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Abstract

In this work novel cyclic olefin copolymer (COC) macomposites filled with exfoliated graphite
nanoplatelets (xGnP) and foamed through superriticarbon dioxide were prepared and
characterized. The density of the prepared foanssneéiceably lower than that of the bulk materials,
especially at high foaming pressures (i.e. 150.b&m)increment in the foaming pressure led to an
enhancement of the cell diameter, while nanofélddition reduced the cell diameter and increase the
cell density. Tensile tests performed both on lankl foamed materials highlighted an increment in
the elastic modulus and in the creep resistande thvet xGnP loading content, while the stress aad th
elongation at break were decreased.

Electrical resistivity measurements showed how thercolation threshold for the electrical
conductivity was found to be around 10% and 15%x®@hP loading amount, both for bulk and
foamed samples. Increasing the foaming pressum, elbctrical resistivity increased as well.
Considerable surface heating upon voltage appicativas detected for highly loaded bulk
nanocomposites, while a limited heating with aagédt of 220 V was detected for foamed materials.

1. Introduction

Polymeric foams are lightweight materials extengiapplied in automotive, aerospace, construction
and in packaging sectors. The significant reductiorthe weight of structural parts can lead to
substantial fuel savings in transports with obvi@eonomic and environmental advantages [1].
Porous plastics are commonly produced with prongssiutes like physical blowing by low boiling
hydrocarbons or their halogenated derivatives, ik usage represents a critical environmental
problem because of the noticeable emission of t@ampounds and of polluted waste water
production [2]. Therefore, various research grobgge considered the usage of supercritical fluids
(SFCs) as a path to produce polymer foams [3]. phgsical properties of SCFs are generally
described as intermediate among gases and fluidact, they manifest a density close to that ef th
liquids, a viscosity similar to that of the gasesl @ greater diffusion coefficient compared to iligu
[4]. In addition, close to the critical point, sthahanges in pressure or temperature result irelarg
changes in density, thus allowing a fine tuninghafir properties. Among supercritical fluids, cambo
dioxide is the most utilized, because of its easyc@ssability, cheapness, non-toxicity and non-
flammability [5].

Particular interest has been devoted in the laatsy® cycloolefin copolymers (COCs) [6], which are

amorphous thermoplastics obtained by the copolyagon of norbornene and ethylene. COCs are
suitable for the production of transparent moldifggtical data storage, lenses, and sensors),
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packaging of drugs, medical and diagnostic deviimes] containers, etc. On the other hand, it id wel
known that the incorporation of nandfillers at leancentrations (5—-10 wt%) into a polymer matrix
can significantly improve its mechanical propertidédnensional stability, thermal degradation and
chemical resistance and also gas and solvents meaduility [7]. In the last years, particular attent
has been devoted in the open literature to nanoositgpsystems filled with carbonaceous plate like
nanofillers, such as exfoliated graphite nanopdge(xGnP). Due to the honeycomb arrangement of
the carbon atoms in the crystal lattice, xGnP shexeeptional properties in terms of stiffness and
strength and therefore it can be used to improee nttechanical properties of a wide range of
polymeric materials [8]. Moreover, XxGnP has beetceasfully used to improve barrier properties as
well as electrical properties of polymeric matesiat low percolation threshold. In the open scienti
literature it is possible to find some works on treparation and physical properties of polymer
nanocomposites foamed through supercritical caddoxide (scCQ) [9] but, quite surprisingly, only
marginal attention has been devoted to xGnP baaedcomposites foamed through supercritical
carbon dioxide [10]. To the best of our knowledge,papers dealing with the physical properties of
COCl/exfoliated graphite nanoplatelets foamed thn@agCQ have been published.

On the basis of these considerations, the objedfithe present work is to prepare and characterize
COC/xGnP nanocomposites at various filler concéiotma and to foam them through scC@
general comparison between bulk and foamed samjlldse then carried out, in order to evaluate the
real effectiveness of xGnP nanoparticles in imprgwihe mechanical and electrical properties of the
foams.

2. Experimental Part
2.1. Materials

Polymer chips of a cycloolefin copolymer (COC) Te@)07 (melt flow index at 2.16 kg, 190 °C =
2.17 g/10min, density = 1020 g/dnwere supplied by Ticona (Florence, Kentucky, USByfoliated
graphite nanoplatelets xGnP-M-5, with a specififate area of 120 ffy, a mean diameter of Bn
and a thickness of 6—-8 nm, were provided by XGr®&ae Inc. (East Lansing, Michigan, USA). Both
materials were used as received.

2.2 Samples preparation

For as concerns bulk materials preparation, ther filas melt compounded with COC in a Thermo
Haake internal mixer at 190 °C at a rotor spee@@fpm. The nanoparticles were added in the hot
chamber of the mixer immediately after the completelting of the COC, in order to prevent
nanoparticles agglomeration. The mixing processseasit 15 minutes, enough to promote a complete
and homogeneous mixing. The materials were thenphed¢sed at 0.2 kPa for 10 minutes at a
temperature of 190 °C in a Carver press in ordgreauce 0.8 mm thick square sheets. Each sample
was denoted indicating the matrix, the nanofiligret and its weight concentration. For instance, €0OC
xGnP-1 denotes the nanocomposite bulk sample witBrd® content of 1 wt%.

Polymer foams were prepared through a supercriteabon dioxide treatment by using specific
equipment available at the BlOtech Center of thasémsity of Trento. The equipment was composed
by a CQ tank, a cryostat, a pump and a reaction chamlmarmEd samples were prepared starting
from bulk rectangular specimens 0.5 cm width aran2long. Pure COC copolymer and COC/xGnP
bulk nanocomposites with different filler percerdagere placed within high-pressure reaction vessel
(BR-300, Berghof Products + Instruments, Eningeernd&any), consisting of a stainless steel vessel
with an internal polytetrafluoroethylene (PTFE)ein The PTFE cylinder with a capacity of 700 ml
had a diameter of 60 mm and an height of 250 mroryAstatic bath set at -9 °C (Model M408-BC,
MPM Instruments s.r.l., Bernareggio, MB, Italy) wased for the cooling of the G@nes and pump
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head. Once the system had been sealed, liquidwa® pumped into the reactor and pressurized till
the supercritical conditions at desired workingsprtee was reached through a high-performance
liquid chromatography (HPLC) pump. In this studgah COC copolymer and composite samples
were exposed to scG@t five different pressures (90, 110, 130 and i&Q for 30 min. Temperature
was set constant at 95 °C (i.e. 15 °C higher th@T @lass transition temperature). Foaming was
obtained upon fast depressurization from supetatitio ambient conditions. Foamed samples were
designated indicating the matrix, the filler typlke filler content and the foaming pressure. As an
example, COC-xGnP-5_e90 indicates nanocompositadoaith a filler amount of 5 wt%, expanded
with depressurization from 90 bar.

2.3 Experimental techniques

Density measurements were carried out by a displene method in acetone (density at 20 °C of
0.792 g/cm) by using a Gibertini E42 hydrostatic balance. Tistribution of the cell size was
measured through a Heerbrugg Wild M3Z optical nscope, and a statistical analysis was then
performed to determine the mean cell diameter dmad relative standard deviation values. The
microstructural features of the cell walls were efed through a Carl Zeiss AG Supra 40 FESEM
microscope, operating at an acceleration voltag® &V. Before the observations, samples were
cryofractured in liquid nitrogen. A TEM microscofie&cnai G2 Spirit Twin FEI operating at an
accelerating voltage of 120 kV was used to investighe silica dispersion within the polymeric
matrix of both bulk and foamed materials in brifiald (BF) imaging mode.

Quasi-static tensile tests to evaluate the mechhpioperties of the bulk samples were performed
through an Instron 4502 tensile testing machinastil modulus was evaluated at 1 mm/min, by using
a resistance extensometer having a gage lengtB.6frim, while tensile tests at break were carried
out without the extensometer at a crosshead sgegdnon/min. Mechanical properties of the foamed
samples were evaluated at 1 mm/min in compressiodenon square specimens with a lateral
dimension of about 10 mm and a height of about 3. ilihthe tests were performed at ambient
temperature and at least five specimens were téstexhch composition. Creep tests were carried out
through a DMA Q800 machine (TA Instruments, USA)aatesting temperature of 30 °C for 60
minutes under a constant stress of 10% of the alértensile strength of the neat matrix. Rectamgula
specimens 5 mm wide and 1 mm thick with a gagetltenf 10 mm were used to test both bulk
samples and the polymer foams.

The evaluation of the electrical resistivity of tipepoduced materials was performed by using a
Keithley model 6517A multimeter, supplied by Keéwlinstrument, Inc. (Cleveland, USA), in a four
point collinear probe configuration. Both bulk afmhmed materials at 150 bar were tested. The
applied voltage was taken constant for all the ippexas at a value of 10 V. In order to evaluate the
surface heating through by the Joules effect umitage application, an IR thermographic camera Ti9
Thermal Imagers FLUKE was used. The evolution of the surface temperaua® recorded as a
function of time.

3. Resultsand Discussion
3.1. Morphological features

In Fig. 1a the foams density as a function of thediiller content is represented. A systematic igns
increase with the nanofiller amount can be obsemveer the whole range of applied pressures.
Considering the density variation due to nanofiflddition in bulk samples (from 1.01 g/tuof neat
COC to 1.05 g/crhof the COC-xGnP-10 nanocomposite), it is cleat tha density increase in the
nanocomposite foams cannot be simply explainedhéyigher density of xGnP with respect to COC,
but also by a morphological change within the faarorostructure (i.e. cell density and cell size). |
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fact, as the foaming pressure increases, a demslityction can be observed for all the compositions.
This could be due to the fact that at elevatedsures, the diffusion of the scG@ithin the matrix is
favoured and the foaming process is more efficient.

To fully understand the density increment of thanfis and the real contribution played by xGnP
addition on the morphology of the prepared cellidalids, FESEM analysis was carried out. All
foams present closed cell morphology with a narstatistical distribution of the cell size around an
average value (not reported here for the sake @fity). A quantitative evaluation of the cell size
distribution was performed by using Imaged softwak®erage cell diameter and cell density
(cells/mnf) as a function of the nanofiller content for foaemganded at 90 and 150 bar are reported
in Fig. 1b. The nanofiller introduction hinders thell growth during the expansion process, thus
reducing the cell diameter both at 90 and 150 Aarthe same time, it promotes cell nucleation,
increasing the cell density. It is therefore readde to assume that XxGnP can enhance the matrix
viscosity above the glass transition temperatunas thindering the expansion process. Moreover,
when scCQ pressure increases, the cell size increases Widleell density decreases. Therefore, it
can be hypothesized that at higher pressure aeNtgris favoured over cell nucleation.
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Figure 1. Morphological features of the prepared foamsF@ms density as a function of the
nanofiller content for different foaming pressur@s.Cell diameter (open symbols) and cell density
(full symbols) as a function of the nanofiller cent for nanocomposite foams expanded at 90 bar and
at 150 bar.

A more detailed analysis at higher magnificatiovele was performed with FESEM equipment (see
Fig. 2(a-c)). It is possible to observe that xG@Raplatelets are randomly oriented within the matri
with the presence of agglomerates of stacked lameNMoreover, the fracture surface is irregular and
jagged (Fig. 2a). In the foamed materials, an atigmt of XGnP nanoplatelets along the cell walls can
be noticed, and this effect is more pronouncedgtten foaming pressures, where thinner cell walls
can be detected (Fig. 2(b-c)). It is possible tmader the selected foaming conditions the xGnP
exfoliation process and alignment along the cell was promoted.

In order to perform a deeper investigation of tispersion level of xGnP in both bulk and foamed
samples, TEM analysis was carried out. In Fig.dd(aFEM micrographs of bulk and foamed samples
are reported. In Fig. 3a it is clear that bulk sEm@t low filler amounts are characterized by lstaaf
xGnP lamellae with a lateral dimension of less thGmm and a length of aboufuin. As already seen
in other nanocomposite systems, an increase dflldgreloading promotes a strong aggregation of the
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nanoplatelets [11]. It is interesting to observattithe foaming process leads to an improved
exfoliation of xGnP nanoplatelets, thus reducing #yglomeration of the xGnP stacks. The same
effect can be detected at higher filler loadings.

(b)

Figure 2. FESEM micrographs of the cryofractured surfacehefsamples: (a) COC-xGnP-10, (b)
and (c) COC-xGnP-10_e150 at different magnification

300 nm

(@) (b)

300 nm

(d)

Figure 3. TEM micrographs of the bulk and foamed samplésC@C-xGnP-1, (b) COC-xGnP-10,
(c) COC-xGnP-1_e150 and (d) COC-xGnP-10_e150.

3.2. Mechanical behaviour

The effect of the nanofiller loading on the qudsiis tensile properties of the bulk samples was
investigated. As frequently observed in nanofibadhples, the xGnP introduction leads to a notieeabl
increase of the elastic modulus (from 2.17 GPa edtnCOC up to 3.36 GPa of COC-xGnP-10

sample). As a drawback, the presence of the n#arofiduses an embrittlement of the bulk samples,
revealed by the decrease of both the stress dt fgafrom 59.4 MPa of neat COC up to 37.7 MPa

of COC-xGnP-10 sample) and of the strain at bregk(from 5.75 % of neat COC up to 3.22 % of

COC-xGnP-10 sample) as the xGnP content increiest. likely the nanofiller aggregation observed

at higher filler loadings plays a negative effecttbe ultimate properties of the resulting matsrial

The effect of xGnP introduction on the mechanicehdviour of the prepared foams under
compression has been also investigated. A quantitatvaluation of the elastic properties of thenfisa
as a function of the nanofiller loading is reported-ig. 4a, where the trends of the specific madul
(i.e. the ratio between the elastic modulus anditi@rare represented. It is interesting to obsbie

the nanofiller introduction leads to a remarkableréase of the elastic modulus of the foams, dwer t
whole range of applied foaming pressures. It istinahile to observe that the increase of the elastic
modulus displayed by the nanofilled foams is natidg higher than that of the corresponding bulk
materials. It is therefore clear that the enhanceroethe foams stiffness is partially due to arge

in the foams density, but the greater contributeodue to the xGnP addition. As already observed in
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the previous paragraph, the occurrence of xGnPliatitm and orientation given by the foaming
pressure can increase the mechanical propertibe ohatrix itself.

In order to confirm the positive effect played b$nP nanoplatelets on the mechanical behaviour of
bulk and foamed nanocomposites, creep tests wefermed. It was found that the stabilizing effect
due to nanofiller introduction in the bulk matesidkads to an interesting decrease of the creep
compliance with respect to the neat COC. For irtstawith a nanofiller amount of 10 wt%, the creep
compliance at 3600 s is reduced of about 45% vesipect of the neat COC. This effect is even more
pronounced for foamed materials. Fig. 4b shows ¢heep compliance values at 3600 s of
nanocomposite samples foamed at different pressuregcordance with elastic modulus results, it
can be concluded that the creep stability incredsedo nanofiller introduction along the wholegan

of applied pressures. Even in this case, the obdestabilizing effect is partly due to a chang¢hie
foam density, and a key role is played by xGnP leatfion and orientation effects.
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Figure4. (a) Normalized elastic modulus over densitypjEf the foamed samples. (b) Creep
compliance at 3600 s as a function of the nanofitstent for nanocomposite foams at different
foaming pressures.

3.3. Electrical properties

Considering the possible application of these namposites as electroactive packaging materiass it i
now important to evaluate theit electrical behaxridn Fig. 5 the electrical resistivity values atgi

the nanofiller content for bulk materials and naroposite foams are reported. A strong decrease of
the electrical resistivity can be detected for rigleo amounts higher than 10 wt%, both for thekoul
and for the foamed materials. In particular, withazaofiller loading of 20 wt%, an electrical resigy

of 1.37 x 16 and 2.44 x 10Q.cm can be obtained for bulk and foamed material45® bar
respectively. It should be noted that the eledtrieaistivity of the foamed materials at 150 bar is
systematically higher than the corresponding batkgles. This fact can be due to the porous streictur
of the foam. In these conditions the effective srasea of the tested samples is strongly reduted. |
has also to be taken into account the effect ofdaening process on the microstructural features of
the materials. In fact, the formation of a perdetnetwork due to the contact between the
nanoplatelets is hindered by the matrix foamingeemlly at elevated pressures, when the nanofiller
allignment is more pronounced.
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Figure5. Electrical resistivity on neat COC and relativéoeomposites for bulk and foamed
materials at a pressure of 150 bar (applied voleagml to 10 V).

It is now important to evaluate the surface heatiagability of the prepared materials upon voltage
application (i.e. through Joule effect). In Figa#) the evolution of the surface temperature ofC€O
XGnP-20 and COC-xGnP-20 el150 samples at differpplieal voltages are respectively reported.
From Fig. 6a it is evident that an appreciableihgatan be obtained for relative low voltages.dotf
with an applied voltage of 50 V the surface tempegais 40 °C after 70 seconds, while at 120 V a
temperature greater than 80 °C can be reacheckisaime time. For a voltages lower that 150 V, a
stabilization of the surface temperature can beatletl, even after 300 s. This means that the sample
reaches a thermal equilibrium, because the heat gtoduced through the Joule effect is equal ¢o th
dissipated power. Even in the case of foamed nadgefirig. 6b), an homogeneus distribution of the
surface temperature within the sample can be oedebut a very limited temperature increase can be
obtained with an applied voltge of 220 V (7 °C mase after 200 seconds). This result can be
explained considering the higher electrical registivalue reported obtained for the foamed maleria
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Figure 6. Evaluation of the surface temperature with tim¢adfCOC-xGnP-20 and (b) COC-xGnP-20
e150 samples at different applied voltages.
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4, Conclusions

Cycloolefin copolymer/exfoliated graphite nanoplete (xGnP) composites were prepared at different
filler amounts through a melt compounding proc@gee resulting materials were foamed through a
supercritical carbon dioxide based process by ugrifie foaming pressure. It was observed how the
XGnP introduction systematically increased bothkbahd foam density, while elevated foaming
pressures promoted a consistent density redudiiicrostructural analysis on the resulting foams
highlighted a progressive increase of the meanstadl with the foaming pressure, accompanied by an
evident exfoliation and orientation of the nanoglets along the cell walls direction. These
microstructural effects were responsible for anangnt improvement of the mechanical properties of
the foams, with a progressive enhancement of @ielproperties with xGnP amount, and also the
creep stability was noticeably improved.

Nanofiller introduction leads to an important vokimesistivity decrease of bulk materials up t8 10
Q.cm for xGnP loading higher than 10 wt%. The foameaterials showed a systematic increase of
the volume resistivity with respect to the corragfing bulk samples. Evaluation of the surface
temperature upon voltage application demonstrated ihis possible to obtain a rapid heating of the
bulk samples at relatively low voltage levels, whihe lower conductivity of the foams leads to a
limited surface temperature increase.
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