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ABSTRACT

In this work, a study on the dual-shape and triple-shape memory response of poly(ethylene-
co-methacrylic acid) copolymer, EMAA, and its counterpart neutralized with sodium salt,
EMAA-Na has been report. Moreover, both matrices were reinforced with silica nanoparticles in
different amount. Morphological, thermal and mechanical properties were studied confirming
the good dispersion of the nanoparticles into both polymeric matrices. The addition of silica
nanoparticles increases the mechanical response of both polymeric matrices without affecting
their shape memory response leading to a possible increasing use of both polymers in the

ARTICLE HISTORY
Received 6 March 2018
Accepted 23 April 2018

KEYWORDS

Shape memory; ionomers;
ethylene copolymers; Silicon
Dioxide nanoparticles;
nanocomposites, methacrylic

industry. Moreover, the ionomeric polymer reinforced with 1 wt.% silica nanoparticles present acid

excellent thermally activated triple-shape memory response.
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Introduction

Shape memory polymers (SMPs) are a class of smart
materials with the capability to change their shape when
an external stimulus is applied, such as temperature [1-3],
humidity [4,5], pH [6], light [7] or an electric field [8]
by fixing a temporary shape. Moreover, they are able to
recover their original shape when the external stimu-
lus is applied again. Shape memory behavior is not an
intrinsic property of the material, therefore an adequate
phase morphology is required [9,10]. The presence of a
dual domain in the polymer, i.e. permanent network and
reversible/switching domains is necessary to designing
SMPs. In this type of polymers, the switching domains
are responsible for the temporary shape of the material,
which is programmed during the ‘programming stage.
On the other hand, the permanent network is responsi-
ble for the retention of the original shape, memorizing
the initial shape during the ‘recovery stage. A unique
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Dual-shape memory recovery
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classification of the applied stimuli does not exist; how-
ever, they can be classified as direct stimuli such as
temperature and light, and non-direct ones. The direct
ones can be applied in both stages, to fix the temporary
shape and to recover the original one, programming and
recovery respectively [11]. Meanwhile, non-direct stim-
uli only act in the recovery stage, i.e. electric and mag-
netic fields, pH or humidity stimuli, needing the help of
temperature as external stimulus, in the programming
stage [12]. Therefore, it is understandable why, in gen-
eral, thermally activated shape memory polymers are
the most studied SMPs. In heating-responsive SMPs, the
switching domains are associated to a transition temper-
ature (T, ). This temperature can be the glass transition
temperature (Tg) or the melting temperature of the pol-
ymer (T ) depending on the amorphous or crystalline
nature of the switching phase. During the programming
stage, the sample is heated to a temperature above T
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and subsequently a deformation is applied. Cooling
down the temperature below T, the temporary shape
is fixed and the applied stress to deform the sample is
realized. The application of a temperature above T,
enables the recovery of the original shape.

The above-mentioned SMPs are the most com-
mon ones and they are usually referred as ‘one-way
shape memory polymers, with two active phases - i.e.
the permanent network and switching domain - and
an external stimulus to trigger the phases in order to
change from one shape to another. This kind of SMPs
is also called ‘dual-shape memory polymers, because a
permanent shape is transformed into a temporal one.
However, depending on the morphology and on the pro-
prieties of a specific SMP, it is possible to program two
or more temporary shapes. These materials are known
as ‘triple-shape memory polymer’ or ‘multiple-shape
memory polymers, respectively [13,14]. In general, a
material with ‘0’-shape memory response, presents n-1’
temporary shape [12]. Triple-shape memory polymers
need one programming stage, in which both temporary
shapes are programmed, and the application of two dif-
ferent triggers to firstly recover the intermediate tem-
porary shape and subsequently recovering the original
shape. Triple-shape memory effect was first introduced
by Lendlein et al. in 2006 [15] showing the possible
application fields of SMPs such as biomedical devices,
actuators, and smart adhesives.

In the literature, there are numerous polymeric sys-
tems able to act as SMPs including physically crosslinked
thermoplastics, blends, and composites [16-18].
Between them, ionomers are ion-containing polymers
with a maximum ionic content of ca. 15 mol % [19].
Polyolefin ionomers are produced by copolymerization
or post-polymerization modification to introduce car-
boxylate or sulfonate functional groups followed by neu-
tralization to produce metal counter-ions (e.g. Na*, K*,
Mg*, Ca*?, Zn*?, Al*) [19]. In these ionomers, strong
thermodynamic immiscibility between the polymer
backbone and the ionic groups as well as strong interac-
tions by columbic potentials between the ionic charges,
lead to a microphase separation and to the formation of
dispersed ionic aggregates called ionic clusters, which
physically crosslink the polymer [20]. In many systems
these physical crosslinks can persist to high tempera-
tures (>150 °C) as reported in literature [21], therefore
they can be used as the permanent network in SMPs.

Poly(ethylene-co-methacrylic acid) copolymer,
EMAA, neutralized with sodium salt is a well-known
ionomer with the tradename of Surlyn” manufactured
by Dupont” Company. The self-healing properties of
this polymer under high speed impact, i.e. ballistic
damage [22,23], and even under hyper-velocity impacts
(1-4km/s) simulating space debris impacts [24] has been
studied. Its two physical networks formed by ionic clus-
ters, thanks to ionic bonds, and the ethylene crystals ena-
bled the shape memory behavior of these materials. The
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broad melting point for the ethylene crystals provides
the opportunity for multi-shape memory behavior as
reported in literature for poly(ethylene-co-methacrylic
acid) copolymer neutralized with zinc [21,25]. Recently,
Zhao et al. [26] demonstrated shape memory behav-
ior of 3D printed objects using the same commercially
available zinc neutralized poly(ethylene-co-methacrylic
acid) without any new chemistry requirements. On the
other hands, Lu et al. [27] in 2016 reported that com-
mercial Surlyn’ 8940, neutralized with sodium, exhibits
both one-way multi-shape memory effects and tunable
two-way reversible actuation.

However, nowadays, a very important challenge is to
study shape memory nanocomposite materials (SMCs)
[28], thus taking into account that the incorporation
on nanoparticles to the polymeric matrix can strongly
affect its shape memory behavior by changing its tran-
sition temperature [17]. In general, nanomaterials can
be considered as excellent reinforcements for polymeric
matrices with the ability to enhance the performance of
final polymer nanocomposites [29].

The use of carbon-based nanofillers, i.e. single-walled
carbon nanotubes (SWCNTs) [30,31] or multi-walled
carbon nanotubes (MWCNTS) [32] can convert the elec-
trical current, externally applied, into heat through a
Joule effect, triggering the SMPs behavior. Furthermore,
the external application of microwaves to a SMCs rein-
forced with MWCNTs can thermally induce the SMCs
shape recovery [33]. Noble metal nanoparticles such as
silver [34] or gold [35] have been also studied due to
their photo-thermal effect, the ability to transform the
deep UV - near IR wavelength light into heat energy.
Oxide metal nanofiller, such as Fe,O, has been added
to SMP matrix to remotely trigger, using an external
magnetic field, the change between the temporary shape
and the permanent one, with possible applications to
activate an object within the body, but preserving the
heating of the human tissue [36,37]. Recently, Odent et
al. [38] reported an interesting study on shape memory
nanocomposites based on poly(lactic acid) reinforced
with silica nanoparticles by forming ionic hybrids.
Moreover, silica nanoparticles have been previously
studied to improve the mechanical properties of epoxy
resins [39]. Furthermore, the good compatibility with
the polymer matrix [40,41] due to the hydrogen bond-
ing of the silica nanoparticles increases the mechanical
properties of the matrix [42].

In the present work, silica nanoparticles have been
used in different proportions as nanofillers for the EMAA
copolymer. In particular, the main goal of this work is to
improve the poor mechanical properties of the ionomer
Surlyn’ resin and its precursor, Nucrel , without hindering
their shape memory behavior. Thus, the morphological,
thermal, and mechanical properties of EMAA copolymer
and ionomer-based materials were studied in this work
as well as their shape memory behavior. In particular,
the improvement of their mechanical response can deal



to an increasing use of both polymers in the industry.
Moreover, a triple shape-memory response of the Surlyn’
reinforced with 1 wt % nanosilica has been obtained.

Materials and methods
Materials

Commercial poly(ethylen-co-methacrylic acid) random
copolymer (EMAA) named Nucrel 960 (contained 15
wt.% of methacrylic acid (MAA) comonomer) and its
ionomer, Surlyn’ 8940, with 30% of MAA comonomer
neutralized by sodium (EMAA-Na), were kindly pro-
vided by Dupont™ Company.

Silicon Dioxide Nanopowder (SiO,) with a particle
average size of 7-14 nm and specific surface higher than
200 m?/g was supplied by EMFUTUR.

Melt-processing of the nanocomposites

Three different nanocomposites were prepared using
both, Nucrel as well as Surlyn’, with different amount
of §iO, nanoparticles, i.e. 0.5, 1, and 3 wt.%.

Before their processing, the polymers and the nano-
filler were dried at 60 °C for 48 h. The nanocompos-
ites were melt-processed by a microextruder equipped
with twin conical co-rotating screws (MiniLab Haake
Rheomex CTWS5, Thermo Scientific, capacity 7 cm?)
with a screw rotation rate of 130 rpm, temperature of
150 °C, and residence time of 5 min. The processed
nanocomposites were named empathizing the SiO,
nanoparticles amount present in the respective polymer
matrix, such as NU0SiO,, NU0.5Si0,, NU1SiO,, and
NU3SiO, indicating the presence of 0, 0.5, 1, and 3 wt.%
of SiO, nanoparticles on the Nucrel’ matrix. The same
nomenclature was used for the nanocomposites based
on Surlyn’, SU0SiO,, SU0.5S8i0,, SU1Si0,, and SU3SIO,.
The extruded nanocomposites were successively ther-
mo-compressed in a Dr Collin 200 x 200 mm press at
160 °C and 50 bars in order to obtain films to carry out
their characterization.

Characterization methods

Field Emission Scanning Electron Microscope (FE-SEM,
Hitachi S8000) in transmission mode was used to
observe the SiO, nanoparticles dispersion into the pol-
ymeric matrix in the nanocomposites. In order to study
the morphology of the pristine nanoparticles a disper-
sion of SiO, in water was prepared and 1 drop was placed
on a square mesh copper grid. After water evaporation,
the grid was analyzed. Regarding the study of the SiO,
dispersion in the polymeric matrix, ultrathin sections
were made at 50-70 nm by ultramicrotome, using a dia-
mond knife and placed on the square mesh copper grid.

The thermal properties were investigated by
Differential Scanning Calorimetry (DSC) analysis.
The dynamic DSC measurements were performed in
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a Mettler Toledo DSC822e instrument, under nitrogen
flow (30 ml/min). Samples of about 10 mg were sealed
in aluminum pans. Thermal cycles were composed by
the following ‘heat/cool/heat’ procedure: heating at
10 °C min™! from 0 to 150 °C, cooling at 10 °C min™! to
0 °C and heating again at 10 °C min™" to 150 °C. The first
heating scan was normally used to erase prior thermal
history of the samples and in our case, we use it to study
the thermal behavior of the materials as obtained after
their processing to establish the right parameters for the
thermo-mechanical cycles, obtaining the values for the
melting temperatures (T, ), and the melting enthalpy
(AH_ ). From the cooling scan, the crystallization tem-
perature (T) was obtained. The degree of crystallinity
(X)) of each sample was calculated, according with the
equation below:

AH,
XC(%) = <m> X 100 (1)

m

where AH!® is the specific melting enthalpy for a 100%
crystalline PE (278 J/g) [43].

Dynamic Mechanical Thermal Analisys (DMTA) of
the samples was carried out using a DMA Q800 from
TA Instrument in film tension mode with an amplitude
of 5 um, a frequency of 1 Hz, a force track of 125%,
and a heating rate of 2 °C min~'. The relaxation tem-
peratures are defined at the loss modulus profiles.
Samples subjected to DMA were cut from compres-
sion-molded films into regular specimens of approxi-
mately 20 mm X 5 mm x 0.50 mm.

Thermogravimetric analysis (TGA) was carried
out using a TGA Q500 thermal analyzer from TA
Instrument. Neat polymers and their nanocomposites
were analyzed by dynamic mode using about 10 mil-
ligrams of sample from room temperature to 800 °C at
10 °C min™! under nitrogen atmosphere with a flow of
60 mL min~!. Temperatures at the maximum degrada-
tion rate (T ) were calculated from the first derivative
of the TGA curves (DTG) and the initial degradation
temperatures were toked at 5% of weight loss.

Mechanical properties were determined using an
Instron Universal Testing Machine at a strain rate of
150 mm min~!. Tensile test measurements were per-
formed on 5 dog-bone specimens with a width of
2 mm, thickness of 0.50 mm and leaving an initial length
between the clamps of 20 mm. From these experiments
were obtained the elastic modulus, as the slope of the
curve between 0 and 2% of deformation, the elongation
at break and the maximum stress reached.

Thermally activated shape memory
characterization

Thermally activated shape memory properties were
studied using a stress-controlled DMA Q800 from
TA Instruments in film tension mode. Samples for the
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thermo-mechanical cycles were cut from compres-
sion-molded films into rectangular specimens of approx-
imately 20 mm x 5 mm X 0.50 mm. Dual-shape memory
experiments are conducted according to the thermo-me-
chanical cycle showed in Figure 1(a). The samples were
heated at the switching temperature (T, ) for 5 min, fol-
lowing by a stress-controlled uniaxial stretching applied
until a fixed percentage of deformation, i.e. 50%. They
were then quenched at 0 °C (T, ) under the same con-
stant stress, which after 10 min was released. A free-
strain recovery is then performed under continuous
heating conditions at 3 °C min until the selected T .

Triple-shape memory experiments were also car-
ried out using a stress-controlled DMA Q800 from TA
Instruments in film tension mode and they were con-
ducted according to the scheme in Figure 1(b). Typical
triple-shape memory thermo-mechanical cycles involve
2 different temporary shapes as well as two different T .
In our case, samples were heated at the T, | for 5 min
and were uniaxial stretched under controlled stress
until 40% of deformation. After that, the samples were
quenched for 10 min at the T, , followed by stress unload
for 10 min, fixing shape 2. In order to program the third
shape, a stress-controlled uniaxial stretching was applied
at the same temperature, until 80% of deformation. After
quenching at the T, under the same constant stress for
10 min the stress was removed again and a free-strain
recovery was finally performed at staged switching
temperatures, T, , and T, respectively, heating at
3°Cmin™".

Therefore, with the aim to get a quantitative estima-
tion of the shape memory properties of the material,
the strain fixity ratio (Rf) 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 total strain, as given by the

following equation:
(60— ,)
6711

- EP(N -1

R(N) = x 100% (2)

R, the ability to fix the temporary shape, was taken as the
ratio of the fixed strain to the total strain, as presented
by the Equation (3):

£,(N)

m

R/(N) = x 100%

)

where, ¢_is the deformed strain, ¢ the fixed strain, ¢ the
recovered strain and N is the number of cycles.

Results and discussion

The dispersion of SiO, nanoparticle into the polymeric
matrix was observed by FE-SEM analysis in transmis-
sion mode. FE-SEM images of the SiO, nanoparticles
dispersed in water at different magnifications are showed
in Figure 2(a) and (b), confirming the particle average
size of about 10 nm.

In Figure 3 the FE-SEM images of the cross-section
of SiO,-reinforced nanocomposites are showed. Figure
3(a) and (b) show images of the cross-section of nano-
composite based on Nucrel reinforced with 1 and 3
wt.% SiO,, respectively, as well as Figure 3(c) and (d)
show the cross-section of nanocomposites based on

(@) Dual-shape memory programming Dual-shape memory recovery
Shape 2
Shape 1 Shape 1
l Tyw= 60°C l stretch Tg=0 unload I l l
Temperature ramp until Ty,
(b) . . .
Triple-shape memory programming Triple-shape memory recovery
Shape 2 Shape 3
Shape 1 1ape Shape 2 Shape 1
To= 80°C stretch Towo= 60° unload stretch Ts= 0°C unload Towr= 60°C Towr= 80°C
Staged temperatures

Figure 1.

Schematic description of: (a) a dual-shape memory cycle and (b) a triple-shape memory cycle.
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Figure 2. FE-SEM images of SiO, nanoparticles at different magnifications, (a) 100000 and (b) 200000x.

Figure 3. FE-SEM images of the cross-section of SiO,-reinforced nanocomposites, (a) NU1SiO,, (b) NU3SiO,, (c) SU1SiO,, and (d)

SU3SiO,

Surlyn’ reinforced with 1 and 3 wt.% SiO., respectively.
A good dispersion of SiO, nanoparticles was observed
for all the EMAA-based nanocomposites although an
improvement of the dispersion was noticed in the case
of EMAA-Na nanocomposites probably due to the inter-
actions between SiO, nanoparticles and the ionic charges
present in the EMAA-Na ionomer. It should be high-
lighted that very small aggregates of SiO, are presented.
However, they exhibit dimensions ranging from 100 to
300 nm, which are small enough to provide improved
properties for the nanocomposites, as it was already
reported for polyurethane nanocomposites reinforced
with silica nanoparticles [42].

EMAA copolymers and their ionomer resins show a
complex thermal and thermo-mechanical behavior due
to their complex structure containing polyethylene (PE)
crystals, amorphous polymer chains, and ionic aggre-
gates, in the case of the ionomers [44,45].

The DSC thermograms for all the processed sam-
ples are shown in Figure 4. As can be observed in the
first heating scan (Figure 4(a) and (d)), EMAA-based
samples exhibited two endothermal peaks. The high-
est temperature peak in the thermograms clearly cor-
responds to the melting temperature of polyethylene
crystals while for the lowest temperature peak different
and controversial explanations are given in literature.
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Figure 4. Heating—cooling—heating scans of DSC analyses for all the processed EMAA based neat materials and their nanocomposites
reinforced with SiO, nanoparticles: (a-b-c) neat EMAA and its nanocomposites and (d-e-f) neat EMAA-Na and its nanocomposites.

One of these explanations, first proposed by Marx and
Cooper [46], ascribed the lower endothermic peak to
the melting of small PE secondary crystals that slowly
form following the primary crystallization. Many other
publications followed the same model [21,45,47,48].

Dolog et al. [21] reported that this fact results from the
annealing of the sample at room temperature, which is
above their glass transition temperature. However, sev-
eral other publications attribute this lower temperature
peak to an order-disorder transition within the ionic



Table 1. Thermal properties of all the processed samples.

DSC? TGA
AH

TmZ ml m TS% Tmax
Sample Q) (O T.(Q U9 X (%) (O Q)
NUosiO, 45 93 70 44 16 416 462
NUO0.5Si0, 45 92 70 47 17 415 464
NU1SIO, 45 96 70 48 17 411 464
NU3SiO, 44 93 70 44 16 412 459
SUosio, 43 92 63 47 17 409 483
SU0.5Si0, 50 91 63 46 17 418 481
SU1sio, 52 94 62 46 17 422 482
SU3sio, 51 93 61 50 18 419 479

*The values have been taken from the first heating scan excluding T_values
that have been taken from the cooling scan.

aggregates [27,49-52] although it is reported in literature
that these aggregates persist to temperatures well above
the melting of PE primary crystals in EMAA jonomers
[45,53,54].

In this work we followed the model that ascribes the
lower temperature endothermic peak to the PE second-
ary crystals, accordingly with our previous work [16].

Indeed, studying the thermal behavior of EMAA
copolymer and its SiO,-reinforced nanocomposites
(Figure 4(a)) it is easy to notice that all the samples
shown the lower endothermic peak even if they are not
in their ionic form. In Figure 4(a) and (d) the primary
crystals melt in the range between 60 and 105 °C with a
maximum melting temperature around 90 °C for both
EMAA and EMAA-Na series, as well as the small sec-
ondary crystals, which melt between 35 and 60 °C with
a maximum melting temperature of 45 °C. The thermal
properties of all the processed materials are summarized
in Table 1. Observing the cooling (Figure 4(b) and (e))
and the second heating scans (Figure 4(c) and (f)), only
one peak was detected in the thermograms, confirming
that the formation of the secondary crystals depends
on the time [55] as well as on the annealing conditions
of the sample at room temperature. Furthermore, the
broad melting region observed in the second heating
scan for both series of materials, EMAA and EMAA-Na,
indicates a broad distribution of crystallites size of PE.

A slight decrease of the crystallization temperature
was observed by increasing the SiO, amount in the
nanocomposites of EMAA-Na ionomer. At the same
time, an increase of the PE secondary crystals T, (TmZ)’
thus comparing neat SU0SiO, with its nanocomposites,
is detected. SiO, nanoparticle does not significantly
interfere with secondary and primary crystallization in
both series of nanocomposites. This fact is probably due
to their well-defined spherical nature that permits to
be inserted without affecting the thermal properties of
the materials. In general, we can conclude that the pres-
ence of the SiO, nanoparticles did not affect the thermal
properties of all the processed materials. This result is
supported by those reported in literature for Surlyn/sil-
icate hybrid materials obtained by sol-gel process [53].

The TGA and DTG thermograms are reported
in Figure 5 for both EMAA and EMAA-Na series.
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Comparing the neat materials, NU0SiO, and SU0SiO,,
the appearance of a small holder in the main degrada-
tion peak was noticed for the ionomer resin, probably
due to the presence of the neutralized MAA comon-
omer fraction. The thermal degradation properties,
in terms of T, and T __, are summarized in Table 1.
No significant changes in the T,, were observed for
EMAA-based materials with the presence of SiO, par-
ticles while an increase of about 10 °C was determined
for EMAA-Na materials. Regarding the T __, a slightly
increase was observed by increasing the SiO, amount,
for NU0.5Si0, and NU1SiO,, followed by a drop of the
T for NU3SiO, throughout lower values compared
with that of its neat counterpart. The same tendency was
observed for SU3SiO, characterizedbya T lower than
4 °C compared with SU0SiO,.

Dynamic thermo-mechanical analysis was performed
in order to study the main chain relaxation in the EMAA-
based materials and their nanocomposites. The storage
modulus, loss modulus and tand curves are reported
in Figure 6 for EMAA copolymer and EMAA-Na ion-
omer as well as their SiO,-reinforced nanocomposites.
All EMAA-based materials have similar elastic proper-
ties. On the other hand, the EMAA copolymer exhibits
alower storage modulus compared with EMAA-Na ion-
omer. EMMA copolymer and its SiO, nanocomposites
showed two main relaxations in the range of temperature
between —140 and 100 °C. From the loss modulus curve
(Figure 6(b)), it is possible to observe the first relaxa-
tion, at around —130 °C. In this work we refer to it as y
and it has been ascribed to a local molecular motion of
the amorphous segment of PE [51]. Moreover, a second
relaxation (') was noticed at around -50 °C and it was
assigned to a micro-Brownian segmental motion in the
amorphous region, where carboxylic acid dimers act
as crosslinks and restrict the motion [51,56]. ' relax-
ation is more evident for NU1SiO, probably due to the
interaction between the carboxylic acid groups and the
SiO, nanoparticles. Afterward, a broad peak centered at
around 20 °C was assigned to the melting of the second-
ary crystal phase already observed in the DSC analysis.
For EMAA ionomer resin and its nanocomposites, the
same relaxations were observed but ' relaxation was
shifted to lower temperatures, at about — 45 °C (f3 relaxa-
tion). Although various explanation have been proposed
for this relaxation over the years, in this work it was
ascribed to the ion-depleted in the amorphous region
[57]. The peak corresponding to the T , was shifted
to higher temperature for EMAA-Na ionomer and its
nanocomposites compared with the EMAA copolymer.
Indeed, this peak was even split in two for EMAA-Na
ionomer indicating the contribution of two chain relax-
ations. PE secondary crystals melting occurred in the
range between 0 and 60 °C but for EMA A-Na ionomer,
it was overlapped by the a relaxation, ascribed to the
devitrification of ion-reach regions, as it was previously
reported in literature [16].
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Figure 5. TGA and DTG thermograms for (a-b) EMAA copolymer and its SiO,-reinforced nanocomposites and (c-d) EMAA-Na ionomer

and its Si0,-reinforced nanocomposites.

Figure 7 presents an example of the stress-strain
curves obtained for all the EMAA-based materials. It
is possible to easily notice that the neutralization of the
EMAA copolymer provokes an increase of the mechani-
cal properties. In fact EMA A-Na ionomer-based materi-
als showed higher elastic modulus and higher maximum
stress values compared to EMAA copolymer-based mate-
rials. On the other hand, elongation at break decreased
for EMAA-Na ionomer due to the Na neutralization of
methacrylic acid groups. The mechanical properties of
all the processed materials are summarized in Table 2.

The presence of the SiO, nanoparticles in the EMAA-
based materials, affect the mechanical properties
increasing the elastic modulus, which reach maximum
values when the materials were filled with 1 wt.% of
SiO, nanoparticle. In particular, in the case of NU1SiO,
the elastic modulus was almost three times that of its
neat counterpart probably due to the good interaction
between the acid groups in the polymeric chain and the
silica nanoparticles. For SU1SiO, was not so evident
probably because the mechanical properties are con-
trolled more from the ionomeric cluster formed in the
structure. Otherwise, when 3 wt.% of SiO, nanoparticles

were used, the elastic modulus remained constant for
NU3SiO, although it significantly decreased in the case
of SU3Si0O,. However, maximum stress values were not
affected by the presence of SiO, nanoparticles, while
elongation at break slightly decreased for both series of
EMAA- and EMAA-Na-based materials.

Based on the microstructure of EMAA copolymer
and EMAA-Na ionomer resin, as well as their thermal
and mechanical properties, the parameters for the ther-
mo-mechanical cycles were established in order to study
their shape-memory response. As discussed before,
EMAA copolymer and ionomer resin are complex sys-
tems, composed by PE crystals, amorphous polymer
chains and ionic aggregates, in the case of the ionomer
resin. Figure 8 shows a schematic representation of the
complex microstructure of both EMAA-based materi-
als. In the non-neutralized copolymers, the amorphous
phase is composed primarily of polyethylene with some
isolated or hydrogen bonded methacrylic acid groups
and a crystalline polyethylene phase (Figure 8(a)). For
the EMAA-Na ionomer resin the amorphous phase
contain isolated or hydrogen bonded methacrylic acid
groups, contact ion pairs and multiplets of ion pairs as
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temperature of a-b-c) EMAA copolymer and its SiO,-reinforced nanocomposites and d-e-f) EMAA-Na ionomer and its SiO,-reinforced

nanocomposites.

well as ionic nanophase (the ionic clusters) that contains
most of the ion pairs (Figure 8(b)) [21].

In our previous work, the thermally activated shape
memory effect of neat ethylene-vinyl acetate copolymer
and its blends with thermoplastic starch has been stud-
ied by using the stretch-induced crystallization mecha-
nism to induce the temporary shape [16]. Indeed, it was
demonstrated that a new poorly organized crystalline
structure (A phase), induced by stretching the samples
until 250% of elongation at 40 °C, was used as switching

phase while the higher organized structure closer to that
of pure polyethylene (B phase) was used as permanent
phase. Therefore, the T of A crystal phase was con-
sidered the switching temperature (T, ) of our systems
[16]. Thus, based on our past results and on other works
reporting the shape memory behavior of systems with
two distinct melting points [14,58], in this work, we
study the thermally activated shape memory response of
EMAA copolymer-based materials considering that the
smaller PE secondary crystals act as switching network,
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Figure 7. Stress—strain curves for (a) EMAA copolymer and its SiO,-reinforced nanocomposites and (b) EMAA-Na ionomer and its

Si0,-reinforced nanocomposites.

Table 2. Mechanical properties of the processed materials.

Elastic Modulus

Maximum stress

Elongation at

Sample (MPa) (MPa) break (%)
NUOSiO2 52+3 23+1 408 + 11
NU0.5Si0, 58+6 22+1 370+9

NU1SiO2 138+8 24 +1 357+23
NU3siO, 134+6 23+1 332+9

SUOSiO2 198 +8 41+3 338+28
SU0.55i0, 196 + 10 41+3 342 +20
SU1SiO2 252+6 39+2 311+17
SU3sio, 149 + 25 34+4 283 +25

being able to fix the temporary shape and the PE pri-
mary crystals together with the amorphous phase act
as permanent network, memorizing the original shape.
Therefore, a temperature above the T of the PE second-
ary crystals was taken as T_ .

On the other hand, for EMAA-Na ionomer-based
materials we considered that PE crystals (both second-
ary and primary crystals) act as the switching network
while the permanent network is ensured by the ionic
interaction and the ionic clusters. Furthermore, systems
characterized by a broad melting transition, due to a
wide distribution of crystallite sizes, may also be used

to produce multiple thermally activated shape memory
material, as previously reported in literature [21,59].
Indeed, in ionomers, the crystalline phase can provide
a physical switching network to fix one or multiple tem-
porary shapes and the ionic clusters may be sufficiently
strong to provide a permanent network and recover the
original shape.

The dual-shape memory behavior of all the samples,
based on EMAA copolymer as well as on EMAA-Na
ionomer, was studied by DMTA for quantification per-
forming 4 consecutive cycles. The dual-shape thermo-me-
chanical cycles were performed at 50% of elongation.
The programming step was designed with a uniaxial
stretching at 60 °C as T, , followed by a fast quench-
ing of the stretched state at 0 °C (T, ). The stretched
state was maintained after quenching and subsequent
removal of the stress at the same temperature. Then
the recovery was activated at the specific T, . Figure 9
shows the evolution of strain, stress, and temperature
during the dual-shape memory programming step
and the consequent free-strain recovery for the EMAA
copolymer and its SiO,-reinforced nanocomposites.

(a)

PE secondary crystals

\

PE primary crystals

(b)

PE secondary crystals

Ionic clusters

PE primary crystals

Figure 8. Schematic representation of the microstructure of (a) EMAA copolymer and (b) EMAA-Na ionomer.
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Figure 9. Dual-shape thermo-mechanical cycles of EMAA copolymer: (a) NUOSIO,, (b) NU0.5Si0,, (c) NU1SiO,, and (d) NU3SiO,.

It is worth to notice that all the samples showed an
increase of the applied stress between cycle 0 and cycle 1,
remaining then in a constant value. The presence of the
SiO, did not affect the applied stress value comparing the
different nanocomposites, although a slightly increase of
the applied stress was observed only for NU3SiO,. On
the other hand, we can claim that any failure at the inter-
face between polymer/inorganic nanoparticles occurred,
since a decrease of the applied stress was not observed
but it remained constant during the consecutive cycles.
All the samples shown good ability to fix the deformed
shape at the selected T, while the recovery process
begun before reaching the selected T, as was expected
observing the DSC thermogram reported in Figure 4(c),
where the onset of the melting peak is at around 30 °C.
At the selected T, the sample needed 15 min to recover
almost the maximum, reaching a plateau. In Table 3, the
results of the thermo-mechanical cycles in terms of R
and R, are summarized for EMAA copolymer and its
SiO,-reinforced nanocomposites.

As can be noted, NUO0SiO, and its nanocomposites
have shown excellent shape memory properties reaching
values higher than 83% and 97% for R and R;, respec-
tively. Increasing the SiO, amount in the nanocompos-
ites, a slight increase in the R was observed, reaching
maximum values for NU1SiO,.

Figure 10 shows the evolution of strain, stress, and
temperature during the dual-shape memory program-
ming step and the consequent free-strain recovery for
the EMAA-Na ionomer resin and its SiO,-reinforced
nanocomposites.

Table 3. R and R, values obtained by dual-shape thermo-me-
chanical cycles for EMAA copolymer and its SiO,-reinforced
nanocomposites.

Sample R (%) R, (%)

Cycles 1 2 3 1 2 3
NUOSIO, 83 89 91 98 97 97
NU0.5Si0, 84 90 91 98 98 98
NU1SIO, 85 90 91 98 98 98
NU3SiO, 83 88 89 98 98 98

Compared with EMAA copolymer-based materials,
EMAA-Na ionomer showed higher values of applied
stress, due to the methacrylic acid group neutralization,
as previously observed for the mechanical properties.
Moreover, the applied stress values increase gradually
increasing the number of cycles but was not affected
by the presence of SiO, in the nanocomposites. As for
EMAA copolymer-based materials, in Figure 9 it is
shown that the recovery process for EMAA-Na iono-
mer-based materials begun before reaching the T, of
60 °C. In particular, in this case, the recovery process
starts 10 °C higher compared with EMAA copoly-
mer-based materials, thus confirming the DSC and
DMTA results. At the selected T, , the sample needed
20 min to recover almost the maximum, reaching a
plateau. Compared with EMAA copolymer, they takes
more time to recover the original shape probably due
to the high interactions between the polymeric chains
and the ionomeric clusters that lead to a decrease of the
chain mobility. In Table 4, the results of thermo-me-
chanical cycles in terms of R _and R are summarized for
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Figure 10. Dual-shape thermo-mechanical cycles of EMAA-Na ionomer resin (a) SU0SIO,, (b) SU0.5Si0,, (c) SU1SIiO,, and (d) SU3SiO,.

Table 4. R and R, values obtained by dual-shape thermo-me-
chanical cycles for EMAA-Na ionomer and its SiO,-reinforced
nanocomposites.

Sample R, (%) R, (%)

Cycles 1 2 3 1 2 3
SUOSiO2 91 95 96 98 98 98
SU0.55i0, 92 94 96 98 98 98
SU1SiO2 92 95 96 98 98 98
SU3sio, 88 91 95 98 98 97

EMAA ionomer and its nanocomposites. As can be seen,
SU0SiO, and its nanocomposites have shown excellent
shape memory properties reaching maximum values of
about 96 and 98% for R and R;, respectively.

An ideal system presents both R values of 100%,
which mean that it is able to totally recover its original
shape as well as to completely fix its temporary shape.
Therefore, values of R below 100% indicate defects in
the ionic network used as the permanent network for
EMAA. While R, values lower than 100% probably are
due to the presence of a broad crystalline phase in the
structure, as previously obtained. Moreover, the differ-
ence from the ideal system may be due to creep recovery
of the network chains connected to the ionic domains,
which can occur as a consequence of the physical nature
of these crosslinks, as was already reported in literature
[21].

It is well known that the addition of nanoparticles to
the polymer matrix can change their properties in term of
crystallinity, mechanical response and also compatibility

between different phases, affecting the shape memory
response of the nanocomposites. Therefore, it is not
trivial that when the polymeric matrix presents shape
memory effect, the same effect will be encountered in
its nanocomposites. An example is reported by Navarro-
Baena et al. where they reported that the transition
temperature for the neat polymeric matrix is slightly
different that the one used for the bionanocomposites
as a consequence of the addition of nanofillers [17].

However, in our case it is quite difficult to get bet-
ter result on the shape memory response respect to
the excellent one of the polymeric matrix (R = 91%,
R.=97% for Nucrel and R = 96%, R.= 98% for Surlyn).
However, the addition of nanoparticles does not worsen
this response and also increase the mechanical response
of the nanocomposites respect to the neat matrix at the
same transition temperature, maintaining the excel-
lent shape memory response (R = 91%, R.= 98% for
NUI1SiO, and R, = 96%, R; = 98% for SU1SiO, taken
as the best nanocomposites obtained). In particular, in
the case of NU1SiO2 the elastic modulus was almost
three times that of its neat counterpart probably due
to the good interaction between the acid groups in the
polymeric chain and the silica nanoparticles. Therefore,
nowadays, to study the effect of the incorporation of
nanofillers in shape memory systems is a very important
challenge to be deeply explored. Based on our knowledge
this is the first time that the shape memory response of
Surlyn” and Nucrel reinforced with silica nanoparticles
has been studied.
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Figure 11. Example of shape memory response of Surlyn® direct triggered at 60 °C to activate the recovery of the original shape,
starting from a twisted temporary shape (a) as well as from a stretched temporary shape (b).

However, Dolog and Weiss investigated a zinc neu-
tralized ethylene-co-methacrylic acid ionomer, com-
mercially available as Surlyn'9520 [20,21]. They reported
that the ionic aggregates are able to serve as the physi-
cally crosslinked permanent network, while the crystal-
lization of the polyethylene segments forms the second
temporary network resulting in shape memory behav-
ior. Very good shape memory behavior was observed
by dynamic mechanical testing with a strain fixity ratio
of 99% and a strain recovery ratio of 72%, in the first
cycle, which improved to 99 and 88%, respectively, in the
second cycle at 105 °C. They attribute the lower recov-
ery to the stress relaxation of the ionic domains [20,21].
Moreover, they studied the shape memory response at
different temperature, from 60 to 105 °C and at 60 °C,
they obtain a strain fixity ratio of 78% and a strain recov-
ery ratio of 88%, a little bit smaller than the excellent
values obtained by us. They also studied shape mem-
ory behavior of compounds formed from a commer-
cial poly(ethylene-co-methacrylic acid) ionomer and
zinc stearate (ZnSt) [25]. They found that a compound
containing 50 wt.% ZnSt where nanophase-separated
ionic aggregates acted as a permanent network and a
phase-separated ZnSt crystalline phase was a reversible
network showed shape memory behavior repeatable
over five consecutive shape memory cycles with shape
fixity and shape recovery values of ~92% and ~97%,
respectively. Zhao et al. [26] also studied the shape
memory effect on Zinc-Neutralized Poly(ethylene-co-
methacrylic acid) and they reported values of F = 80.9%
and R = 82.5% at 70 °C during the first cycle, and values
of shape fixity and shape recovery of about 75 and 99%,
respectively, in the further cycles. Lu and Li, reported
a study on one-way multi-shape memory effect and

tunable two-way shape memory effect of ionomer based
on poly(ethylene-co-methacrylic acid) [27]. They pro-
posed the crystallization-melting driven process as
mechanism for the tunable two-way shape memory
effect. They also reported that a class of thermally revers-
ible polymers may find applications in real life such as
actuators, fixator, sealant, artificial muscles, etc.

However, they are able to respond very quickly if they
are directly triggered at the transition temperature. In
fact, when the samples are heated and deformed in their
temporary shape, and they are directly triggered in an
oven at 60 °C, they are able to recover its original shape
in few minutes. To confirm this fact, two examples are
reported in Figure 11, stretching as well as twisting the
sample where the quickly recuperation of the original
shape can be confirmed. In fact, in less than 1 min the
sample is able to completely recover its original shape
when it is twisted, and it need 80 s to recover its original
shape when it is stretched.

As was mentioned above, for the EMAA-Na iono-
mer-based materials it is possible to perform the ther-
mally activated triple-shape memory cycles, thanks
to the broad melting transition of PE crystals, that
permit to program different temporary shapes, and
the ionic permanent network which is stable at tem-
peratures above the highest melting temperature of
the system. In Figure 12, an example of triple shape
diagram is reported as evolution of stress, strain and
temperature in function of time emphasizing the dif-
ferent stages and the different changes of the shape. As
was reported in Figure 1(b), the entire cycle is com-
posed by the programming and the recovery stage. In
the programming stage, 2 different temporary shapes,
i.e. shapes 2 and 3, were programmed at 80 and 60 °C
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Figure 13. Triple-shape thermo-mechanical cycles of SU1SiO,.

with applied stresses of about 0.5 and 1.5 MPa, respec-
tively. The sample was first heated at the higher T_,
called T, , (80 °C) and stretched until 40% of strain
(¢,,,)- Then, the sample was cooled at 60 °C in order
to fix the first temporary shape and consequently the
applied stress was released (¢,,). At the same tem-
perature (60 °C) the sample was stretched until 80%
of strain (¢, , ,) and cooled down at the T, (0 °C) to
fix the second temporary shape and then the applied
stress was released (¢ ,). At this time, first and sec-
ond temporary shapes are both programmed and the
recovery stage can be started heating before at the
lowest T (60 °C) and finally at the highest T, (80 °C)
in order to recover the second and the original shapes,
respectively.

The triple-shape memory behavior of SU1SiO,, as the
best sample between EMAA ionomer-based materials,
was studied by DMTA for quantification performing
4 consecutive cycles. Figure 13 shows the evolution of
strain, stress, and temperature during the triple-shape
memory programming step and the consequent

free-strain recovery for SU1SiO,. From the evolution
of the strain during the overall thermo-mechanical cycle,
several quantitative parameters are defined to evaluate
triple-shape memory performances, similar to dual-
shape memory experiments: the strain fixity ratio of
the shapes 2 and 3 and the strain recovery ratio of the
shapes 1 and 2. At this regard, Equations (2) and (3)
developed for dual-shape memory experiments could be
generalized by Equations (4) and (5) for multiple-shape

memory experiments.
(cy-e,)

RrSj—>i =
(euj —€

X 100% (4)

ui

X 100% (5)
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Table 5. R, and R, values obtained by triple-shape thermo-mechanical cycles for SU1SiO,.

Sample Ry 521 (%) R.s3.p (%) Resia (%) Risz.5 (%)
Cycles 1 2 3 1 2 3 1 2 3 1 2 3
SU1sio, 90 94 95 100 100 100 68 65 63 99 99 929

where, i and j represent the different shapes while
¢,,€,and ¢ denote the deformed, fixed, and recovered
strain, respectively.

The shape fixity and recovery values for the triple
shape memory cycles shown in Figure 13 are listed in
Table 5.

Figure 13 shows that a strain (¢, ,) of 50% was
achieved after the first uniaxial stretching at 80 °C
and cooling to 60 °C. The strain clearly decreased after
unloading at 60 °C and reached a final value of 40%
(¢,,)- Astrain (¢, , ,) of 84% is reached after the second
stretching at 60 °C, and a final strain (¢ ,) of 83% could
be fixed at 0 °C, indicating full crystallization of the PE
crystals. Concerning the recovery of shape 2 at 60 °C,
a progressive strain decrease was observed from 83 to
41%, and the strain recovery ratio related to shape 2 (R
s35) 18 subsequently evaluated to 98%. In this respect,
a good control over shape 2 could be obtained for the
SU1SiO, according with the R , ., values obtained dur-
ing the consecutive cycles (R ,., 100%) and the pre-
vious dual-shape memory experiments. Then, shape 1
is subsequently recovered at high temperature (80 °C)
with a residual strain close to 15% (R ,,, 64%), indi-
cating that the fixed shape 2 partially relaxed because
the fraction of material recrystallized at the first cooling
was not enough to well fix the shape 2. Otherwise, the
R ,,, during the consecutive cycles performed, were
pretty good reaching values higher than 90%. If the frac-
tion of material recrystallized is not enough, the sample
has insufficient strength to oppose the stress developed
during the programming of the shape 2. This fact lead to
strain fixity ratios related to the shape 2 lower than that
related to the shape 3. Indeed, the fraction of polymer
that recrystallized to form the temporary network was
probably lower at 60 °C than at 0 °C. On the other hand,
the strain fixity ratios related to the shape 3, reached
values of 99% for all the cycles performed indicating
that the fraction of recrystallized PE crystals was always
enough to well fix the second temporary shape.

78352

Conclusions

EMAA copolymers and their ionomers nanocomposites
reinforced with SiO, nanoparticles were melt-processed
in this work. Morphological, thermal and mechanical
properties were studied, as well as the dynamic ther-
mo-mechanical and shape memory behavior. A good
dispersion of SiO, nanoparticles was observed for
all the EMAA-based nanocomposites although an
improvement of the dispersion was noticed in the case
of EMAA-Na nanocomposites. EMA A-based materials

showed a complex thermal and thermo-mechanical
behavior due to their complex morphology composed of
polyethylene (PE) crystals, amorphous polymer chains,
and ionic aggregates, in the case of ionomers. In this
work, we followed the model that ascribes the lower
temperature endothermic peak on DSC thermograms
to the PE secondary crystals. The presence of the SiO,
nanoparticles did not affect the thermal properties of all
the processed materials. Otherwise, the presence of the
SiO, nanoparticles in the EMAA-based materials, did
affect the mechanical properties increasing the elastic
modulus, which reach the maximum values when the
materials were filled with 1 wt.% of SiO, nanoparticle.
The thermally activated shape memory response of
EMAA copolymer-based materials was studied con-
sidering that the smaller PE secondary crystals act as
switching network, being able to fix the temporary shape
and the PE primary crystals together with the amor-
phous phase act as permanent network, memorizing the
original shape. Therefore, a temperature above the T
of the PE secondary crystals was taken as T, . On the
other hand, for EMAA-Na ionomer-based materials we
considered that PE crystals (both secondary and pri-
mary crystals) act as the switching network while the
permanent network is ensured by the jonic interaction
and the ionic clusters. As it is possible to note, EMAA
copolymer and its nanocomposites showed excellent
shape memory properties reaching values higher than
83 and 97% for R and R, respectively. Increasing the
SiO, amount in the nanocomposites, a slight increase
in the R_that reach maximum values for NU1SiO, was
observed. Moreover, EMAA-Na ionomer resin and its
nanocomposites showed excellent shape memory prop-
erties reaching maximum values of about 96 and 98% for
R and R o respectively. Thermally activated triple-shape
memory cycles were performed for SU1SiO, as the best
EMAA-Na-based nanocomposite, using the broad melt-
ing transition of PE crystals to program different tem-
porary shapes and considering that the ionic permanent
network was still stable at temperature above the highest
meting temperature of the system showing excellence
response in term of R, and R, in both temporary forms.
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