Published in: Journal of Materials Chemistry (20080l.18, iss.7, pp.792-796
Status: Postprint (Author’s version)

Foams of polycaprolactone/MWNT nanocomposites for efficient EMI
reduction

Jean-Michel ThomassfChristophe Pagnoulfel ukasz BednarZ)sabelle HuynefiRobert Jéronfeand
Christophe Detrembletir

®Center for Education and Research on Macromdes (CERM)University of Liege, Sart-Tilman, B6, 4000 LieBelgium
®Physiol S.A., Pare Scientifique du Sart-Tiimaréeltles Noisetiers 4031 Liége, Belgium
‘Microwave Laboratory, Université Catholique deouvain, B-134&ouvain-la-Neuve, Belgium

Abstract: Nanocomposites of polycaprolactone (PCL) filledhwhulti-walled carbon nanotubes (MWNTS)
were foamed by supercritical G@ order to prepare materials with reduced elesagnetic interference (EMI).
Two mixing techniques were used., melt blending and co-precipitation. Shielding aéficcy as high as 60 to
80 dB together with a low reflectivity was obsenad very low vol% of MWNTSs (0.25 vol%). The reftavity

of the nanocomposites was advantageously decreasedfoaming. The uniformity of the open-cell sture

was assessed by scanning electron microscopy. Toesed PCL/MWNT nanocomposites are very promising
EMI shielding materials because their performamesslt from absorption at low filler content and frem
reflection at relatively high filler content as waieviously the case.

Introduction

Electromagnetic interferences (EMI) may be define@lectromagnetic radiation emitted by electida@luits
under current operation. These EMI signals are sinalele because they disturb the good working ef th
electronic appliances and they may cause radidtiveage to the human botiowadays, electrical circuits are
shielded with metal sheets or composit&sletal shields have the inconvenience of poor meichhfiexibility,
exceedingly high weight, propensity to corrosiamg &imited tuning of the shielding effectivenes&}SIin
contrast, polymers offer lightness, low cost, estsgpinggetc.Nevertheless, most of them cannot prevent
electromagnetic waves from propagating becausieedf ¢lectrical insulating properties. The besitsigy to
overcome this problem consists of dispersing ettty conductive fillers within polymer matricés.For
instance, polymers have been filled with carbeug.(carbon black, carbon fibers and carbon nanotubest) a
investigated as EMI shields.Carbon nanotubes are however superior to conveitimrbon fillers because of
their high aspect ratio and low percolation thréglig5 wt%) that can be reached whenever the dsspreis
fine. In this respect, there is a need for vergefie dispersion techniques, thus able to dighgptarge van der
Waals interactions that stem from the large suréaea of the nanotubes. Melt blending and co-pitatipn are
two dispersion techniques that were compared foptieparation of multi-walled carbon nanotube
(MWNT)/polycaprolactone (PCL) nanocompositedlthough good dispersions were observed in bosesa
the EMI shielding properties were higher for thenpes prepared by co-precipitation, because thgtheaf the
carbon nanotubes was less extensively decreasedyhaelt blending. A major drawback of nanocomjmssi
that contain carbon nanotub®syr other fillers (nickeled carbon fibers, staislateel fibers,2?), is a high
propensity to reflect the electromagnetic radiatather than to absorb it. Although this reflectgiaps the
wave propagation beyond the composite materiagldinig effectP,, being close to 0 in Fig. 1a),
electromagnetic interference prevails in the inr@dume as a result of multiple reflections from thalls

(P, > 0in Fig. 1a). These reflections cause damegg,in the case of electronic circuits, because ofispsr
interferences between the constitutive electroaiomonents: transistors T, resistors R and chip#iuatrated in
Fig. Ib. For these deleterious effects to be cdaddP, close to 0) while preserving the shielding eff@tclose
to 0), the electromagnetic waves must be absorpélebprotecting material and attenuated by corndeict
dissipation.

For an EMI shielding material to absorb electronsigrradiation, the dielectric constant must belase to that
of air as possible. The reflection of the signaksutts indeed from a mismatch between the wavedanmees for
the signal propagating into air and into the abisgrinaterial, respectively, and the wave impedasce
proportional to the inverse of the dielectric cam$tof the medium. A straightforward approach ie thighly
desirable situation may be found in the foamingarbon nanotube containing polymers. The relatolame of
air in an open-cell foam is indeed very high, whigkery favorable for the matching of the wave @dances of
the expanded material and the ambient atmosphere.

Yanget al. previously reported on the foaming of carbon ftband carbon nanotublecontaining polymers for
applications in EMI shielding. However, these foamese quite heterogeneous, with a relatively highgity, so
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accounting for good EMI shielding effectiveness (&) only at high nanotube content (7 wt% of MWNT).
Moreover, these foams were "more reflective ans &ssorptive to electromagnetic radiatiom®,,the dominant
EMI shielding mechanism was reflection rather thmorption”, as stated by the authidrEhe reflectivity,R,
was indeed 0.81, thus -1.83 dB, which is high camgao absorbers in the marketpldBe< -10dB), while the
ratio of dissipated to incident power was I®4/P; = 0.1021. Clearly, the shielding effect resulted fram
guasi-total reflection of the signal at the inmterface(R, R/P; close to 1) rather than from penetration within
the composite and internal attenuation by condealigsipation.

Fig.1: a) Behavior of PCL/IMWNT nanocomposite foamseufdi radiation, b) differences between an EMI
shielding material and an EMI absorber in an eleciic device.
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In this work, MWNT/PCL nanocomposites were foamgdsbpercritical CQ Foams with a high cell density
were accordingly prepared, and their EMI reducti@s studied in relation to the MWNT content. Splecia
attention was paid to the adsorption/reflectioiordhe purpose being to preserve the shieldiygP(low) and
to minimize the interference by reflectioR/P; low).

Experimental
Materials

Commercially available thin MWNTSs (average outeardéter: 10 nm, purity higher than 95 wt%) produlsgd
Catalytic Carbon Vapour Deposition (CCVD) were diggpby "Nanocyl S.A.", Belgium. Polg{caprolactone)
(PCL) was a gift from Solvay Interox (Capa® 6580,= 50 000 g mat).

Preparation and foaming of PCL nanocomposites

The MWNT/PCL nanocomposites were prepared by twhrigjues. According to the first technique, the
polymer was melt blended with the required amodid\@/NT at 80 °C in a 5 cthDSM microextruder under
nitrogen at 200 rpm for 10 min. In the second metfwm-precipitation), PCL was first dissolved in FKR
wt%) followed by the addition of the required ambahMWNT. After 30 min of ultrasonication, the siilon
was precipitated in heptane.

In a 316 stainless steel high pressure cell (1QGromn Parr Instruments, a sample (35 x 25 x 8 mhBCL
nanocomposite was pressurized with,@®45 bar with an ISCO 260D high pressure syrimgap. The cell
was then heated to 60 °C, and compressegvz finally added to a final pressure of 200 Bais saturation
pressure was maintained for 3h before being reteastdin a few seconds. The cell was then opened tlae
expanded nanocomposite was recovered.
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Characterization

Dynamic rheological measurements were carried dihtan "advanced rheometric expansion system" (ARES
rheometer from Rheometrics. Samples (diameter 25thiokness 2 mm) were run at 90 °C with a strdih%.

The foam structure was observed by scanning eleatioroscopy (SEM; JEOL JSM 840-A) after metalliaat
with Pt (30 nm).

Electrical properties of MWNT/polymer compositesreveneasured with a Wiltron 360B Vector Network
Analyzer (VNA) in a wideband frequency range frotiMHz to 40 GHz. The line-line methbdvas used with
two microstrip transmission lines deposited onrtarocomposite surface. Complex dielectric constadt
conductivity were extracted from the VNA transmigsand reflection measurements, which also yiettled
reflectivity and shielding efficiency. The samesliine method was applied to foamed nanocompostespt
that the microstrip lines were replaced by wavegliites containing the foamed samples, accordirniggo
method reported for liquid$. The reference thickness for all the samples (fahamel unfoamed) was 2 cm.

Results and discussion

As reported in the Experimental, MWNT/PCL nanocosifis were prepared by melt blending and by co-
precipitation. The morphology of these nanocompssitas investigated by TEM. An uniform dispersién o
individual MWNTSs was observed in both cas®and the percolation threshold was determined byldyy
(<0.33 vol%) as reported in a previous publicafibim contrast to co-precipitation, melt blending was
responsible for a decrease in the length of thetudes in agreement with inferior EMI shielding jpedties.

The MWNT/PCL nanocomposites were foamed with sujteral CO, as an expanding agent with the prospect
of decreasing the material permittivity, and thues teflectivity, and promoting the percolation loé tcarbon
nanotubes.

Fig. 2: SEM micrographs of PCL foams filled with a) 0 val#shin MWNTSs, b) 0.1 vol% thin MWNTs (melt-
blending), c) 0.222 vol% thin MWNTs (melt-blendjrd))0.107 vol% thin MWNTSs (co-precipitation) and e
0.249 vol% thin MWNTSs (co-precipitation).

Fig. 2 compares the SEM micrographs for PCL foaamaining 0, 0.1 and 0.222 vol% MWNTSs prepared by
melt blending and PCL foams containing 0, 0.107 @249 vol% MWNTSs prepared by co-precipitation. The
unloaded PCL foams exhibit a non uniform open-slicture with pores larger than 100 um. Upon aatdibf
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0.222 vol% MWNTSs, the porous morphology is bettefied with smaller pores and a higher cell dendihe
MWNTs have more likely a twofold rolég., they increase the internal viscosity at 60 °C d&y tact as
nucleating agents, so leading to a larger numbeels$ growing to a smaller size. This is a genebedervation
whenever the expanded polymer is preloaded wittgamc fillers, such as nanoclays.

The density of the foams and the actual conter®{yof carbon nanotubes are reported in Table Ingaoed to
the PCL density, the average volume expansioneoh#inocomposites upon foaming is close to five. The
volume content of the MWNTSs is decreased withindame ratio, for instance a decrease from 0.51t@@%

is noted for the 1 wt% filled PCL prepared by ni@éinding. The foam density increases with the MWNT
content, as result of a lower chain mobility at filming temperature. This effect is amplified bg actual
length of the nanotubes, which is higher in samptepared by co-precipitation (see above).

The EMI shielding properties of the nanocompositese quantified in the microwave frequency rande (4
MHz-40 GHz) by using transmission line sectionkeéilwith PCL, loaded or not with MWNTSs, before aafter
foaming. The experimental setup is similar to thegcribed elsewhel&for the measurement of planar
substrates and soil or liquid samples. More atbentias however paid to thexkband [26-40 GHz], because of
the increasing need for EMI absorbers in radarsatellites that operate in this frequency rangectkal
conductivity is of the utmost importance for EMIrfoegmance, because it expresses the intrinsictalofithe
material to absorb electromagnetic watiess a rule, a good electromagnetic absorber musbia
conductivity higher than 1 S'trand a real part of the effective dielectric consts close to 1 as possibfeFig.
3 shows that the electrical conductivity of PCLfsafilled with MWNTS is high even at very low naillefr
content (<0.25 vol%). This conductivity is systeimally higher for nanocomposites prepared by co-
precipitation than by melt blending at the samlerfitontent. The same behavior was previously tegdor
unexpanded sampléSmore likely because the original length of theatahes was better preserved in the case
of co-precipitation. Then, the electrical conduitjiwas higher than 4 S flargely exceeding the target value
for good EMI shielding propertiesé.,1 S n).

The beneficial effect of the foaming of PCL/MWNTnmeomposites prepared by co-precipitation (Fig.tg&is)
been analyzed on the basis of the electromagnetfepties of foamed and unfoamed nanocompositas of
comparable volume content of carbon nanotubes &yiglearly, foaming improves importantly the eteal
conductivity (Fig. 4a), as exemplified by a foamatthontains 0.107 vol% of MWNTSs and has almoststimae
conductivity as an unfoamed sample with 0.16 vofdamotubes. Similarly, a foam with 0.249 vol% of
MWNTSs has a two times higher conductivity than afoamed sample filled with 0.48 vol% of MWNTSs. The
EMI shielding effectiveness (SE), defined as®I®, ratio of the output to the incident power, is dihecelated
to the electrical conductivity, as illustrated ilgHb (to be compared to Fig. 4a). Indeed, foaamt unfoamed
samples of comparable conductivity have comparsiilelding efficiencies, and the SE of the PCL foam
containing 0.249 vol% of MWNTSs is in the 60 to 8B thnge, thus three to four times higher than the&the
unfoamed counterpart. This very high SE also exctteel 20 dB reported for a foam of polystyrene/MWNT
nanocomposite containing 7 wt% MWNYsThe herein reported shielding effectiveness, esque in dB, is
thus directly proportional to the conductivity, whimeans that SE is increased by a factor of tweneter the
conductivity is doubled. Although the conductivifithe PCL/IMWNT composites is several orders of
magnitude lower than the conductivity of bulk CN@pproximated to the conductivity of graphite), edgr
because of a dispersion effect, the reported cdivityof only 1-5 S niis enough for the foamed
nanocomposites to exhibit excellent EMI shieldifige direct proportionality between shielding effeehess
and conductivity observed in Fig. 4a and b meaasttie shielding effect actually results from thsaption of
the incident signal power entering the compositéiesconductive dissipation through the matetiadkness.
This conclusion is also confirmed by the experiraergflectivity () of the nanocomposites, which is quite an
important characteristic feature of EMI shieldinglanicrowave absorbing materials. It depends on the
mismatch between the dielectric constants of theeriah and the surrounding atmosphere (air). Ireptd
minimize the reflectivity, the dielectric constaftthe material must be as close to unity as ptesdibis
however known that dispersion of a conductive agglitvithin an insulating polymer results in a highe
dielectric constant proportional to the final contikity.!” In this work, the foaming of nanocomposites allows
the dielectric constant to be maintained belowéneat the higher conductivity observed, as ilatetd in Fig.
4c by the comparison of the dielectric constee: t59f the unfoamed and foamed samples. For theafake
comparison, the dielectric constants of foamedwuarfdamed PCL are also reported. Clearly, the dietec
constant of the PCL foam is close to oe:e51.2), nearly two times lower than that of unexpahB€L €. =
2.2). For this reason, the dielectric constanbaffed PCL filled with 0.24 vol% MWNe: = 3.5 at 30 GHz) is
comparable to those of unfoamed PCL containing @rib0.48 vol% of nanotubes (%< 4), although the
conductivity is roughly 3 to 4 times higher. Moreoyoamed PCL with 0.107 vol% MWNT, which exhibits
similar shielding effectiveness as the 0.16 vol% MWilled unfoamed PCL (28 dBs.24.2 dB at 30 GHz),
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exhibits a much lower reflectivity (-12.25 dB. 410.5 dB at 30 GHz), as result of a lower dieleatdastante;

= 2.35vs.& = 3.3 at 30 GHz). Foaming of PCL nanocompositesus #n easy and effective way to provide
carbon nanotube filled polyesters with a highlyiddse combination of shielding efficiency in the-80 dB
range and reflectivity lying between -15 and -8 @Bese performances are superior to those reported
elsewher&"*2for foams loaded with 15 wt% carbon fibers, forisththe EMI shielding mainly originates from a
high reflectivity. Indeed, the 15 wt% loading ispensible for a high dielectric constant (>30) #nd a
reflection phenomenon at the input interface. Sinyl PS foams loaded with 7 wt% carbon nanotulaee fa
SE of 20 dB together with a reflectivity of only.88 dB R =0.81). Again, reflection is the major contribution
to the EMI shielding rather than absorption. Irsthiork, the foaming of the nanocomposites decrethges
dielectric constant and thus the reflection atitipeit interface, whereas the proper dispersiom®f@NTs

within the polymer provides, even at a low loadfrbvol%), a conductivity high enough for electrognetic
waves to be attenuated by conductive dissipatibe. Strategy proposed in this work is thus basiddiffgrent
from that previously reportét*?because the EMI reduction is the result of absmmpt low filler content, and
not of reflection at relatively high filler contewia a higher dielectric constant.

Table 1: Density and composition (vol%) of nanocomposite Rizims

Wt% of M ethod Density of the Vol% of MWNT before  Vol% of MWNT after

MWNT foam®/kg m foaming foaming

0 180 0 0

1 Melt-blending 225 0.48 0.1

2 Melt-blending 245 0.96 0.222

4 Melt-blending 285 1.92 0.541

0.5 Co- 230 0.24 0.049
precipitation

1 Co- 255 0.48 0.107
precipitation

2 Co- 310 0.96 0.249

precipitation
3 Density of PCL = 1100 kg thand density of thin MWNTs = 2300 kgin

Fig. 3: Dependence of the electrical conductivity on feamgy for expanded MWNT/PCL nanocomposites: a)
thin MWNTSs previously dispersed by melt blendindhim MWNTSs previously dispersed by co-precipitati
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Fig. 4: Electromagnetic properties of foamed and unfoaM@dNT/PCL nanocomposites prepared by
coprecipitation: (a) conductivity, (b) shieldingfiefency SE, (c) dielectric constat:tand (d) reflectivity R.
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Conclusion

New multi-walled carbon nanotube filled PCL foamighwan uniform open-cell structure were succesgfull
prepared with supercritical GQvith the purpose of preparing EMI shielding madki Carbon nanotubes were
dispersed within PCL by melt-blending and by coefpitation. Shielding efficiencies as high as 6@@dB
together with low reflectivities was observed atwiew vol% of MWNTSs (0.25 vol%). Compared to unfoad
MWNT/PCL nanocomposites, the expanded nanocompogitepared in this work have much higher shielding
efficiencies and lower reflectivities.

Acknowledgements

CERM is grateful to the "Region Wallonne" for fir@al support in the frame of the "Nanotechnologies"

program ENABLE. It is also indebted to the "Belg&cience Policy” for financial support in the franfehe
"Interuniversity Attraction Poles Programme (PA2®By". C.D. is "Chercheur Qualifié" and I.H. is "M@ de
Recherche" by the Fonds National de la Recherclemtfque (F.N.R.S.).



Published in: Journal of Materials Chemistry (20080l.18, iss.7, pp.792-796
Status: Postprint (Author’s version)

References

1 H.C. Lee, J. Y. Kim, C. H. Noh, K. Y. Song aBdH. ChoAppl. Surf. Sci.2006, 252(8), 2665.

2 M. Stefecka, M. Kando, H. Matsuo, Y. NakashiiiaKoyanagi, T. Kamiya and M. Cernak, Mater. Sci2004, 39, 2215.
3 S. Vulpe, F. Nastase, C. Nastase and |. StanTatin Solid Films2006,495(1-2), 113.

4 N. C. Das, D. Khastgir, T. K. Chaki and AaRrabortyComposites, Part 2000, 31(10), 1069-1081.

5 Chiang Wen-Yen and Cheng Kai-Yu#&alym. Compos1997,18(6), 748.

6 Y.Yang, M. C. Gupta, K. L. Dudley and R. Wwr@nce,J. Nanosci. Nanotechna?005, 5(6), 927-931.

7 S.Y.Yang, C.Y.Chen and S. H. ParAglym. Compo002, 23(6), 1003-1013.

8 N. C. Das, D. Khastgir, T. K. Chaki and AdRBrabortyJ. Elastomers Plast2002, 34(3), 199-223.

9 N.C. Das, T.K. Chaki, D. Khastgir and A.a&Rmaborty Adv. Polym. Techno2001, 20(3), 226-236.

10 J. M. Thomassin, X. Lou, C. Pagnoulle, S. Aimadednarz, |. Huynen, R. Jérome and C. Detrembldulti-walled carbon
nanotubes/poly(e-caprolactone) nanocompositesexitbptional EMI shielding propertiek, Phys. Chem. @007, 111(30), 11186-11192.

11 Y. Yang, M. C. Gupta, K. L. Dudley and R. Wwvirance Nano Lett.2005, 5(11), 2131-2134.
12 Y. Yang, M. C. Gupta, K. L. Dudley and R. Wwirance Adv. Mater. 2005, 17, 1999.

13 I. Huynen, C. Steukers and F. DuharteEE Trans. Instr. Meas2001, 50, 1343-1348.

14 X. Cao, L. J. Lee, T. Widya and C. MacosRolymer,2005, 46, 775.

15 A. Saib, L. Bednarz, R. Daussin, C. Bailly,lXu, J.-M. Thomassin, C. Pagnoulle, C. DetremblBurJerome and |. HuynelEEE
Trans. Microwave Theory Tec20Q06, 54, 2745-2754.

16 K. Donald and R. J. Whit&, handbook on electromagnetic shielding materiald performanced.ibrary of Congress, USA, 1975.
17 A. N. Lagarkov and A. K. Saryche®hys. Rev. B1996,53,6318-6336.



