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Abstract

In this work, novel electrically conductive cyclic olefin copolymer/exfoliated graphite

nanoplatelets foams were prepared through a supercritical carbon dioxide treatment

starting from the corresponding unfoamed materials prepared by melt compounding, in

order to investigate their thermo-electrical properties. For both unfoamed and foamed

samples, the exfoliated graphite nanoplatelets introduction led to a systematic enhance-

ment of the thermal degradation temperature. Dynamic-mechanical thermal analysis

revealed that the nanofiller addition promoted an enhancement of the storage modulus

and of the glass transition temperature over the whole range of the applied foaming

pressures. While for unfoamed materials exfoliated graphite nanoplatelets introduction

determined an important decrease of the electrical resistivity, the foaming process

induced the breakage of the conductive path, with a consequent increase of electrical

resistivity. Evaluation of the surface heating upon voltage application showed that the

surface temperature of unfoamed materials could be noticeably increased at relatively

low voltage levels, while a less pronounced surface heating could be obtained with the

corresponding nanocomposite foams.
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Introduction

A particular interest has been recently devoted to cyclic olefin copolymers
(COCs),1,2 an innovative class of amorphous thermoplastics obtained by copoly-
merization of norbornene and ethylene through metallocene-based catalysis.3

Being characterized by elevated stiffness, high chemical resistance, low density
and good barrier properties, these materials are interesting from a technological
point of view. COCs grades with different glass transition temperature (Tg) are
now available in the market.4–6 In particular, COCs are applied in the production
of transparent injection moulding parts such as food containers, drug blisters,
medical and diagnostic devices. Currently, COCs utilization in electronic packag-
ing field is very limited due to their intrinsic low electrical conductivity. In fact, it is
well known that static electricity can be transferred to the surface of insulating
materials, leading to an electrostatic discharge that can seriously damage electrical
devices. Electrostatic discharge (ESD) materials are a new class of plastics that
reduce the backlog of static electricity to protect electrostatic-sensitive devices. In
these products, a good electrical conductivity of the material prevents electrostatic
discharge phenomena, ensuring safe storage and functional integrity of electronic
devices. In addition, the possibility to electrically heat COCs food and drug con-
tainers in order to perform thermal sterilization and/or pasteurization upon volt-
age application could represent a stimulating technological advancement of the
packaging field. In this respect, COCs compounding with electrically conductive
nanostructured fillers could represent an effective opportunity to prepare electro-
active polymeric materials.

Nanocomposites represent an innovative class of multifunctional materials in
which the additivation of nanofillers at limited concentrations (5–10 wt%) within a
polymer matrix can effectively enhance the mechanical, thermal and electrical
properties with respect to the pristine matrix.7 In the recent years, particular atten-
tion has been devoted in the open literature to nanocomposite systems filled with
conductive nanofillers such as graphene and carbon nanotubes,8–10 but also with
carbonaceous plate-like nanofillers such as exfoliated graphite nanoplatelets
(xGnP).11–17 This nanofiller is constituted by very thin crystalline graphite lamel-
lae, stacked in several layers of crystalline graphite. Because of the honeycomb
arrangement of the carbon atoms within the crystal lattice, xGnP possesses out-
standing stiffness, strength18 and electrical conductivity values. For these peculiar
properties, a homogeneous distribution of this nanofiller within a polymer
matrix19,20 allows to produce polymer composites with superior electro-
mechanical properties of polymer composites.11,12
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Considering the possible applications of COCs in the electronic packaging field,
a weight reduction through the matrix foaming process is a desirable process.
Moreover, a reduction of the material density can determine several advantages
in terms of fuel saving in transportations and important natural resources savings.
From a technological point of view, polymeric foams are generally applied in
automotive, aerospace, construction and in packaging field21 and also for the
insulation of building constructions.22

Traditional production processes of the porous plastics are based on the phys-
ical blowing by low boiling hydrocarbons or their halogenated derivatives.
Therefore, about 15 billion kilograms of these solvents are produced worldwide
every year, with heavy environmental problems related to the emission of toxic
compounds and of polluted waste water production.23 For these reasons, tradi-
tional blowing agents (i.e. pentane, butane, chlorofluoro hydrocarbons) have been
recently withdrawn and replaced by eco-friendly gases (i.e. argon, nitrogen and
carbon dioxide).24 In this sense, an interesting technological possibility is repre-
sented by the application of supercritical fluids (SFCs) to produce polymer
foams.25–34 SCFs possess intermediate physical properties among gases and
fluids, with a density and a diffusion coefficient similar to that of the liquids and
a viscosity comparable to that of the gases.35 Polymer matrix foaming with super-
critical fluids allows avoiding organic solvents and presents several advantages
from a chemical, physical and toxicological point of view. Moreover, it can be
successfully applied also on industrial scale. Because of its easy processability,
cheapness, non-toxicity and non-flammability,36,37 carbon dioxide is the most uti-
lized supercritical fluid.

In the literature, it is possible to find some works on the mechanical behaviour
of xGnP-based nanocomposites foamed through supercritical carbon dioxide
(scCO2),

38–40 but only marginal attention has been devoted to their thermo-
electrical behaviour.41,42 Moreover, only few papers dealing with the physical
properties of COC/xGnP (or graphene) foamed through scCO2 can be found in
literature.43–45 In a previous paper of our group, a COC matrix was compounded
with xGnP at different concentrations, and the resulting nanocomposites were
foamed at various pressures by scCO2.

46 It was shown that the density of the
obtained foams decreased with the foaming pressure, and xGnP introduction lim-
ited the cell growth during the expansion process, thus reducing the cell diameter.
These morphological features, combined with the exfoliation and orientation of
the nanoplatelets along the cell walls, determined noticeable improvements of the
modulus and of the creep stability.

On the basis of these considerations and of the results presented in our papers
on COC nanocomposite foams,46,47 the objective of the present work is to prepare
and characterize COC/xGnP systems at various filler loadings, to be then foamed
through a scCO2 process. A general comparison between unfoamed and foamed
samples will be then carried out, in order to evaluate the real effectiveness of xGnP
nanoparticles in improving the thermo-mechanical properties and the electrical
behaviour of the resulting foams.
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Experimental part

Materials

Polymeric granules of a Topas 8007 COC (melt flow index at 2.16 kg,
190�C¼ 2.17 g/10min, density¼ 1020 kg/m3), supplied by Ticona (Florence,
Kentucky, USA), were utilized as matrix. Exfoliated graphite nanoplatelets
xGnP-M-5 (specific surface area of 120m2/g, mean diameter of 5 lm and thickness
of 6–8 nm16) were provided by XG Sciences Inc. (East Lansing, Michigan, USA).
Both materials were used as received.

Samples preparation

Unfoamed samples preparation. As previously reported,46,47 the xGnP filler was melt
compounded with COC in a Thermo Haake internal mixer at a temperature of
190�C and a rotor speed of 90 rpm. In order to prevent nanoparticles agglomer-
ation and to promote a complete and homogeneous mixing, a compounding time
of 15min was utilized. The compounded materials were then hot pressed at
0.002 bar for 10min at a temperature of 190�C in a Carver press, to prepare
0.8mm thick square sheets. In this study, COC/xGnP unfoamed nanocomposites
were developed at different concentrations (1 wt%, 2 wt%, 5 wt% and 10 wt%).
Unfoamed materials were designated indicating the matrix, the nanofiller type and
loading. As an example, COC-xGnP-1 denotes the nanocomposite unfoamed
sample with an xGnP content of 1 wt%.

Foaming process. As reported in our previous papers on COC nanocomposites
foams,46,47 foamed samples were prepared through a scCO2 treatment. The
carbon dioxide in liquid/vapour equilibrium state was supplied by Messer Italia
S.r.l. (Padova, Italy) with a gas purity greater than 99.5 vol% in a pressure vessel
(60 bar at room temperature). Foamed samples were prepared starting from solid
rectangular specimens: 0.5 cm wide and 2 cm long. Neat COC copolymer and rel-
ative COC/xGnP unfoamed nanocomposites were placed in a stainless steel 316Ti
reaction chamber (BR-300, Berghof Productsþ Instruments, Eningen, Germany)
with an internal polytetrafluoroethylene liner. A reaction vessel having a capacity of
700 ml, a diameter of 60 mm and a height of 250 mm, with a maximum pressure of
200 bar and a temperature of 260�C, was utilized. The reactor cap was equipped with
fluid inlet valve, pressure relief valve and safety valve, a submersion thermocouple
and a pressure sensor connected to a computer. In order to cool the CO2 lines and
pump head, a cryostatic bath with a temperature of�9�C (Model M408-BC, MPM
Instruments s.r.l., Bernareggio, MB, Italy) was utilized. Once the system had been
sealed, liquid CO2 was pumped into the reactor and pressurized till the supercritical
conditions were reached through a high-performance liquid chromatographic pump
(Model 426, Alltech, Deerfield, IL, USA). The temperature of the reactor was con-
trolled through an electrical heating jacket (BHM 700, Berghof) run by a BDL-3000
temperature controller (Berghof). In this way, neat COC and nanocomposite
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samples foamed with scCO2 at four different pressures (90, 110, 130 and 150 bar) for
30min were prepared. A reaction temperature of 95�C (i.e. 15�C higher than COC
glass transition temperature) was maintained. Foaming was obtained upon fast
depressurization from supercritical to room conditions. A detailed description of
the experimental equipment of the foaming process and of the experimental con-
ditions at which the prepared materials were subjected during the foaming process
can be found in our previous paper on COC nanocomposite foams.46 Foamed
samples were denoted indicating the matrix, the filler type, the filler content and
the foaming pressure. As an example, COC-xGnP-5_e90 indicates nanocomposite
foam with a filler amount of 5 wt%, expanded with depressurization from 90 bar.
Table 1 summarizes the list of the prepared samples.

Experimental methodologies

Thermo-mechanical properties. TGA was performed trough a Mettler TG50 thermo-
balance by using an ambient air flow of 150 ml/min. Samples were tested from
50�C to 700�C at a heating rate of 10�C/min. Both unfoamed and foamed materi-
als were considered. The decomposition temperature (Td), corresponding to the
temperature associated to the maximum mass loss rate, was evaluated.

Dynamic-mechanical thermal analysis (DMTA) was conducted through a Q800
DMA machine (TA Instruments, USA). Rectangular samples 5 mm wide and
1 mm thick were tested at a frequency of 1 Hz (gage length of 10 mm) in a tem-
perature interval between 20�C and 120�C at a heating rate of 3�C/min. The tem-
perature dependency of the storage modulus (E0) and of the loss tangent (tand) was
therefore determined. The glass transition temperature (Tg), i.e. the temperature
corresponding to the tand peak, was evaluated.

Electrical properties. The electrical resistivity of unfoamed and foamed materials was
measured according to D4496-13 standard through a Keithley model 6517A multi-
meter (Keithley Instrument, Inc., Cleveland, OH, USA), in a four-point configu-
ration. Both unfoamed samples and materials foamed at 150 bar were considered.
As specified by the standard, the applied voltage was kept constant for all the
specimens at a value of 10 V, in order to maintain the power input lower than 1 W.
The resistivity value was determined as reported in equation (1)

q ¼ R � A
t

(1)

where R is the volume resistance (expressed in X), A is the cross area of the
specimen (cm2) and t is the distance between the two inner probes where the
voltage is measured (cm).

In order to evaluate the surface heating upon voltage application through the
Joule effect, a Ti9 Thermal Imagers FLUKEVR infrared (IR) thermographic camera
was used. COC-xGnP-15, COC-xGnP-20 and COC-xGnP-20_e150 samples were

Dorigato et al. 267



tested at different voltages for 300 s. The evolution of the surface temperature as a

function of time was measured. The list of the applied voltages for each sample is
reported in Table 2.

Results and discussion

Thermo-mechanical behaviour

Considering a possible application of the prepared samples as electro-active nano-
composite materials that can be heated through Joule effect, an important feature

Table 1. List of the prepared samples.

Sample code

xGnP loading

(wt%)

foaming pressure

(bar)

COC – –

COC-xGnP-1 1 –

COC-xGnP-2 2 –

COC-xGnP-5 5 –

COC-xGnP-10 10 –

COC-xGnP-15 15 –

COC-xGnP-20 20 –

COC_e90 – 90

COC-xGnP-1_e90 1 90

COC-xGnP-2_e90 2 90

COC-xGnP-5_e90 5 90

COC-xGnP-10_e90 10 90

COC_e110 – 110

COC-xGnP-1_e110 1 110

COC-xGnP-2_e110 2 110

COC-xGnP-5_e110 5 110

COC-xGnP-10_e110 10 110

COC_e130 – 130

COC-xGnP-1_e130 1 130

COC-xGnP-2_e130 2 130

COC-xGnP-5_e130 5 130

COC-xGnP-10_e130 10 130

COC_e150 – 150

COC-xGnP-1_e150 1 150

COC-xGnP-2_e150 2 150

COC-xGnP-5_e150 5 150

COC-xGnP-10_e150 10 150

COC-xGnP-15_e150 15 150

COC-xGnP-20_e150 20 150

COC: cyclic olefin copolymer; xGNP: exfoliated graphite nanoplatelets.
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that must be investigated is thermal stability against thermo-oxidative degrada-

tion. For this reason, thermogravimetric analysis (TGA) was performed under air

flow. The TGA thermograms presented in Figure 1 report the weight loss as a

function of the temperature for unfoamed materials. A sharp mass drop associated

with the thermal degradation of the polymer matrix can be detected above 450�C.
Moreover, the residual mass at 700�C is virtually equal to zero for neat COC, while

Table 2. Voltage levels applied for the evaluation of the
surface heating.

Sample Applied voltage (V)

COC-xGnP-15 20, 50, 100, 120, 150, 190, 220

COC-xGnP-20 20, 50, 100, 120, 150

COC-xGnP-20_e150 50, 100, 220

COC: cyclic olefin copolymer; xGNP: exfoliated graphite nanoplatelets.

Figure 1. TGA thermograms of neat COC and relative unfoamed nanocomposites samples.
COC: cyclic olefin copolymer; xGNP: exfoliated graphite nanoplatelets.
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a mass residue proportional to the nanofiller content can be observed for the

nanocomposites. As reported in literature, this mass residue is due to an incom-

plete combustion of the material, promoted by the matrix charring in the nano-

filled samples.48 The prepared nanocomposites showed an increment of the

thermal degradation temperature (Td) values proportionally to the xGnP

amount (Table 3). The Td values of COC-xGnP-1 and COC-xGnP-2 samples are

practically the same of the neat COC matrix (466�C), while the improving effect

due to xGnP introduction, even if not so pronounced, starts to be evident for

nanofiller contents higher than 5 wt%. For instance, with an xGnP content of

20 wt%, a Td increment of 20�C can be observed. Therefore, TGA tests highlighted

how the thermal stability of the nanocomposite samples is noticeably enhanced

with respect to the neat matrix. Similar results were previously observed by our

group on COC samples filled with silica nanoparticles.49 In Figure 2(a), represen-

tative TGA curves of the materials foamed at a pressure of 130 bar with different

nanofiller loadings are reported, while Figure 2(b) shows the corresponding Td

values. The increment in the thermal degradation temperature upon xGnP addi-

tion is clear over the whole range of the applied pressures. On the other hand, the

dependency of Td values from the applied pressure cannot be clearly identified.

Considering that the differences between the samples foamed at different pressure

with the same xGnP amount are not so high (less than 7�C–8�C), it can be con-

cluded that the foaming pressure does not substantially affect the degradation

temperature of the materials, if materials with the same xGnP amount are com-

pared. The obtained results are in agreement with some studies present in litera-

ture. In fact, Gedler et al. reported that well-dispersed graphite nanoplatelets

improved the thermal stability of polycarbonate foams due to their barrier

effect, delaying the diffusion of volatile products during the degradation process.

For the degradation in air, the graphene nanoplatelets created a tortuous path for

air, delaying the thermo-oxidative degradation of the material.39

Table 3. Thermal degradation temperature (Td) from
TGA tests on neat COC and relative unfoamed
nanocomposites.

Sample Td (
�C)

COC 466.1

COC-xGnP-1 465.0

COC-xGnP-2 465.4

COC-xGnP-5 468.1

COC-xGnP-10 473.5

COC-xGnP-15 484.2

COC-xGnP-20 494.1

COC: cyclic olefin copolymer; xGNP: exfoliated graphite

nanoplatelets.
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Figure 2. (a) TGA thermograms of neat COC and relative nanocomposite materials foamed at
130 bar. (b) Td values of the neat COC and relative nanocomposite materials foamed at different
foaming pressures. Td: thermal degradation temperature; COC: cyclic olefin copolymer; xGNP:
exfoliated graphite nanoplatelets.
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It is also important to evaluate the mechanical stability of the prepared materi-
als as a function of the service temperature. Therefore, it could be useful to eval-
uate the effect of the xGnP addition on the viscoelastic properties of unfoamed and
foamed samples through DMTA tests. In Figure 3(a) and (b), the storage modulus
(E0) and the loss tangent (tand) curves of unfoamed samples are, respectively,
reported. The storage modulus shows a remarkable enhancement with increasing
the nanofiller content, while the loss tangent values are inversely proportional to
the xGnP amount. For instance, an interesting increase in the E0

20 of about 28%
with respect to the neat COC can be obtained by adding 10 wt% of xGnP, while
with 20 wt% of xGnP, the observed increment is even more pronounced (about
65%). These results demonstrate the effectiveness of xGnP in increasing the stiff-
ness of the materials. The increase of the material rigidity was already observed
under quasi-static conditions in our previous work focused on the mechanical
behaviour of COC/xGnP nanocomposites.46 Also, the glass transition temperature
seems to be strongly affected by the xGnP addition, in fact the loss tangent peak of
the unfoamed samples is shifted at higher temperatures. From Table 4, the E0

20 and
the Tg values as a function of the xGnP content are reported. The Tg is observed to
increase of about 7�C with a nanofiller amount of 20 wt%. As reported in some
works, the glass transition increment obtained by adding graphitic nanofillers can
be explained by the restricted mobility of the amorphous fraction of polymer
macromolecules50,51 within the polymer matrix. In Figure 4(a) and (b), represen-
tative curves of the storage modulus and loss tangent curves for the materials
expanded at 130 bar with different nanofiller contents are, respectively, reported.
In Figure 4(c), the E0

20 values of the foamed materials as a function of the xGnP
loading are shown. It can be noticed that E0

20 still increases with the nanofiller
content in the whole range of applied pressures but in a more pronounced way with
respect to the corresponding unfoamed materials. For instance, an E0

20 increment
of about 3.5 times with respect to the neat matrix can be observed by adding 10 wt
% of nanofiller at a foaming pressure of 130 bar. As it could be expected, the E0

20

decreases with the applied pressure because of a more intense foaming. The
increase in the stiffness of the prepared foams due to the xGnP addition was
already observed in our previous work on the mechanical behaviour of COC/
xGnP nanocomposites foams.46 In that paper, it was clarified that the enhance-
ment of the foam stiffness was partially both due to a change in the foams density
and to the addition of xGnP. A systematic increase of density with the nanofiller
amount was observed over the whole range of applied pressures (from 8 cells/mm3

up to 61 cells/mm3 with an xGnP amount of 10wt% at an applied pressure of 90
bar). Considering the density variation due to nanofiller addition in unfoamed
samples, it was clear that the density increase in the nanocomposite foams could
not be simply explained by the higher density of xGnP but also by a morphological
change within the foam microstructure (i.e. cell density and cell size). In fact, as the
foaming pressure increased, a systematic density reduction was observed for all the
compositions (from 61 cells/mm3 to 45 cells/mm3 for the 10 wt% nanocomposite
foam, passing from 90 bar up to 150 bar). This could be due to the fact that at
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Figure 3. DMTA on neat COC and relative unfoamed nanocomposites. (a) Storage modulus (E0)
and (b) loss tangent curves (tand) as a function of the testing temperature. COC: cyclic olefin
copolymer; xGNP: exfoliated graphite nanoplatelets.
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Table 4. Storage modulus evaluated at 20�C (E020) and the glass
transition temperature (Tg) from DMTA tests on neat COC and
relative unfoamed nanocomposites.

Sample E020 (MPa) Tg (
�C)

COC 1707 87.6

COC-xGnP-1 1816 87.6

COC-xGnP-2 1887 88.1

COC-xGnP-5 2097 88.7

COC-xGnP-10 2183 91.3

COC-xGnP-15 2652 92.5

COC-xGnP-20 2808 94.5

COC: cyclic olefin copolymer; xGNP: exfoliated graphite nanoplatelets; DMTA:

dynamic-mechanical thermal analysis.

Figure 4. DMTA tests on neat COC and relative nanocomposites foamed at 130 bar. (a) Storage
modulus (E0), (b) loss tangent (tand). (c) Storage modulus evaluated at 20�C (E020) as a function of
the nanofiller content for different foaming pressures. COC: cyclic olefin copolymer; xGNP:
exfoliated graphite nanoplatelets.
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elevated pressures, the diffusion of the scCO2 within the matrix was favoured and

the foaming process was more efficient. On the other hand, morphological obser-

vation through field emission scanning electron microscopic (FESEM) analysis

highlighted that the occurrence of xGnP exfoliation and orientation along the

cell wall given by the foaming pressure could increase the mechanical properties

of the matrix itself and therefore the stiffness of the resulting foams. Also for the

foamed materials, xGnP addition leads to a sensible enhancement of the glass

transition temperature (about 3�C with 10 wt% of nanofiller). Considering that

for an amorphous matrix, the glass transition temperature is generally considered

as the maximum service temperature, the observed Tg enhancement due to nano-

filler addition can be important to extend the application range of these materials.

Electrical behaviour

Considering the possible application of these nanocomposites as ESD materials or

for the electroactive packaging, it is important to evaluate their electrical behav-

iour. In Figure 5, the electrical resistivity values as a function of the nanofiller

content for unfoamed materials and nanocomposite foams are reported. A strong

decrease of the electrical resistivity can be detected for nanofiller amounts higher

than 10 wt%, both for the unfoamed and for the foamed materials. In particular,

with a nanofiller loading of 20 wt%, an electrical resistivity of 1.4� 103 X�cm and

of 2.44� 105 X�cm can be obtained for unfoamed samples and materials foamed at

150 bar, respectively. As reported in our previous paper on electrical behaviour of

Figure 5. Electrical resistivity on neat COC and relative nanocomposites for unfoamed and
foamed materials at a pressure of 150 bar (applied voltage equal to 10 V).
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nanocomposite materials,15 after a critical filler amount (i.e. the percolation thresh-
old), lateral connection between xGnP nanoplatelets is formed, making possible
the conduction of the electrical current within the material. Similar results were
reported in literature in the studies on the electrical characterization of Poly
(methyl methacrylate) (PMMA)/functionalized graphene oxide nanocomposites52

and COC/expanded graphite unfoamed nanocomposites.53

It should be noted that the electrical resistivity of the foamed materials at 150
bar is systematically higher than that of the corresponding unfoamed samples,
even if the percolation threshold remains the same (i.e. 10 wt%). This fact can
be due to the porous structure of the foam. In these conditions, the effective cross
area of the tested samples is strongly reduced. It also has to be taken into account
the effect of the foaming process on the microstructural features of the materials.
In our previous work on COC/xGnP nanocomposite foams, FESEM images
highlighted an evident alignment of the xGnP nanoplatelets along the cellular
wall, especially at elevated foaming pressures.46 In these conditions, the formation
of a percolative network due to the contact between the nanoplatelets is hindered
by the matrix foaming, especially at elevated pressures, when the nanofiller align-
ment is more pronounced. In the foamed materials, the formation of the conduc-
tive path is possible only when the lateral contacts between xGnP nanoplatelets are
formed (i.e. at elevated filler amounts). The same considerations have been
reported in our previous work on electrically conductive polyamide 12 nanocom-
posites for industrial applications.54 In that paper, it was shown that carbonaceous
nanofiller oriented itself along the extrusion/drawing direction, and only at higher
filler contents, nanofiller aggregates started contacting each other forming a con-
ductive network within the polymer, thus decreasing the electrical resistivity.
Another microstructural aspect that can be considered to explain the obtained
results was reported by Xu et al.55 in their work on conductive multi-walled
carbon nanotubes/polyurethane nanocomposite foams, where they showed that
nanofiller preferentially localized in the cell-struts (the interconnecting point of
the surrounding bubbles). Consequently, an increase in the pore size results in
an increase of the distance between adjacent struts, hence promoting the breakage
of the conductive network. It can be therefore concluded that matrix foaming
seems to negatively affect the electrical conductivity of the investigated
nanocomposites.

It is now important to evaluate the surface heating capability of the prepared
materials upon voltage application (i.e. through Joule effect). In order to obtain a
significant surface heating effect, only nanocomposite materials at elevated filler
loading were considered. In Figure 6(a), images of the COC-xGnP-20 sample taken
by the thermographic camera with an applied voltage of 120 V are reported, while
in Figure 6(b), the evolution of the surface temperature at different voltage levels is
reported. From Figure 6(a), it is evident that the increase of the temperature within
the material upon a voltage application is substantially homogenous, and only
near the sample edges, a lower temperature can be observed. From Figure 6(b),
it is clear that an appreciable heating can be obtained even at limited voltage levels.
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Figure 6. (a) IR thermocamera images of the surface temperature evolution for COC-xGnP-20
sample (applied voltage of 120 V). (b) Evaluation of the surface temperature of COC-xGnP-20
sample at different applied voltages.
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Figure 7. (a) IR thermocamera images of the surface temperature evolution for COC-xGnP-
20_e150 sample (applied voltage of 220 V). (b) Evaluation of the surface temperature with time of
COC-xGnP-20_e150 sample at different applied voltages.
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In fact, with an applied voltage of 50 V, the surface temperature is 40�C after 70 s,

while at 120 V, a temperature greater than 80�C can be reached in the same time.

While at 150 V a rapid increase of the surface temperature can be observed, for

voltage levels lower than 150 V a stabilization of the surface temperature can be

detected, even after 300 s. This means that the sample reached a thermal equilib-

rium, because the heat flow produced through the Joule effect is equal to the

dissipated thermal power. This temperature plateau could be important for the

preparation of electro-active devices in which the thermal degradation for pro-

longed application of the electrical stimulus should be avoided. The surface

heating upon voltage application was investigated also in the foamed material.

In Figure 7(a), images of the COC-xGnP-20_e150 sample taken by the IR ther-

mographic camera with an applied voltage of 220 V are reported, while in Figure 7

(b), the evolution of the surface temperature at different applied voltages is

reported. Even in this case, a homogeneous distribution of the surface temperature

within the sample can be observed, but a very limited temperature increase can be

obtained with an applied voltage of 220 V (7�C increase after 200 s). This result can

be explained considering the higher electrical resistivity value reported for the

foamed materials (see Figure 5). Therefore, electrical heating of nanocomposite

foams is less effective than that observed for the corresponding unfoamed materi-

als, and further efforts will be required to obtain a satisfactory heating of the

nanocomposite foams through Joule effect.

Conclusions

The thermoelectrical behaviour of COC/xGnP nanocomposites, prepared through

melt compounding and foamed through a scCO2 process, was investigated, in

order to assess their applicability as electroactive packaging materials. It was

found that the introduction of xGnP into the neat COC resulted in significant

improvements of the thermal degradation temperature, both for unfoamed sam-

ples and for the foamed materials. DMTA showed a noticeable enhancement of

the storage modulus and of the glass transition temperature with the xGnP

amount. Nanofiller introduction led to an important volume resistivity decrease

of unfoamed materials up to 103X�cm for xGnP loadings higher than 10 wt%. The

foamed materials showed a systematic increase of the volume resistivity with

respect to the corresponding unfoamed samples. Evaluation of the surface temper-

ature upon voltage application demonstrated how it is possible to obtain a rapid

heating of the unfoamed samples at relatively low voltage levels, while the lower

conductivity of the foams leads to a limited surface temperature increase.
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