective peaks in tan 6 at
—52 °C and 15 °C. At temperature of —70 °C, the TPS exhibits
a high storage modulus values around 6000 MPa, confirming
the rigidity of the frozen structure below T,. It was previously
reported in the literature that for starchy materials constituted
by the three-constituent system as water—glycerol-starch, the
roles of both competing plasticizer (glycerol and water) are
dependent on their respective concentration.*’] The results
observed in Figure 7 show that using 25 wt% of glycerol leads to
two relaxations of a phase-separate system on neat TPS curve.
The first peak in the tan § curve, termed PB-relaxation, is due
to a starch-poor phase rich in glycerol-water content. The glass
transition of this phase decreases with increasing water content
but is largely independent of glycerol content. The upper peak
in the tan 0 curve of neat TPS, termed orrelaxation, is due to
a starch-rich phase. Forssell et al.?l previously reported this
behavior and demonstrated that in both cases the glass tran-
sition temperature is depressed by the addition of water. At
room temperature, the TPS (conditioned at RH = 59%) showed
storage modulus values about 250 MPa (Figure 7a). For the
blends and their nanocomposites (conditioned at RH = 59%),
the DMTA results are in agreement with the tensile test results.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Indeed, increasing the TPS content in the blends the storage
modulus (DMTA analysis) and the elastic modulus (in tensile
test) increased, mostly in the B50TPS sample, whereas for
B50TPS + 1% CLNa*, E' decreased. This confirms the com-
patibility action of nanoclays. All the blends and nanocompos-
ites showed the typical relaxations belonging to neat EVA and
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neat TPS without any shift, although the p-relaxation of TPS
is shifted at higher temperatures. Only in the case of B40TPS,
there was an overlapping of the EVA f-relaxation and the TPS
P-relaxation, while the TPS orrelaxation almost disappeared.
This behavior is likely due to the possible presence of a certain
degree of miscibility between both polymers at this blend com-
position. It was previously reported for EVA/TPS blends that
despite the fact that the system is immiscible, a certain degree
of miscibility could exist and the cohesive energy of the blend
can be higher than that of the separated components. Moreover,
highly polar polymer mixtures able to form hydrogen bonds
show very complex behavior.[*]

In our previous work,] a preliminary humidity-activated
shape memory test for all the samples was performed. In
this contribution, some additional investigations were per-
formed in order to better explain the mechanism involved
in the humidity-activated shape memory effect. This mecha-
nism depends on the plasticizing effect of humidity on starchy
materials. As it was previously described in this work, the T,
of the material decreases upon the water content. Moreover,
in order to define how many hours are needed to activate both
programming and recovery steps in the humidity-mechan-
ical cycles used for the evaluation of the humidity-activated
shape memory behavior, the dependency of moisture loss as
well as of the absorption as a function of time were studied.
In our previous work, we performed the recovery step of the
humidity-activated cycles at 37 °C in order to shorten the
recovery time of the humidity-activated cycles.l!! In particular,
our objective is to lower the T, below RT by means of only
humidity and then accelerate the recovery process thanks
to the human body temperature. At this temperature, the
recovery process is faster for two reasons: it is performed at
least at 15 °C above the T, of TPS to get high chain mobility
and it was previously demonstrated in literature that the
kinetics of absorption phenomena increases at higher tem-
perature.l”l For this reason, in our work, moisture absorption
tests were performed directly at 37 °C. Figure 8a,b reports the
dependencies of both moisture loss (fixing temporary shape)
and moisture absorption (original shape recovery) with time
for all the samples. In Figure 8a, it can be observed that TPS
loses moisture very quickly within the first 300 min. Then, it
tends to reach its saturated state after 1500 min at room tem-
perature. In addition, it was observed that the slope of mois-
ture loss in TPS was much higher than that in the blends
and their nanocomposites, indicating higher kinetics for neat
TPS. As expected, the moisture loss and absorption is higher
for neat TPS. Whereas in B50TPS + 1% CLNa* the moisture
loss and absorption seems to be slightly faster than B50TPS,
meanwhile the sample B40TPS + 1% CLNa™ did not show the
same behavior. This sample reached its saturated state latest
than the other blends and nanocomposites and the water
content lost was higher than the other samples. Indeed, in
Figure 8a is possible to note that B40TPS + 1% CLNa* reached
the saturated state after 4500 min rather than 1700 min like
the other samples, while B40TPS + 1% CLNa™ lost more than
20% of water. Moreover, the slop of moisture loss for B40TPS +
1% CLNa*® was much higher than that of its corresponding
blend, suggesting higher kinetics. The same trend is shown in
Figure 8b for moisture absorption.
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Figure 8. Dependencies on time of a) moisture loss (at RH = 10% and room temperature) and b) moisture absorption (at RH = 90% and 37 °C). In

the inset, the zoomed portion is given.

The results show that the different TPS contents in the blends
and their nanocomposites affects the rate of the moisture loss
as well as the absorption phenomena while the presence of EVA
did not inhibit the humidity-responsiveness of TPS. However,
although the moisture loss and absorption phenomena mainly
depends on the amount of TPS in the blend, it seems that for
the nanocomposites, where the TPS domains are smaller than
the corresponding blends, the rate of the moisture loss and
absorption is higher than for the respective neat blends.

Finally, in order to study the humidity-activated shape
memory response of the bionanocomposites and their neat
blends, the following parameters were optimized for the
humidity-mechanical cycles:

- Programming: conditioning the sample at room temperature
and at humidity saturated atmosphere for 7 h. Stretching the
samples until 80% of elongation and, after keeping the sam-
ple for 1 h at humidity saturated atmosphere, it was dried
under constant stress at room temperature for 15 h.

- Recovery: releasing the stress in dry condition and recover
under humidity saturated atmosphere at 37 °C for 7 h.

The 3D stress—strain-humidity cycles and the 2D stress—
strain diagram were determined for all the samples studied
(Figure 9). In order to evaluate the reproducibility of the shape
memory properties, four different humidity-mechanical cycles
were completed for each sample. The values obtained in every
cycle for both the R, and the R¢are summarized in Table 2.
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The values reported in Table 2 reflect the very good ability
to recover the initial shape, showing R, values higher than
80%. The nanocomposites did not show an evident increase in
term of R, compared to the blends through the presence of the
hydrophilic nanofiller. Moreover, the ability to fix the tempo-
rary shape slightly decreased during the cycles and the nano-
composites showed higher values of R than the corresponding
blend. When TPS content increases, in both blends and nano-
composites, better values of R, were obtained as a result of the
increase in the hydrophilic component of the materials studied.

4. Conclusions

In summary, humidity-activated shape memory effects on bio-
nanocomposites based on blends of EVA and TPS reinforced
with 1 wt% of CLNa* was investigated. The plasticizing effect of
water for starchy materials was used with the aim to humidity-
activate the shape memory properties of the blends and their bio-
nanocomposites. The shape memory results of both blends and
their nanocomposites reflect the very good ability to humidity-
activated recover of the initial shape with values higher than
80%. Moreover, the ability to fix the temporary shape of these
systems is very good, especially when nanofillers are added.
Moreover, the compatibilizer effect of natural bentonite was
demonstrated by scanning emission microscopy and mapping
by confocal Raman spectroscopy. This kind of materials could
be used for biomedical applications exploiting the hydrophilic

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Macromol. Chem. Phys. 2017, 218, 1700388 1700388 (11 of 12) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

Macromolecular

SCIENCE NEWS

www.advancedsciencenews.com

Table 2. Values of R, and Ry for the humidity-activated shape memory
test for all the samples studied.

Sample R, R¢

[%] [%]
Cycle 1 2 3 4 1 2 3 4
B40TPS 67 69 78 78 74 76 70 65

B40TPS + 1% CLNa* 72 82 79 74 80 80 77 79
B50TPS 71 84 86 89 81 71 67 65
B50TPS + 1% CLNa* 64 70 77 84 88 84 81 80

character of starch as a possibility instead of a problem. Indeed,
it is possible to activate their shape memory effect by means of
only humidity at the human body temperature.
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