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ABSTRACT

In this study the effect of carbon nanotubes (CNT) and graphene
nanoplatelets (GNP) at various weight ratios on the dielectric (dielectric
permittivity, diel ectric loss angle tangent) and microwave (reflection coeffi-
cient, attenuation coefficient, shielding effectiveness) properties of con-
ductive nanocomposites on the basis of natural rubber containing a con-
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stant amount of standard furnace carbon black has been investigated in
the wide frequency range (1-12 GHz). Some additional investigations on
the morphology and microstructure of the graphene particles, carbon
nanotubes and furnace carbon black used have been carried out by trans-
mission electron microscopy (TEM) and selected area electron diffraction

(SAED). © 2012 TradeSciencelnc. - INDIA

INTRODUCTION

Conductive polymer composites can be obtained
by the combination of aninsulating polymer matrix with
eectricaly conductivefillerd* 1%, Amongthese conduc-
tivefillers, carbon-based materid ssuch ascarbon black
(CB)**-131 carbon nanotubes (CNTs)®422 and
graphene nanoplatel ets (GNPs)[22723-2¢  have been
studied extensively. In particular, significant property
enhancementswere reported, when carbon nanofillers

wereincorporatedinto naturd or synthetic e astomerd®”
31, Thereasonfor theinterest in the above mentioned
carbon nanostructuresand their influence can be ex-
plained asfollows. carbonisaversatileelement. Car-
bon atomsare capable of bonding with other atomsin
sp, P, and sp® hybridized structures, generating nu-
merous stable molecules®. Thus, carbon hasanum-
ber of distinct molecular or crystalineformstermed a-
lotropes or polymorphs, which includegraphite, dia-
mond, and themorerecently discovered fullerenesand
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graphenes. It can also be shaped into different mor-
phologies such as spherical, fibrous, and layered
nanos zed materials. Most of these carbon-based ma-
teridsaredectrica conductiveand commercidly avall-
able. Thesemateria shavedifferent aspect ratiosand
specific surfaceareas. Figure 1illustratesthetypical
carbon nanofillerswith different geometries showing
different surface area/volumerelationd®l. Sometheir
specificationsareshownin TABLE 1. Carbon black,
composed of sphericd particleswith diametersfroma
few tensto hundreds of nanometers, has been one of
themost widely used conductivefillersbecause of its
predominant electrical property, low cost, and abun-
dance. However, the low aspect ratio of CB
nanoparticle structureleadsto high percolationinthe
rubber nanocomposites (RNCs), typically ca. 20 wt%
or higher for different rubber matrices®!. Ontheother
hand, CNTsareknownto have high aspect ratio (sev-
eral hundred to thousand), outstanding electrical and
mechanical properties with fibrous structure0-3538,
Also, GnPswithlayered structure have ahigh aspect
ratio together with smilar electrical and mechanical
properties as those of CNTS%"%, These fibrous and
layered carbon nanomateridsarebeing widdly used to
reinforce polymersfor improving electrical properties,
thermal conductivity, and mechanica properties. Itis
obvious, that asCB, CNTs, and GNPs havedifferent
geometries, aspect ratios, and physical properties, their
effects on the polymer nanocomposites properties
should bedifferent. Up to date, there hasfew reports
to compare and anayze the properties of the polymer
nanocompositesderived fromtheir different structures
and propertied®” . Thereisalso dataabout theinflu-
enceof carbon black, especialy carbon black with high
electrical conductivity onéelectrical, dielectric and mi-
crowave properties of elastomeric compositesinthe
frequency rangefrom 1to 12 GHz intheliterature“®
4. Our previous studies“>* werefocused ontheindi-
vidual influenceof CNT and GNP on these properties
inthat frequency range.

Thepriceof CNTsand GNPsistill significantly
higher than standard furnace carbon black. Inthiscon-
text, theaim of thisstudy isto determine whether the
addition of small quantities (1-5 phr) CNT and GNPto
one standard significantly greater amount of activefur-
nace carbon black (50 phr) can be used as away to

modify and control, primarily toimprovethedieectric
(dielectric permittivity, dielectricloss) and microwave
properties (coefficient of reflection, coefficient of at-
tenuation, e ectromagneticinterference shid ding effec-
tiveness) of compositesbased on natural rubber inthe
high frequency range 1-12 GHz. Datafor such acom-
parative study of those combinationsof fillersthat we
mentioned was not found intheliterature. A compara
tivestudy of thereinforcing effect of CNTsand GNPs
in polyamide 12 based compositesispublished by S.
Chatterjeeet all*.

D

Particulate Fibrous
materials materials

Layered
materials

a) b) c)
Figure 1 : Carbon nanofillers with different geometric

characteristics: a) carbon black; b) carbon nanotubes; c)
grapnenenanoplatelets

TABLE 1: Characteristicsof different carbon nanofiller 4%

Specific Diameter

. Density, Length, or Aspect

M aterial 3 . .
g/cm 2 pm  thickness, ratio

m</g am
cB 1,8 100 - 20 1
(furnace)

120-

CNTs 2,1 250 >1 6-20 200
GNPs 2,2 150 <50 <100 500

EXPERIMENTAL

Char acterization of thecarbon nanofiller sused

Multiwalled carbon nanotubes as produced by
Hayzen Engineering Co., Ankara, Turkey wereusedin
our investigation. Thematerid’s purity is more than 95%,
density — 150 kg/m?. Carbon nanotubes arewith aver-
age diameter about 15 nm and length 1-10 microns
(Figure2). The pattern takeninan e ectron diffraction
regime (intheright angle) showsthat they haveapoly-
crystal structuretypical for CNT.

Grapheneas produced by Hayzen Engineering Co.,
Ankara, Turkey wasused in our investigation (Figure
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3). Graphene nanopl atel ets (GNP) have a“platelet”
morphol ogy, meaning they have avery thin but wide
aspect (“sheet”-like structure). Aspect ratios for this
material can rangeinto the thousands. Each particle
consistsof severa sheetsof graphenewith an overall
thickness of 50 nm and average plate diameter 40
microns. The pattern taken in SAED regimeshowsa
considerable number of spot-likereflectionstypical
for single-crystal structures (Figure 3 - intheright
angle).

Figure2: TEM micrographsof CNT in transmission regime
and selected area electron diffraction regime (in theright
angle)

The specific structure features of thecarbon black
used (Corax N 220, produced by Evonik) are shown
inFigure4.

It may be seen that the primary particlesizeof the
carbon black used isabout 20 nm, but their capability
to form secondary aggregates and agglomeratesiscon-
Siderable. SAED indicatesfor absenceof crysta struc-
tures.

Natural rubber (SMR 10) was used as a rubber
matriX inour investigations. Other ingredientssuch as
zinc oxide (ZnO), stearic acid (SA), N-(1,3-
dimethylbuthyl)-N’-phenyl-p-phenylenediamine
(Vulkanox 4020, produced by Lanxess), dibenzothiazyl
disulphide, MBTS (Vulkacit DM, produced by

== Fyl] Paper

Lanxess), and sulphur (S) werecommercia gradesand
used without further purification.

=]
Figure3: TEM micrographsof GNPin transmission regime
and selected area electron diffraction regime (in theright
angle)

Figure4: TEM micrographsof furnacecarbon black Corax
N220 particlestogether with SAED (in theright angle)

Preparation and vulcanization of rubber com-
pounds

TABLE 2 summarizestheformulation characteris-
ticsof therubber compounds (in phr) used for thein-
vedigations.
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TABLE 2: Composition of ther ubber compoundsstudied

NR1 NR2 NR3 NR4

Natural Rubber 100 100 100 100
Foaming agent 8 8 8 8
Stearic acid 1 1 1 1
ZnO 4 4 4 4
Processing oil 10 10 10 10
Carbon black N220 50 50 50 50
CNT/ GNP 0 1 3 5
MBTS 2 2 2 2
TMTD 1 1 1 1
IPPD 4020 1 1 1 1
Sulphur 2 2 2 2

Therubber compoundswere prepared on an open
two-roll laboratory mill (L/D 3205360 andfriction 1.27)
by incorporating pre-characterized CB, CNTs and
GNPsintoanatural rubber matrix at various|oadings
(TABLE 2). The speed of thed ow roll was 25 min™.
The experimentswererepeated for verifyingthe statis-
tica significance. Theready compoundsintheform of
sheetsstayed 24 hoursprior to their vul canization.

Theoptimal vul canization timewasdetermined by
thevul canizationisotherms, taken on an oscillating disc
vulcameter MDR 2000 (AlphaTechnologies) at 150°C
according to 1SO 3417:2002.

These compositeswereevaluated for their dielec-
tric (dielectric permittivity, did ectriclossangletangent)
and microwave (refl ection coefficient, attenuation co-
efficient, shielding effectiveness) propertiesinthe 1-12
GHz frequency range.

MEASUREMENTS

Microwaveproperties
Reflection and attenuation

M easurements of reflection and attenuation were
carried out using themeasurement of output (adopted)
power P, inthe output of a measuring line without
losses, where sampl es of materials may be included.
Because of thewidefrequency measurement acoaxial
linewas used. Samples of the materia swere shaped
into discswith an externa diameter D=20.6mm, equal
to the outer diameter of the coaxial lineand thickness
of A~2mm. Theinterna diameter depended on the

rel ativedidectric permittivity of thematerid.
The samplereflected apart of theincident e ectro-

magnetic wavewith power P, . Therest of thewave

with power P, penetrated the material, so that the at-

tenuation L depended onthecoefficient of reflection
IC|. Itsmodulewas determined by areflect meter.
Thusthe attenuation was determined by

- Pa
where
P, = Pp.(1-|T%) @

Thefollowing scheme presentsthe equipment used for
testing both parameters (Figure 5)

Figure5: Schemeof the equipment for measuring the mi-
crowaveproperties

1 - aset of generatorsfor thewholerange:
HP686A and G4 - 79to 82;
2 - Coaxia section of the deck E2M Orion, with
samplesof materid;
3 - Power meter HP432A;
4 - Scalar reflectance meter HP416A;
R - Reflect meter, indluding:
- two directiona couplersNarda4222.16
- two crystal detectors Narda4503-N.

Shielding effectiveness(S. E.)

This parameter isdefined asthe sum of there-
flection losses R, dB and attenuation L, dB in the
material. It can be directly measured or calculated
from the measured refl ectance and attenuationin the
material. In the first case, as measured: incident
power on the sample P, and adopted after the
sampleP_ (Figure 1), S.E. isdetermined by

P
S.E.=1OIogP—0,dB ©)
a

Inthe second, if known reflection and absorptionin
thematerial, S.E. isdetermined, by adefinition, as
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SE.=R,dB+L,dB (4)
whereR, dB is the attenuation due to the reflection of
power at theinterfaces.

Inthepresent work the shiel ding effectivenesswas
determined by equation (4).

Dielectricproperties
Complex permittivity

Thedetermination of complex permittivity wascar-
ried out by the resonance method, based on the cavity
perturbation technique.

Having measured the resonance frequency of the
empty cavity resonator f, ameasurement of theshiftin
resonance frequency f, was carried out in the pres-
ence of the sample materia. Thenthedielectric con-
sant ¢, wascalculated fromthe shiftin resonancefre-
guency, cavity and the sample cross sections s, and

S, , respectively
s, f —f
o =1+§.f—8 (5)

Thesamplewasintheform of adiscwith adiameter of
10 mm and about 2 mm thickness. It was placed at the
maximum el ectricfield location of thecavity. Because
thethickness of the samplewas not equal to the height
of theresonator, adielectric occurred with an equiva

lent permittivity £, & theplaceof itsinclusion. The pa-

rameter was determined by (5) and instead be saved.
Then wasdetermined by

e ~e(k+1)—k, (A<<l) (6)
wherek=1/A and| isthedistancefrom thediscto the
top of theresonator.

Lossfactor tan &

Thelossfactor tan 6 wascalculated from the qual -
ity factor of the cavity with Q_andwithout sample Q.

1s(1 1

ws- 335 ) Y
The measurement setup used severa cavity resonators
for thewholerange, generatorsfor thewholerange,
frequency meter and oscill oscope.

Thefollowing scheme presentsthe set used for mea-
suring the diel ectric properties (Figure6):
1 - Generatorsforthewholerange: HP686A and G4 -

> i) Poper
v
1 : = 8

| i

Figure 6 : Scheme of the equipment for measuring the
dielectricproperties
7910 82,
2 - Frequency meters: H 532A; FS— 54;
3 - Cavity resonator;
4 - Sample;
5 - Oscilloscope EO 213.

RESULTSAND DISCUSSION

Didlectricproperties
Complexrelativedidectric permittivity. Real part

The dependences of thereal part of complex di-
electric permittivity (theso-caled relativedie ectric per-
mittivity e ) onthefrequency and amount of thesecond
filler areshownin Figures 7-8. Thefigure showsthat
therearecommon trendsin these dependences, namdly:
- withtheincrease of frequency and amount of the

7

6.5
6 L
¥
55
5 / F —+—n=0
= anru & =1
4.5 =
4 , » —4—n=3
P -1 —%—n=5
35 = = i :
3 S
25 L |
2 4 6 8 10 12 14

f, GHz
Figure 7 : Frequency dependence of relative dielectric
per mittivity ¢, at constant fir st filler amount (CB-50 phr)
and varioussecond filler amount (n-phr of car bon nanotubes)

secondfiller (CNT or GNP) at constant amount of
carbon black (50 phr), the values of relative di-
electric permittivity increase.

- vaiationishardly observedintherange 1-7 GHz
in both typesof compaositesdepending on frequency
whereas in the range 7-12 GHz there is a
variation,with thecompositescontaining CNT the
influencethefrequency and amount of the second
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filler issgnificantly more pronounced comparedto
compositescontai ning GNP, whose dependencies
remain grouped. It isnoteworthy, that the overall
vauesof thecompositescontaining CNT (between
3.2 and 6.5) are much higher than those of com-
posites containing GNP (between 3.2 and 3.8).

The polarization mechanism operatinginthegiga:

4 -
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Figure 8 : Frequency dependence of relative dielectric
permittivity ¢, at constant first filler amount (CB-50 phr)
and various second filler amount (n-phr of graphene
nanoplatelets)

hertz frequency ispurdy dectronic or orientationd with
relaxation timessmadler than thetime period of theap-
plieddgnds. Interfacid polarization, whichisthebasic
reason for thedispersionindiel ectric permittivity at ra-
diofrequency (RF) regime, hasnoroleto play inmi-
crowavefrequenciesasit doesnot produce dispersion
ine becauseof itsmuch smaller relaxationtime. But e,
wasfound to increase with theincrease of phr of car-
bon nanotubes and graphene nanoplatd etsinthe com-
positeasitisevident from Figures 7 and 8. Thisphe-
nomenon of increasein didectric permittivity with the
increasein second filler concentration can beattributed
to theenhancement of dectrical conductivity of thecom-
posites, but the differences can beattributed first of al
tothedifferencesin theres stivity/conductivity and the
structurefeaturesof CNT and GNP,

Complexrdativedidectric permittivity. Imaginary
part (Dielectricloss)

Thedependenciesof theimaginary part of thecom-
plex dielectric permittivity (dielectriclosses) on the
amount of the second filler and the frequency at con-
stant amount of thefirst filler are shownin Figures9-
10. It can be seen from the figures that with the in-
crease of frequency, the diel ectric losses decrease, but
by increasing theamount of the secondfiller thelosses

Increase.
Overall, the values of the composites containing
10 -

9

8 :: u
o T =1
= i\ [ - —e—n=0
=5 ] ﬁ%;i“ . & n=1
g 4 3 _;:;_::_0 —&—n=3
B e A A —¢n=5

2

1

0 1

2 4 6 8 10 12 14

. GHz
Figure9: Frequency dependenceof dielectriclossat constant
first filler amount (50 phr) and varioussecond filler amount
(n-phr of carbon nanctubes)
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10"3x tan &
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Figure 10 : Frequency dependence of dielectric loss at
congant fir<t filler amount (50 phr) and varioussecond filler
amount (n-phr of graphenenanoplatelets)

CNT arelower (3.102 - 9.10?) than those of compos-
itescontaining GNP (1.7.103- 13.10°). Thereare, how-
ever, somedifferencesinthenatureof variation of these
dependences— with composites containing CNT the
decrease of di€l ectriclossesissmooth throughout the
entirefrequency range studied and theinfluence of the
amount of filler isnot so pronounced.

Microwaveproperties

Coefficient of reflection

The dependenciesof the coefficients of reflection
of eectromagneticwaves on thefrequency and amount
of thesecondfiller areshownin Figures11-12.

It can be seen from the graphs that with the in-
crease of frequency and amount of thesecondfiller, the
reflection coefficientsa so increase. Thenatureof this
increase, however, isdifferent. With composites con-
taining CNTSs, theinfluence of theamount of the second
filler isstronger whereastheinfluence of frequency -
less strong compared to composites containing GNP,
wheretheeffectsareexactly theopposte. Thus, at lower
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frequencies, compositeswith carbon nanotubes have
higher coefficientsof reflection, but at higher frequen-
cies - lower than the composites containing equal
amountsof GNPa congtant amount of the secondfiller.
Thehighest values of the coefficientsof reflection for
compositescontaining CNT areabout 0.7, whilethose
of composites containing GNP - about 0.8.
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Figure11: Frequency dependenceof coefficientsof reflection
at constant first filler amount (50 phr) and varioussecond
filler amount (n-phr of carbon nanotubes)
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Figure12: Frequency dependenceof coefficientsof reflection
at constant first filler amount (50 phr) and varioussecond
filler amount (n-phr of graphenenanoplatelets)

Attenuation coefficient

The dependencies of the coefficients of attenua-
tion ontheamount of the second filler and frequency
areshowninFigures 13-14.

It isobviousthat with theincrease of the amount
of the second filler and frequency the coefficients of
attenuation also increase. Composites containing
CNTs, have significantly higher attenuation than com-
posites contai ning GNP under the same other condi-
tions. Thisisparticul arly obviouswhen the amount of
thesecondfillerishigher (e.g. at 5 phr, theattenuation
coefficient of compositescontaining GNPiswithin 22-
39 dB/cm, depending on the frequency, and for com-
posites containing CNTs—it is in the range of 42-54

—== Pyl Paper
dB/cm). With thelast type of compositesall the ef-

fectsare more pronounced.
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Figure 13 : Frequency dependence of coefficients of
attenuation at constant first filler amount (50 phr) and
varioussecond filler amount (n-phr of carbon nanotubes)
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Figure 14 : Frequency dependence of coefficients of
attenuation at constant first filler amount (50 phr) and
various second filler amount (n-phr of graphene nano-
platelets)

Shielding effectiveness

The dependenciesof the shielding effectivenesson
theamount of the second filler and the frequency are
showninFigures15-16. Thedecreaseinthevalues of
this characteristic depending on frequency isquite ob-
vioussincethe growth of the coefficients of attenuation
isapparently not high enough to make up for thein-
creasein refl ection coefficients. Thesetwo coefficients
accordingto equation (4) arecrucial totheformation
of thevaueof theshielding effectiveness.

In most cases, with composites containing
nanotubes, thisparameter has better valuesthan with
composites containing graphenestructures, mainly due
tothelower reflection and higher attenuation of thefird,
especialy at higher frequencies. The composite con-
taining 5 phr CNTsischaracterized with the best val -
uesof thisparameter whichremainwithinthe11-12 dB
for theentirefrequency range studied.

Inrdationtotheinvestigation of theinfluenceof the
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secondfiller (CNTsor GNP) onthedielectric and mi-
crowave properties of composites containing 50 phr
standard furnace carbon black, thefollowing further
explanation of the above experimental resultscan be
added: the observed differencesare mostly dueto dif-
ferencesinthe geometry and microstructureof CNT
and GNP, aswell asto differencesin their electrical
conductivity, whichleadsto different percolationthresh-
old of thestudied composites. It wasfound out that the
percolation threshold for compositesfilled withthein-
vestigated fillers, but individually and not in combina-
tion, isat 3, 12 and 15 phr respectively for CNTs, GNPs
and CB™, Itispossiblebecause CNTshavefiber-like
geometry giving lower percolationthreshold than GNPs,
having sheet-like geometry. According to Bal berg®! the
averageinterparticledistance can bedifferentin the
carbon nanafillerswith different aspect ratios. Themore
spherica-likestructure, thelarger theinterparticledis-
tancewill beformed. For theel ongated particles, their
compositeshaveavery narrow distribution of thedis-
tances dueto the entangled particles structures*! and
thevolumerestivity of thecompodtesdecreasesmono-
tonically withincreasing the aspect ratio. Theinterpar-
ticledistance, compositesmicrostructure and thevol-
umeresistivity have astrong influence on the micro-
wave properties*®, Asfrom TABLE 1, theCNTsand
GNPs have much higher aspect ratio than that of the
CB nanoparticles. Thedifferencesinthestep-likein-
crease of thedid ectric permittivity of the composites,
containing CNTsand GNPstoward highfrequenciesis
induced by thedifferencesin their dielectricrelaxation
which suggeststhat the established percol ation network
structureisnot stable and easily affected by the exter-
nal frequency disturbances. The effectsof composites
containing CNTsare more pronounced than those con-
taining GNPs, respectively, theimprovement of the
propertiesof thefirst isbetter pronounced. S. Chétterjee
et d* cameto asimilar conclusion comparingthein-
fluence of CNTsand GNPson themechanical and elec-
trical propertiesof compositesbased on polyamide 12.
Theauthors ascribethe observed effectsto the better
dispersion and distribution of CNTsin the polymer
matrix. However, our investigation using TEM did not
ascertain such differences (probably dueto the signifi-
cant amount of carbon black inthe composites), which
makes us believethat the effectswe observed aredue

to differencesin geometry, microstructureand the prop-
ertiesof CNTsand GNPsand therelated differences
inthe structure and characteristics of the composites
themselves.

16

12 —&—n=1
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/
T

0 2 4 6 8 10 12 14
f,GHz

Figure 15 : Frequency dependence of electromagnetic
interference shielding effectiveness at constant first filler
amount (50 phr) and various second filler amount (n-phr of
car bon nanotubes)
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Figure 16 : Frequency dependence of electromagnetic
interference shielding effectiveness at constant fir st filler
amount (50 phr) and various second filler amount (n-phr of
graphenenanoplatelets)

CONCLUSIONS

1. Theinfluenceof CNTsand GNPsonthedidectric
and microwave properties of the compositeson the
basi sof naturd rubber containingacongtant amount
of standard furnace carbon black has been stud-
ied.

2. It hasbeenfound out that adding CNTsand GNPs
insmall quantitiesto thefurnace carbon black has
the effect of modifying the propertiesof thecom-
positesandin most casesimprovement isobserved.

3. It hasbeenfound out that CNTsand GNPsinflu-
ence quantitatively theinvestigated propertiesin
different waysand the effectson CNTsaremore
pronounced.

4. Theobserved differencesaredue mainly to differ-
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encesingeometry and microstructure of CNTsand
GNPs(fiber-likeand sheet-like, respectively), as
well asto thedifferencesintheir electric proper-
ties.

5. Adding small amounts (1-5 phr) of CNTs and
GNPsto astandard constant amount of activefur-
nace carbon black can be used asaway to modify
and control, primarily toimprovethedidectric (di-
electric permittivity, diel ectricloss) and microwave
properties (coefficient of reflection, coefficient of
attenuation, e ectromagneticinterferenceshielding
effectiveness) of compositesbased on natura rub-
ber inthe high frequency range 1-12 GHz.
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