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Aim of this work is to develop a novel epoxy based nano-
composite and to analyse its shape memory behavior. In
particular, silver nanoparticles are in-situ generated within
an epoxy resin subsequently filled with both carbon black
(CB) and carbon nanofibers (NFs) at different ratios and at
a total amount of 4 wit%. Differential scanning calorimetry
shows how the introduction of both CB and NF induces a
slight decrease of the glass transition temperature (T) of
the samples. The Ty drop due to nanofiller addition deter-
mines a decrease of both flexural modulus and stress at
yield with respect to the neat resin, especially at elevated
CB concentrations, while the presence of Ag nanoparticles
plays a positive effect on the flexural properties. The best
mechanical properties can be detected at a CF/NF ratio of
50%, coupled with a noticeable decrease of the electrical
resistivity down to 102 Q.cm and an interesting heating
capability through Joule effect. The electro-mechanical
shape-memory characterization under bending configura-
tion demonstrates how it is possible to obtain an almost
complete shape recovery after 60 s under an applied volt-
age of 220 V. POLYM. ENG. SCl., 59:694-703, 2019. © 2018 Soci-
ety of Plastics Engineers

INTRODUCTION

Epoxy resins are nowadays the most widely applied matrices
for structural composites, because of their limited density and
their good adhesive and mechanical performances. Thanks to their
chemical versatility and the wide variety of epoxy bases and/or
chain extenders, they find application in various technological
applications [1].

It has been recently demonstrated that the introduction of metal
and carbon based nanofillers, such as metal nanopowders, carbon
black (CB), carbon nanofibers (NFs), carbon nanotubes (CNTSs),
and graphite nanoplatelets (GnPs), can strongly modify the
thermo-electrical behavior of the polymer matrices [2-4]. The
influence of nanofiller addition on the electrical properties of
polymer nanocomposites is usually explained considering the per-
colation theory [5]. Above a critical nanofiller concentration
(i.e., the percolation threshold), a continuous network of conduc-
tive particles can be formed through the matrix, and the resistivity
could therefore decrease by several orders of magnitude. For
instance, the thermo-mechanical properties and the electrical resis-
tivity variations under ramp and creep conditions of a nanofilled
epoxy resin with different amounts of CB and NF was recently
reported [6]. These nanomodified matrices can also be used to
prepare glass fibers reinforced laminates whose deformation and
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structural integrity can be monitored by electrical resistivity mea-
surements [7].

Recently, various polymer matrices have been considered for the
development of shape memory materials. These materials are
endowed with the peculiar feature of “remembering” their original
shape to which they return if an external stimulus (such as thermal,
electrical, magnetic) is applied [8,9]. Shape memory alloys and
shape memory polymers (SMPs) are currently among the most
important types, and their efficacy is related to their final applica-
tion [10]. They can be utilized in intelligent medical devices, smart
textiles and apparels [11], high performance water—vapor perme-
ability materials [12], heat shrinkable packages for electronics [13],
self-deployable structures [14] and micro-systems [15]. As men-
tioned before, different external stimuli can be applied to SMPs to
activate the shape recovery effect: heating [1,8,15,16], cooling [17],
light [18,19], electric field [20-25], magnetic field [26-28], water
[29], pH, ions or enzymes [30]. Recently, the demand to eliminate
external heaters led to the development of novel electrically con-
ductive SMPs filled with conductive nanofillers, such as CNTs
[20,21], carbon particles [22,25], conductive fiber [23] and nickel
zinc ferrite ferromagnetic particles.

For instance, the electro-activated shape memory behavior of a
polycyclooctene (PCO)-based nanocomposite device was recently
investigated by this group. CB and exfoliated GnPs (xGnP) were
melt compounded at different concentrations with a crosslinked
PCO matrix. A noticeable decrease of the electrical resistivity
upon CB addition was detected, and nanocomposite with a CB
amount of 4 wt% revealed also a noticeable heating capability by
Joule effect above 100 V. The characterization of the prepared
electro-active shape memory device demonstrated how it is possi-
ble to prepare a shape memory nanocomposite material able to
completely recover its original shape after 100 s with a voltage of
90 V, retaining also the shape memory behavior after repeated
thermal cycles [31,32]. Moreover, in a recent work of this group,
silver nanoparticles were in-situ generated in an epoxy resin and
various concentrations of CB and carbon NFs were added. CB
was found to be more effective than NF in decreasing the electri-
cal resistance of the matrix down to 10° Q-cm, and a rapid heat-
ing of the CB-filled samples upon voltage application was thus
observed. The best electrical performances were obtained with a
CB amount of 4 wt%, especially if silver nanoparticles were uti-
lized. In fact, silver nanoparticles allowed a stabilization of the
surface temperature of the samples for a prolonged voltage appli-
cation time [33].

On the basis of the results obtained in this preliminary paper,
the objective of the present work is to characterize the thermal,
mechanical and electrical properties of new epoxy based nano-
composites nanomodified with in-situ reduced silver nanoparti-
cles, in which both CB and NF were mixed in various ratios to
reach a total filler amount of 4 wt%. The nanocomposite with
optimized composition was then utilized to prepare and character-
ize an electro-active device with shape memory capability.
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EXPERIMENTAL

Materials

A DER 330 epoxy base (density = 1.16 g/ml, epoxy equivalent
= 176-185 gleq), provided by Dow Chemical Company
(Midland, USA), and a Jeffamine D-400 aminic hardener (molec-
ular weight = 430 Da, density = 0.972 g/ml, aminic equivalent =
115 gleq), provided by Huntsman (Everberg, Belgium), were
mixed to form the epoxy matrix.

The silver nanoparticles were generated in the epoxy hardener
by the in-situ reduction of silver nitrate (AgNO3, Sigma Aldrich)
[34]. The reaction solutions were prepared by dissolving 13.3 g of
AgNOj; in 100 g of hardener at 55°C. After 6 h, the obtained sus-
pension manifested a strong UV-visible absorption band at
410 nm characteristic of Ago (not reported here for the sake of
brevity). TEM images demonstrated how the synthesized powder
was constituted by nanostructured crystals with rather uniform
spherical shape and diameter between 2 and 5 nm. Thermogravi-
metric measurements highlighted how the nanomodified hardener
was characterized by an Ag amount of 8.6 wt% [33].

Ketjenblack EC600JD CB was provided by Akzo Nobel Chemi-
cals Spa (Arese, Italy). It is constituted by aggregated primary parti-
cles with typical diameter of around 40 nm. The specific surface area
(SSA) of CB nanoparticles was 1353 mz/g [5], while helium pycno-
metry allowed to determine a density value of about 1.95 g/ml.

Vapour grown carbon NFs (1195JN) were purchased by
NanoAmor Inc. (Houston). The producer’s data sheet indicated a
length of 5-40 pm, a core diameter of 0.5-10 nm, and an outside
diameter of 240-500 nm. The SSA values of NF was 29 mZ/g,
and their density was 1.78 g/ml. All materials were used without
any preliminary treatment.

As the preparation of the samples is concerned, CB and NF
were manually mixed at different relative concentrations with the
epoxy base for 5 minutes. The mixture was then ultrasonicated
for 10 min through a Hielscher sonicator at a specific power of
100 W/m?. The stoichiometric amount of hardener was then
added to the mixture and manually mixed for 5 min. A base/hard-
ener ratio of 100/63.9 was utilized in the case of neat epoxy,
while for the Ag nanomodified epoxy a stoichiometric ratio of
100/70 was chosen, because of the presence of silver nanoparti-
cles within the hardener. Considering that from TGA tests on the
Ag nanomodified hardener an Ag content of 8.6 wt% was
detected, the base/hardener ratio was adjusted in order to keep the
same relative amount between the hardener and the epoxy base.
The epoxy sample nanomodified with Ag nanoparticles had thus
the 3.3 wt% of Ag, while in the nanofilled samples, in which the
total nanofiller amount was kept constant at 4 wt%, the Ag con-
centration was slightly lower (i.e., 3.17 wt%).

After degassing, the compounded materials were poured in sili-
cone moulds and cured for 2 h at 40°C + 3 h at 110°C + 2 h at
130°C. Samples with a mean thickness of 1.5 mm were thus pre-
pared. Nanocomposites with a total filler nanofiller amount of
4 wt% were thus prepared by mixing together CB and NF at dif-
ferent relative concentrations. In order to evaluate the effect of the
silver nanoparticles within the epoxy matrix, the same samples
were prepared by using the Ag nanomodified matrix. Also neat
epoxy and the epoxy sample nanomodified with Ag nanoparticles
were prepared with the same procedure.

In the Results and Discussion section, neat epoxy and the Ag
nanomodified matrix were denoted as EP and EP + Ag,
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FIG. 1. (a) Representative image of the prepared shape memory device and
(b) equipment utilized to evaluate the shape recovery degree of the electro-
active device.

respectively. Nanofilled samples were designated indicating the
nanofiller amount, the nanofiller type and the presence of Ag
nanoparticles within the matrix. For instance, 2CB_2NF refers to
the nanocomposite sample with a CB amount of 2 wt% and a NF
concentration of 2 wt%, while Ag + 2CB_2NF indicates the same
nanocomposite prepared by using the Ag nanomodified epoxy.

Testing Techniques

Field emission scanning electronic microscope (FESEM)
images of the cryofractured surfaces of the nanocomposite sam-
ples were acquired through a Zeiss Supra 40 microscope, operat-
ing at an acceleration voltage of about 1 kV and a pressure of
10~® Torr. Before the observations, the surfaces of the samples
were metalized with a silver paste.

Differential scanning calorimetry (DSC) tests were carried out
with a Mettler DSC30 machine (Schwerzenbach, Switzerland), in
order to evaluate the effect of the nanofiller addition on the glass
transition temperature (7,) of the epoxy resin. A thermal ramp
from —20 to 160°C, at a heating rate of 10°C-min~" under a nitro-
gen flow of 100 ml-min~"', was performed.

Flexural tests were carried out at 23°C and at relative humidity
of 50% following the ASTM 790-10 standard through an
Instron® 4502 testing machine (Norwood, MA). Rectangular sam-
ples, 2 mm thick and 5 mm wide, were utilized imposing a dis-
tance between the supports of 40 mm and a testing speed of
1.33 mm/min (maximum strain rate 0.01 min_l). At least five
specimens were tested for each sample. In this way, the elastic
modulus (E) and the flexural stress at yield (oy,; were
determined.

Electrical bulk resistance measurements were carried out at
23°C and at relative humidity of 50% in direct current mode. A
high resistance electrometer model 6517A 6 1/2-digit, provided
by Keithley Instruments Inc. (Cleveland, OH), was utilized in
2-point test configuration. The sample surfaces in contact with the
electrodes were painted with a silver coating, in order to decrease
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FIG. 2. FESEM images of the cryofracture surfaces of the prepared nanocomposites. (a) 4NF, (b) 1CB_3NF,
(c) 2CB_2NF, (d) 3CB_INF and (e) 4CB. [Color figure can be viewed at wileyonlinelibrary.com]

the contact resistance. The tests were performed on rectangular
samples (cross section of 5 X 2 mm, length of 30 mm), and at
least five specimens were tested for each composition. When the
electrical resistance was lower than 10° Q, measurements were
carried out under an applied voltage of 10 V, and the resistance
values were determined after 60 s, in order to minimize time-
dependent effects. For electrical resistance between 10° € and
10'2 Q, tests were carried out at 100 V. When the electrical resis-
tance was higher than 10'? Q, measurements were performed at
an applied voltage of 1,000 V on square films (length of 95 mm
and thickness of 2 mm). In this case, coaxial electrodes were used
in order to minimize the amount of current flowing through the
surface.

Due to the current flowing through the samples upon voltage
application, an increase of the surface temperature by Joule effect
was observed and measured. The same equipment and configura-
tion used for electrical resistivity measurements was adopted, and
voltage levels from 100 to 220 V were applied. The evolution of
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the temperature reached by the electrical heating of the samples
was detected through an Optris® LaserSight infrared digital ther-
mometer, and one experimental point every 30 s was acquired.
The shape memory response of the Ag + 2CB_2NF nanocom-
posite was investigated. For this purpose, a rectangular strip cut
from the prepared sheets having a length of 40 mm and a width
of 15 mm was prepared. As described in Fig. 1a, a cavity 35 mm
long and 2 mm wide was produced inside the sheet, and the elec-
trodes were applied at the extremities of the device. The Joule
heating effect produced by the current flow within the specimen
was monitored through a Fluke Ti9 infrared thermocamera. The
evolution of the surface temperature in different zones of this
device was monitored. The investigation of the shape recovery
degree of these devices was carried under the testing configuration
reported in Fig. 1b. The device was fixed on a wood block and
connected to the electrodes. The device was deformed until a pro-
gramming angular position (6, heating it through the application
of a voltage of 100 V. After the complete cooling of the device
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FIG. 3. FESEM images of the cryofracture surfaces of the prepared nanocomposites. (a) Ag + 4NF, (b) Ag +
1CB_3NF, (¢) Ag + 2CB_2NF, (d) Ag + 3CB_INF and (¢) Ag + 4CB. [Color figure can be viewed at

wileyonlinelibrary.com]

till room temperature, different voltage levels ranging from 70 to
150 V were applied. The degree of recovery (D.R.) of the shape
was computed considering the angular position reached by the
material at the different times (6,), as reported in Eq. I:

_(or-0f\
DR.= <€i_9f> 100 (1)

where 6; is the angular position of the undeformed device.

RESULTS AND DISCUSSION
Properties of Bulk Materials

It is well known that the thermal and the mechanical behavior of
nanocomposite samples is directly influenced by the dispersion state
of the nanofiller within the matrix. In Fig. 2a—e FESEM images of
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the fracture surfaces of the prepared nanocomposites without Ag
particles in the hardener are reported. As it is often reported in the
scientific literature [6,7], the microstructure of 4CB nanocomposite
is characterized by the presence of tiny and pale primary CB parti-
cles, homogeneously distributed within the epoxy matrix (Fig. 2e).
As already observed in our previous paper [33], the aggregation ten-
dency in CB filled nanocomposites increases with the nanofiller
loading, because the mean interparticle distance diminishes and the
probability of aggregation is therefore enhanced [35]. 4NF nano-
composite exhibits a more complex microstructure. Some cavities,
most probably related to fiber-matrix debonding phenomena, can be
detected on the fracture surface (Fig. 2a), and the mean diameter of
the NFs is about 80 nm. In 1CB_3NF sample it is possible to notice
that the dimension of CB aggregates is slightly reduced, while NF
seem to be homogeneously distributed within the matrix, and some
debonding is still visible (Fig. 2b). The same conclusions are valid
also for the other samples (Fig. 2c and d).
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In Fig. 3a—e FESEM micrographs of the prepared nanocompo-
sites with Ag particles in the hardener are represented. Ag + 4CB
composites are characterized by a morphology in which silver pri-
mary nanoparticles are homogeneously distributed within the
matrix forming aggregates of four to five nanoparticles with a
mean size of about 300 nm (Fig. 3e). Interestingly, the micro-
structure of Ag + 4NF sample is characterized by the presence of
Ag aggregates localized near the NF or adhering on the NF sur-
face (Fig. 3a). This microstructural feature could have an impor-
tant role on the electrical conductivity of the resulting materials.
The same microstructural features can be detected also for the
other compositions (Fig. 3b—d), with Ag nanoparticles aggregates
having a mean dimension of 75 nm and tending to preferentially
adhere to NF surface.

In Table 1 glass transition temperature (7,) values from DSC
tests on neat epoxy and relative nanocomposites are summarized.
In general it can be concluded that the 7, seems to be slightly
reduced upon nanofiller addition, especially by adding CB nano-
particles. However, it is not possible to detect a clear trend of T,
with the relative CB/NF amount. A similar trend has been previ-
ously observed and reported by our group for various nanofilled
thermosets [6,35-39], and it can be explained considering that the
crosslinking process can be partially hindered at elevated filler
concentrations. As already reported in our previous paper on simi-
lar epoxy systems [33], the observed T, trend could be due to the
occurrence of two concurrent phenomena: as the filler content
increases the chain blocking mechanisms is more effective and
leads to a slight 7, increase, while, at the same time, polymer-
filler chemical interactions and the viscosity increase reduces the
crosslinking degree of the matrix, thus reducing the T, of the
material. As recently reported by Liu et al. [40] on epoxy/alumina
nanocomposites, the hardener molecules were unevenly distrib-
uted at a microscale, leading to a stoichiometric imbalance
between epoxy components and reduced T, values.

The elastic and yield properties of the prepared nanocomposites
as a function of the CN/NF relative ratio are reported in Fig. 4a
and b, respectively. As it often happens with epoxy systems hav-
ing relatively low T, (about 50°C in this case), the specimens do
not show a brittle fracture under flexure, but the load reaches a
maximum (i.e., flexural stress at yield), after which a plastic and
irreversible deformation process without a clear failure occurs
(representative stress—strain curves were not reported for the sake
of brevity, but they can be found in [33]). For this reason, only

TABLE 1. Glass transition temperature from DSC tests on neat epoxy and rel-
ative nanocomposites

Samples Tg, (°C) Tg, (°C)
EP 49.3 49.0
4NF 453 48.1
1CB_3NF 46.7 49.7
2CB_2NF 459 49.6
3CB_INF 423 42.7
4CB 43.0 434
EP + Ag 47.6 47.6
Ag + 4NF 454 44.1
Ag + 1CB_3NF 452 452
Ag + 2CB_2NF 45.0 452
Ag + 3CB_INF 483 455
Ag + 4CB 42.7 42.6
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FIG. 4. Quasi-static tensile properties of the prepared nanocomposites.
(a) Flexural modulus and (b) flexural stress at yield.

the flexural yield stress (and not the flexural stress at break) was
reported. While both the elastic and the failure properties of the
samples are only marginally affected by the NF addition within
the material, the addition of CB markedly plasticizes the epoxy

107 5
Total filler amount = 4 wt%
Resisitvity EP = (1.0 0.3).10"° &xcm
10°3  Resistivity EP+Ag = (8.8 0.4)}10" 2cm
4 LA
_ o =
£ 10" 4
(5] A
G .
:%" 4 ‘A
i 0
@ L
o
o 10°
o T
o A --&ot
10° 3
—a— Ag+NF/CB
] ---2--- NF/CB
10" = T T T T T T

E T
0 25 50 75 100
NF/CB relative ratio

FIG. 5. Electrical resistivity of the prepared nanocomposites.
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FIG. 6. Surface temperature evolution upon voltage application of the pre-
pared nanocomposites (without Ag nanoparticles). Applied voltage of
(a) 100 V, (b) 160 V and (c) 220 V.

matrix, similarly to what previously observed in epoxy/silica
nanocomposites [41]. These results could be explained consider-
ing the lower T, drop detected in DSC tests for NF-based
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POLYMER ENGINEERING AND SCIENCE—2019 699



Manuale

°C  160.0

Manuale
°C  160.0

Manuale

°C  160.0

Manuale

°C 160.0

FIG. 8.
can be viewed at wileyonlinelibrary.com]

nanocomposites with respect to the CB filled ones. This difference
in the effect on the T, of the materials could be tentatively
explained by considering the lower SSA of NF (29 m%/g) with
respect to CB (1,353 m2/g) and, consequently, the different filler/
matrix interactions. It is also interesting to note that the introduc-
tion of both NF and CB nanoparticles within the matrix promotes
a synergistic effect, especially for CB/NF relative ratio of 50%,
regardless to the presence of Ag nanoparticles in the hardener. As
already observed in our previous paper [33], the introduction of
silver nanoparticles systematically increases both the stiffness and
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Evolution of the surface temperature in the prepared electroactive device (applied voltage 220 V). [Color figure

the yield resistance of the composites for all the tested
compositions.

In Fig. 5 the trend of the electrical resistivity of the prepared
nanocomposites as a function of the NF/CB relative ratio is
reported. The electrical resistivity of the neat matrix is about 10"
Q-cm, in the typical range generally reported for epoxy resins [6],
and the addition of Ag nanoparticles contributes to a slight resis-
tivity reduction down to 9 x 10'* Q-cm. This means that Ag addi-
tion at these concentrations does not allow to overcome the
electrical percolation threshold in these systems. 4CB filled
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FIG. 9. (a) Shape recovery behavior of the prepared electroactive device
(applied voltage 220 V) and (b) shape recovery degree of the prepared device
at different voltage levels. [Color figure can be viewed at
wileyonlinelibrary.com]

nanocomposite presents a resistivity of about 10° Q-cm, and this
value is not substantially influenced by the introduction of Ag
nanoparticles. On the other hand, 4NF sample has a resistivity of
10° Q.cm, but the introduction of Ag nanoparticles leads to a
remarkable reduction of electrical resistivity up to 10* Q-cm after
the percolation threshold. As already reported in our previous
paper on these systems [33], the positive contribution played by
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Ag nanoparticles on the conductivity of NF filled composites can
be probably correlated to their peculiar morphological features.
As reported in FESEM micrographs (Fig. 3), Ag aggregates are
localized near NFs or directly adhere on NFs surface. Therefore,
the formation of a conductive path is favored, with a consequent
electrical resistivity drop. The resistivity of the 2CB + 2NF com-
posite is about 6-10% Q-cm, very near to that of the 4CB sample
that presents the lowest resistivity (2:10* Q-cm). As already
reported in our previous paper on PLA-based nanocomposites
[42], this means that the combination of carbonaceous nanofillers
with different morphology promotes a further decrease of the elec-
trical resistivity, and the formation of a 3D conductive network
within the matrix plays a key role in increasing electrical conduc-
tivity of the material.

Considering that the application of the investigated materials as
electro active SMPs is strictly connected to their capability to
reach the transition temperature (i.e., the glass transition tempera-
ture for epoxy systems) upon voltage application, surface temper-
ature measurements at different voltages were performed. In
Fig. 6a—c the time dependency of the surface temperature of the
prepared nanocomposites without Ag nanoparticles in the hard-
ener at three different voltage levels (100, 160, and 220 V) are
reported. Except for the neat epoxy and the 4NF samples, it can
be noticed that the surface temperature increases with the voltage
application time, and the transition temperature (about 45°C) can
be reached even at limited voltage (100 V). As it could be
expected, the samples with the lower electrical resistivity present
the higher heating rate, and the temperature reached by the mate-
rial is proportional to the applied voltage. For instance, at an
applied voltage of 100 V the 2CB_2NF sample is able to reach a
surface temperature of 100°C in 120 s, while the same tempera-
ture can be reached in 30 and 10 s, applying respectively voltages
of 160 and 220 V. It is interesting to note that Ag nanoparticles
addition within the matrix is able to stabilize the temperature
reached by the samples for long voltage application times
(Fig. 7a—c). This feature is probably related to the high heat dissi-
pation capability of Ag nanoparticles within the matrix. Consider-
ing that the electrical conductivity of CB nanocomposites is not
substantially affected by the presence of silver within the matrix,
this peculiar feature can be related to the higher heat dissipation
capability of the composites in the presence of metallic nanoparti-
cles. This aspect is very important to prevent the overheating and
thus the thermal degradation of the material at elevated voltages.

Electroactive Shape Memory Behavior

On the basis of the performed characterization activity, it could
be concluded that the Ag + 2CB_2NF composite is able to pro-
vide the best balance of the properties. In fact, with this composi-
tion it is possible to achieve a low resistivity value, retaining the
mechanical properties of the pristine matrix. This formulation was
therefore selected to prepare the specimens to test the electro-
active shape memory behavior. In Fig. 8, the evolution of the sur-
face temperatures of the prepared shape memory device at an
applied voltage of 220 V in the terminal and in the lateral zones
is shown. It is interesting to note how an inhomogeneous tempera-
ture distribution is obtained, and that the maximum temperature
can be reached in the terminal region of the device. It is probable
that in this point a geometrical concentration of the current flow
occurs, thus increasing the local temperature of the material.
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Therefore, similar voltage application times induce a higher tem-
perature in the terminal zone compared with the lateral section of
the device. In any case, after 60 s all the regions of the device
reach a temperature higher than that required for the activation of
the shape memory effect (i.e., the T, of the epoxy resin).

The shape memory behavior of the electroactive SM device was
finally evaluated. In Fig. 9a, shape recovery at different times with
an applied voltage of 220 V is shown, while in Fig. 9b D.R. values
at different voltage levels is reported. It is interesting to note that
under an applied voltage of 220 V the specimen is able to reach a
D.R. of 50% in 20 s, while the original shape can be recovered in
about 60 s. Moreover, the tested specimen is able to almost
completely recovery its original shape (i.e., D.R. > 90%) in the
whole range of considered voltages. As it could be expected, the
shape recovery speed is proportional to the applied voltage. It was
therefore demonstrated the possibility to prepare an electro-active
shape memory material able to recover its original shape in a short
time, applying voltage levels lower than 220 V.

CONCLUSIONS

In this work, the electroactive shape memory behavior of a
nanocomposite shape memory material was investigated. An
epoxy resin was nanomodified with in-situ generated silver nano-
particles and filled with both CB and NF at different relative
ratios, keeping a constant filler amount of 4 wt%, and the result-
ing materials were thermoelectrically characterized.

DSC tests revealed how the addition of both CB and NF led to
a slight decrease of the glass transition temperature of the mate-
rial, while FESEM micrographs evidenced how the morphology
is strongly dependent by the CB/NF relative ratio and by the pres-
ence of Ag nanoparticles. Because of the T, drop due to nanofiller
addition, both flexural modulus and stress at yield were decreased
with respect to the neat resin, especially at elevated CB concentra-
tions, while the introduction of Ag nanoparticles promoted an
increase of the flexural properties. An interesting synergistic effect
was observed both in the mechanical and in electrical properties
for the samples at CF/NF ratio of 50%. For this composition, an
interesting decrease of the electrical resistivity up to 10> Q-cm,
coupled with a noticeable heating capability through Joule effect,
was detected.

The characterization of the electroactive shape memory
response of this composition highlighted how an almost complete
shape recovery could be obtained after 60 s under an applied volt-
age of 220 V.
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