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Epoxy composites with the aligned network of multiwalled carbon nanotubes
generated by applying AC electric field during the curing process are fabricat-
ed. Industrial nanotubes with diameter of 10—30 nm and length of 10-30 um
are used. The nanotubes’ concentration is varied from 0.2 to 1.0% wt. DC
conductivity is measured for two orientations of multiwalled carbon nano-
tubes’ network—parallel and perpendicular to the direction of the instrument
current. Similarly, complex microwave permittivity and conductivity are in-
vestigated for parallel and perpendicular orientations of multiwalled carbon
nanotubes’ network to the microwave electric field. Measured DC conductivi-
ty of order of 107"-107°S/m contrasts with microwave conductivity of order
of 102-10'S/m. The conductivity anisotropy varies from 18 to 26 for DC
measurements and from 1.26 to 2.04 for microwave ones. Such difference in
anisotropies can be attributed to the essential inequality of the actual electron
transport mechanisms under DC and microwave electric fields.
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By0 BUTOTOBIEHO €MOKCUAHI KOMIIO3UTH 3 OPi€HTOBAHUMU OaraToIIapoOBUMU
BYTJIEIIEBUMU HAHOTPYOKaMU i3 3aCTOCYBAHHSAM 3MiHHOTO €JIEKTPUYHOTO IIOJIS
B IIpOIleci TBepAiHHA KOMIO3UTiB. ByJjlo BUKOpPUCTAHO IPOMUCJIOBi ByTJIlelieBi
HaHOTPYOKU 3 soBHimHIM miamerpom 10-30mM ta moB:xkmHOI 10—30 MKM.
Konmnenrpanisa HanoTpy6ox BapitoBasaca Bix 0,2 mo 1,0% Bar. ExexTpormpo-
BifHiCTH HA MOCTiMiHOMY CcTPyMi OyJI0 BUMipsHO IJIA ABOX OpieHTAIiil 6araTo-
IIaPOBUX BYTJIEIIEBUX HAHOTPYOOK BiHOCHO HAIPAMKY €JIEeKTPUYHOI'O CTPY-
MYy: IapaJjieIbHOI Ta nmepuneHauKyasapuoi. Tak camMo, KOMILJIEKCHY AieJeKTpuu-
HY IPOHUKHICTh Ta €JeKTPONPOBiIHICTh ¥ MiKPOXBUIBOBOMY JifANas30Hi 6yJI0
IOCJIiIKEeHO IPY HapajeibHill Ta MepIeHAuKYJIAPHiN opienTaliax 6ararorma-
POBUX BYTIJIEIIEBUX HAHOTPYOOK Y KOMIIOSUTI BiTHOCHO BEKTOPA €JIEKTPUYHOTO
IOJII MiKPOXBUJILOBOTO BUIIPOMiHeHHA. BuMmipsAHa Ha MIOCTIHHOMY CTPyMi
eJeKTponpoBifHicTs Hopaaky 107"—107° Cm/M 3HAUHO BiApisHAETHCA Bif Mik-
POXBIJIBOBOI eJIeKTPOIpoBigHOCTH, aKa € mopaaky 102-107! Cm/m. Amizor-
PoOIIia eeKTPOIpPoBifHOCTH 3MiHIOETHCA Big 18 mo 26 mpu BuMipioOBaHHAX Ha
mocritiHomy ctpymi ta Bim 1,26 mo 2,04 mida MiKpOXBUJILOBUX BUMipIOBAHb.
Taka piKHUIIA B aHi30TpOMil eJIeKTPOIPOBiIHOCT MOKe OyTU IIOB’sA3aHaA 3
CYTTEBOIO PiKHUICI0O B MeXaHidMaX eJIeKTPOTPAHCHOPTY HPHU il IMOCTiHHOTO
€JIEKTPUYHOI'0 IIOJISI Ta SMIiHHOTO €JIeKTPUYHOrO II0JA MiKPOXBUJILOBOT'O BU-
OpOMiHEHHS.

KuarouoBi cioBa: ByrieneBi HaHOTPYOKY, ITOJIiMePHiI KOMIIO3UTH, €JIEKTPOIIPO-
BigHicTh Ha IOCTiiHOMY CTpyMi, aHi3oTpomis, AieseKTpUYHA HPOHUKHICTD,
BTpPaTH Ha IIOTJIMHAHHSA.

Brliy M3roTOBJIEHBI SMOKCUAHBIE KOMIIOBUTHI C OPUEHTHUPOBAHHBIMU MHOTO-
CJIOMHBIMHU YIJIEPOOHLIMU HAHOTPYOKAMU ¢ IPUMEHEHNEM IIePEMEHHOTO0 dJIeK-
TPUYECKOTO II0JIS B IIPOIIECCE OTBEPAEHUA KOMIIO3UTOB. BBLIN MCIOJIb30BaHBI
IIPOMBIIILIEHHBIE YIJIePOAHbIE HAHOTPYOKY ¢ BHemHUM auamerpom 10—-30 HM n
nauuoii 10—-30 mxkMm. KoHIeHTpanusa HaHOTPYOOK BapbupoBanack ot 0,2 mo
1,0% Bec. JJeKTPONPOBOLHOCTh HA IOCTOSHHOM TOKe Obljaa M3MepeHa MAJsd
IBYX OPHUEHTAIlMIl MHOTOCJONMHBIX YIJIE€POJHBIX HAHOTPYOOK OTHOCHUTEILHO
HamIpaBJeHUsA JEKTPUUYECKOTO TOKa: MapajljieIbHOM W NepHeHAUKYJIIPHOM.
TouHO TaK ’Ke, KOMILIEKCHAA MUAJIEKTPpUUEeCKasa IMIPOHUIAEeMOCTb U 3JIEKTPO-
IIPOBOJHOCTh B MUKPOBOJIHOBOM [AMAaIla3OHe OBLIM KCCJIELOBAHBI IIPU IIapaJi-
JeJIbHON U MePHeHIUKYJISIPHON OPHEeHTAINMAX MHOTOCJIOMHBIX YIJIEPOIHBIX
HAHOTPYOOK B KOMIIOSUTE OTHOCHUTEIBHO BEKTOPA 9JIEKTPUUECKOTO II0JIA MUK-
POBOJIHOBOTO M3JIydYeHUs. VlaMepeHHAsA HA MOCTOSTHHOM TOKE 3JIEKTPOIIPOBOJ-
HOCTE mopAxka 107—107° CM/M 3HAUNTETHLHO OTIMYAETCS OT MUKPOBOJIHOBOMH
BJIeKTPOIPOBOSHOCTH, KOTOpad cocTaBideT mopanka 1072—1071 Cy/M. AHEUBO-
TPOMUA BJIEKTPOIIPOBOAHOCTH M3MeHseTcs oT 18 mo 26 mpu m3MepeHUAX Ha
MOCTOSAHHOM TOKe u oT 1,26 mo 2,04 s MUKPOBOJHOBLIX naMepenuii. Takue
pasiInuusd B aHU30TPONUYU 3JI€KTPOIPOBOAHOCTY MOI'YT OBITh CBSI3aHEI C CYIIle-
CTBEHHBIMU Da3JUUYUAMHU B MeXaHU3MaX dJJIEKTPOTPAHCIIOPTA IPU JefiCTBUU
TIOCTOSHHOTO BJIEKTPUUYECKOTO IIOJI W IEPEMEHHOTO JJIEKTPUYECKOTO II0JIA
MUKPOBOJIHOBOTO U3JIyUYEeHU.

KuaroueBsie cjioBa: yriepoaHbie HAHOTPYOKY, TOJIUMEPHbIe KOMIIO3UTHI, 3JIEK-
TPOIPOBOAHOCTD HA IIOCTOSHHOM TOKE, AaHU30TPOIIUSA, TUIJIEKTPUUECKAA IIPO-
HUIa€MOCTbh, [IOTE€PH Ha IOTJIOIIeHNe.
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1. INTRODUCTION

Polymer materials have been replacing metals for the last half century.
Besides structural applications, polymer composites with conductive
fillers enable a whole new variety of useful and beneficial applications
in electronics, automotive, and aerospace industries [1, 2]. Antistatic
parts and electromagnetic shielding composites are among growing
sectors[3, 4].

Conductive fillers such as carbon black and graphite particles pro-
vide the necessary polymer conductivity at rather high loading. As a
result, the structural properties of the composite are highly degraded.
Multiwalled carbon nanotubes (MWCNTSs) have high conductivity,
high aspect ratio and natural tendency to form bundles; therefore,
MWCNTs are promising in providing inherently long conductive
pathways even at ultralow loadings [5]. One of actual applications of
mentioned materials is efficient electromagnetic shielding at rather
low filler concentration.

The conductivity of such composites and the corresponding percola-
tion threshold depend on the type and the aspect ratio of the filler, the
filler distribution as well as the concentration [6]. Static and kinetic
percolation thresholds in composites with conductive nanosize fillers
are essentially different [7]. For composites with low filler concentra-
tion, the static threshold is much higher than kinetic one due to the
hindered conductive pathway random formation where some fraction
of filler is shared between several orders higher amount of the poly-
mer. In addition, the kinetic percolation threshold is lower due to the
filler particles movement caused by diffusion, shearing, and external
force control. Thus, the composite properties can be different at the
same initial ingredients. In this connection, one can increase the com-
posite conductivity by the filler orientation during the polymerization
process for the formation of the conductive network in the polymer
matrix. Carbon nanotubes as conductive filler with high aspect ratio
are feasible objects for this effect.

Several methods of nanotubes alignment are known: mechanical [8],
magnetic [9], and electric [10] ones. Mechanical alignment often leads
to nanotubes breaking with aspect ratio reduction and percolation
threshold shift towards higher filler concentrations. Magnetic align-
ment requires strong magnetic field for carbon nanotubes because of
their low values of magnetic susceptibility (= 10 emu/g). MWCNTSs as
polymeric pure carbon particles have highly anisotropic physical prop-
erties, especially, electrical. Therefore, composite formation under the
electric field provides the decrease of the percolation threshold as well as
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anisotropic electrical properties of the fabricated material. While the
influence of the viscosity of the medium, the interactions between con-
stituents, and the processing routine are still discussed [11-13], several
researchers consider that an alternating electric field is much more ef-
ficient for the MWCNTSs alignment [10, 14].

2. MATERIAL AND METHODS

Industrial MWCNTSs of 90% purity (Cheap Tubes Inc.) were synthe-
sized by chemical vapour deposition. The MWCNTSs have diameter of
10—-30 nm and length of 10—-30 um, thus the aspect ratio ranges within
300-3000. MGS L285 epoxy resin with H285 hardening agent (weight
mixing ratio 1:0.4) was used in this study. The specified viscosity of
L285 epoxy is 600—-900 mPa-s at 25°C and allows effective electric ori-
entation of MWCNTSs in the epoxy during the curing process. This is
especially true for low filler concentration. However, we did not con-
sider ultralow MWCNTs concentrations (0.1% or less) for the study
because of poor microwave response to the composite with low conduc-
tivity.

MWCNTSs/epoxy mixtures were mechanically stirred and subjected
to ultrasonic homogenization at 40 kHz for 15 min. Then, the proper
quantity of H285 hardening agent was added, and the mixture was
poured to the silicon mould with two copper electrodes. Further com-
posite curing was continued for 1 h under the applied 15 kHz electric
field of 80 kV/m amplitude. After that, the electric field was removed
and the samples were kept at room temperature for full induration.
The composite samples were also exposed to heat treatment at stepped
temperature to finalize the polymerization process.

The electric field applied to MWCNTs-containing viscous medium
induces effective dipoles on the carbon nanotubes because of the differ-
ence between the nanotube and the surrounding medium electrical prop-
erties. MWCNTs networks formation is stipulated by nanotubes rota-
tion and alignment along the electric field direction due to incipient
torque on the nanotube edge [15, 16]. Mutual attraction of contiguous
carbon nanotubes occurs due to the induced dipoles contributing to a
lengthwise contact and the formation of aligned structures [17]. The ac-
tion of AC electric field leads to formation of ranks of nanotube aggre-
gates as it was shown in [18] by in situ optical microscopy investigation.

Other mechanisms of MWCNTs networks formation such as nano-
tube-to-nanotube Coulombic interaction and nanotubes migration to-
wards an electrode are much less essential at low concentration of
nanotubes with aspect ratio of ~10® due to the rapid nanotube rotation
in comparison with characteristic times of above-mentioned mecha-
nisms [13]. AC electric field also minimizes the nanotubes migration
towards an electrode in comparison with DC field. Thus, the MWCNTSs
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network formation is determined by the electric field amplitude and
frequency, the nanotubes’ concentration and aspect ratio, and the vis-
cosity of the composite mixture. The latter increases with the filler
content increase and hampers in fabrication of oriented composites
with high MWCNTs concentration. For concentrations up to several
percent, MGS L285 epoxy is found to be a good experimental polymeric
matrix as low viscous and low toxic laminating resin approved for the
production of certificated aircraft parts.

The cured composite samples have been additionally processed and
polished for further characterization. Cubic shape of 7x7x7 mm?® was
given to the samples for DC conductivity measurements. DC conduc-
tivity was measured by two probes method. This method is enough sen-
sitive to measure low conductivity up to 10™'S at constant ambient
temperature and the standard clipping pressure. The opposite faces of
the composite sample were covered by the conductive silver-containing
paste to provide good electric contact with copper measuring probes.
The conductivity was measured for two orientations of the instrument
current: parallel and perpendicular to the direction of oriented
MWCNTSs network, which coincides with the direction of processing
electric field applied during the composite curing.

The composite samples were also characterized in the microwave
frequency range. Complex permittivity was measured in the range of
26.5—-53.3 GHz using waveguide method [19]. The composite samples
were shaped to fit Ka band (frequency range is 25.8—37.5 GHz; wave-
guide cross-section—7.2x3.4 mm?) and U band (frequency range is
37.5-53.5 GHz; waveguide cross-section—5.2x2.6 mm?) rectangular
hollow waveguides. As the electric field of the dominant waveguide
mode H10 is transversely polarized to the waveguide axis [20], one can
selectively measure the material response to the microwave electric
field orienting the preferential direction in the properly shaped speci-
men parallel or perpendicular to the effective electric field direction.

3. RESULTS AND DISCUSSION

We present experimental results on the DC and microwave conductivity
of MWCNT/epoxy composites with oriented distribution of filler.
Figure 1 shows the dependences of DC conductivity on MWCNTSs
concentration in the composite. The conductivity of cured pure epoxies
is about 107'°S/m with minor variations between samples. For both
MWCNTSs network orientations, the conductivity rises with the con-
centration increase up to 0.4% and recedes at the concentration of 1%.
This indicates much lower percolation threshold for test composites in
comparison with epoxy composites with disordered MWCNTs distribu-
tion [21]. While the measured conductivity o, of composites with per-
pendicular orientation of MWCNTSs network varies between 0.26 and
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Fig. 1. DC conductivity versus MWCNTSs concentration in the composite: 6,,,—
for parallel orientation of MWCNTSs network to the test current, c,,—for
perpendicular orientation of MWCNTSs network.

0.53 uS/m for concentrations 0.2-1.0%, the conductivity o, in the
parallel-oriented direction is found to be between 6.3 and 14.0 uS/m.
Thereafter, the conductivity anisotropy value, calculated as 6.,/ Guer>
reaches 26 (Table 1). Sufficiently large DC conductivity anisotropy
value confirms the primary parallel-oriented distribution of nanotubes
in the volume of the epoxy matrix with inessential nanotube-to-
nanotube interaction in the transverse direction. This can be used for
antistatic-protective parts or conductive-directed paths made of ori-
ented MWCNTs-filled composites with low filler concentration.

The dependences of real part € of composite complex microwave
permittivity on frequency for different MWCNTSs concentration are
shown in Fig. 2. For both parallel and perpendicular orientation of
MWCNTSs with respect to the microwave electric field, the real permit-
tivity increases with the filler concentration increment. The increas-
ing permittivity dependence on frequency for low concentrations
changes into decay function for higher concentrations. The actual val-
ues of € are in the range of 2.45—4.6 for all tested concentrations. The
values of the imaginary part €’ of composite complex microwave per-
mittivity also increase with the increase of CNT content, i.e. the ab-
sorption losses increase in such composites. The actual values of €” are

TABLE 1. DC conductivity anisotropy ©,,,/0,. in oriented MWCNT /epoxy
composites at different concentrations.

MWCNTSs concentration, % Wt.‘ 0.2 ‘ 0.4 ‘ 1.0
Gpar/ Oper 18.4 26.2 24.5
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Fig. 2. Real part € of composite complex microwave permittivity versus fre-
quency for different MWCNTSs orientation to the microwave electric field and
different concentration: 1, 2, 3, 4—perpendicular orientation and concentra-
tions 0, 0.2, 0.4 and 1.0% wt., respectively; 5, 6, 7, 8—parallel orientation
and concentrations 0, 0.2, 0.4 and 1.0% wt., respectively.

in the range of 0.1-1 for tested MWCNTs concentrations.

Figure 3 represents the data on dielectric loss tangent tgd=¢"/ ¢ for
the epoxy composites with aligned MWCNTs. The maximum dielectric
loss tangent of 0.16 for perpendicular MWCNTSs orientation and 0.22
for parallel orientation are measured at 26.5 GHz (the lowest frequen-

8
0.20 1
0.15 B
3
Méﬂ

%)
»
0.10 - 6
0/0\02_——0'——0——_0
0.05 - o %

0.00 ‘" 4onorr—vV—————"—F——+———7—
25 30 35 40 45 50 55

Frequency, GHz

Fig. 3. Dielectric loss tangent tgd of composites versus frequency for different
MWCNTSs orientation to the microwave electric field and different concentra-
tion: 1, 2, 3, 4—perpendicular orientation and concentrations 0, 0.2, 0.4 and
1.0% wt., respectively; 5, 6, 7, 8—parallel orientation and concentrations 0,
0.2,0.4 and 1.0% wt., respectively.
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cy in the test range).

Experimental data on microwave €” in a lossy medium can be trans-
formed into the microwave conductivity o, = 2nfe,e” (Figs. 4, 5). It is
seen that the values of microwave conductivity of tested composites
are higher by 4-5 orders than the correspondent DC conductivities.
This indicates high microwave loss in the material. Simultaneously,
pure epoxy matrix also demonstrates distinct microwave loss due to its
polymeric constituents. However, one does not need low-loss dielectric
matrix for electromagnetic shielding composites. The obtained micro-
wave conductivity values do not characterize the intrinsic microwave
conductivity of nanotubes; it is the index of microwave loss in the mix-
ture of dielectric/polymeric matrix and conductive nanocarbon filler.
The intrinsic microwave conductivity of the filler in the above mixture
could be derived by the effective medium theory [22], but it is still not
developed for particles with high aspect ratio or complex shape.

The anisotropy ©,,, /O, of microwave conductivity of the meas-
ured oriented composites is much lower in comparison with DC meas-
urements and varies between 1.26 and 2.04 for all tested concentra-
tions and microwave frequencies. For instance, 6, /0, at53.3 GHz
varies between 1.34 and 1.75 for MWCNTSs concentration from 0.2 to
1.0% . Pure epoxy manifests weak microwave anisotropy of 1.03; it can
be caused by partial epoxy polymer chains alignment in the preferred
direction under the electric field during the composite curing, or by
nonideal composite mixture preparation.

Significant difference between measured DC and microwave conduc-
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Fig. 4. Microwave conductivity o,, versus frequency for different MWCNTSs
orientation to the microwave electric field and different concentration: 1, 2,
3, 4—perpendicular orientation and concentrations 0, 0.2, 0.4 and 1.0% wt.,
respectively; 5, 6, 7, 8—parallel orientation and concentrations 0, 0.2, 0.4
and 1.0% wt., respectively.
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Fig. 5. Microwave conductivity 6, versus MWCNTs content and orientation
to the microwave electric field at frequency f=31GHz: o, —for parallel
orientation of MWCNTSs network to the test current, o,, , —for perpendicular
orientation of MWCNTSs network.

tivity anisotropies can be attributed to the essential inequality of the
actual electron travel under DC and microwave electric field. As com-
pared with the charge migration in the case of DC measurements, mi-
crowave-alternating voltage generates almost infinitesimal charge
displacement in the neighbourhood of its initial position. The mean
charge displacement s per half-cycle under the microwave electric field
can be estimated as 27V2uE,/(2f), where U is the electron mobility in a
MWCNT, E, is the maximum electric field in the waveguide, and f is
microwave frequency. The maximum electric field in the waveguide is
calculated for dominant waveguide mode H,, at the actual microwave
power of 1 mW in the experiment.

Assuming the electron mobility u=10°cm?/(V-s) [23], the mean
charge displacement per half-cycle was calculated: s=15.5nm at
f=53.3 GHz and s=28.5nm at f=26.5 GHz. Such magnitudes are up-
per estimates because of the used E, as the maximum value in the
cross-section of the waveguide. While the transport in MWCNTSs is
found to be quasi-ballistic with mean free paths <100 nm [24], the
charge displacement in the tested frequency range is smaller than the
mean free path and comparable with the MWCNT diameter. That is
why the derived microwave composite conductivity exceeds considera-
bly the corresponded DC conductivity values even at low MWCNTSs
concentrations. On the other hand, it means that the MWCNT aspect
ratio is less significant as the limitation of possible microwave current
direction in the MWCNTSs network inside the composite. Direct head-
to-head contacts between nanotubes are also not important for micro-
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wave current. However, due to the shape of MWCNT, different orien-
tation of nanotubes with respect to the microwave electric field vector
provides different average volume current density in the composite.
As the maximum current can flow on the element of cylinder in
straight lines, the maximum conductivity and the maximum micro-
wave loss is realized at the parallel orientation of MWCNTs and mi-
crowave electric field.

In this context, one can expect higher values of microwave conductiv-
ity anisotropy in oriented MWCNT /epoxy composites at lower frequen-
cies, smaller nanotube diameters, and higher MWCNTSs concentrations.
The latter presupposes the use of epoxy resins with minimal viscosity
and higher voltage for electric biasing during the composite curing.

Using the measured dielectric parameters of the tested composites,
microwave absorptivity in the composite due to the dielectric loss was
calculated (Fig. 6).

Data in Figure 6 are related to microwave propagation in composite-
filled space nonmetering the impedance mismatch. The difference be-
tween attenuations for 1% wt. composites with parallel and perpen-
dicularly oriented nanotubes varies from 0.38 dB/mm at 26.5 GHz to
0.68 dB/mm at 53.3 GHz. As it was expected, the attenuation increas-
es with MWCNTSs concentration and microwave frequency. The abso-
lute values of the measured attenuation are rather scant to apply the
tested composites immediately as high-performance microwave shield,
but it is conditioned by low filler concentrations used in this investiga-
tion. Increasing the concentration with simultaneous enhancement of
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Fig. 6. Microwave absorptivity versus frequency in the MWCNT/epoxy com-
posite for different MWCNTSs orientation to the microwave electric field and
different concentration: 1, 2, 3, 4—perpendicular orientation and concentra-
tions 0, 0.2, 0.4 and 1.0% wt., respectively; 5, 6, 7, 8—parallel orientation
and concentrations 0, 0.2, 0.4 and 1.0% wt., respectively.
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nanotubes orientation, one can realize drastic microwave attenuation
increase [25] with the expected further improvement of polarization
selectivity in the mentioned attenuation.

4. CONCLUSIONS

MWCNT/epoxy conductive composites were fabricated with oriented
distribution of nanotubes induced by the AC electric field during the
processing. The tested concentrations of 0.2—1.0% wt. were selected to
provide both high degree of nanotubes ordering in the volume of epoxy
composite matrix and considerable conductivity of the composite. This
results in DC conductivity anisotropy as well as microwave conductivi-
ty anisotropy. Microwave conductivity of tested composites is higher
by 4—5 orders than the correspondent DC conductivity. On the contra-
ry, DC conductivity anisotropy is 20 and more times higher than the
correspondent microwave conductivity anisotropy. Such difference
can be attributed to the essential inequality of the actual electron
transport mechanisms under DC and microwave electric fields.
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