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EPOXY COMPOSITES WITH CARBON NANOTUBES
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Summary

In the work viscosity, curing process of epoxy resins, electrical conductivity and mechanical strength of
epoxy composites with carbon nanotubes were investigated. As a component was used Epidian 6
epoxy resin cured with 1-buthylimidazole by anionic polymerization. Compositions with nanofillers
were prepared by sonification of multiwall carbon nanotubes (BAYTUBES 150 P and BAYTUBES 150
HP) in epoxy resin without any solvent. The morphology of prepared nanocomposites was examined by
using SEM. Scanning electron microscopy confirms good dispersion of CNTs, but the presence of
agglomerates is also identified. Viscosity of compositions with two kind of carbon nanotubes was
established by means of ARES rheometer. Curing process with ARES rheometer and DSC was
investigated. Bending strengths and electrical conductivity were performed on composites made of an
epoxy resin loaded with 0.1, 0.2, 0.5, 1 and 2 wt.% both types of MWNTs. The incorporation of
MWCNT to epoxy resin results in a sharp insulator-to- conductor transition with a percolation threshold
(@) as low as 0.5 wt.% for Baytubes 150 HP and 1.0 wt.% for Baytubes 150 P. An electrical
conductivity of 10" S/cm was achieved for 0.5 wt. % of MWCNT 150 HP. The low percolation
threshold for each MWCNTSs and relatively high electrical conductivity are attributed to the high aspect
ratio, large surface area and uniform dispersion of the carbon nanotubes in epoxy matrix.

Keywords: epoxy resin, multiwall carbon nanotubes, morphology, curing process, electrical
conductivity, bending strength

Kompozycje epoksydowe z nanorurkami weglowymi

Streszczenie

W pracy ustalono wiasciwosci mechaniczne, przewodnictwo elektryczne, lepkos¢ oraz proces
sieciowania kompozycji epoksydowych z nanorurkami weglowymi. Stosowano zywice epoksydowa
Epidian 6 sieciowana 1-butylimidazolem zgodnie z mechanizmem polimeryzacji anionowe;j.
Kompozycje z nanonapetniaczami przygotowano poprzez sonikacje wielosciennych nanorurek
weglowych (BAYTUBES 150 P oraz BAYTUBES 150 HP) w zywicy epoksydowej bez uzycia
rozpuszczalnika. Strukturg wytworzonych nanokompozytéw okreslono metodami skaningowej
mikroskopii elektronowej (SEM). Nanokompozyty cechuje duza dyspersja CNT z nielicznymi
aglomeratami. Okreslono wplyw zawartosci nanorurek na lepkos¢ kompozycji. Kinetykg procesu
sieciowania ustalono metoda réznicowa kolorymetrii skaningowej (DSC) oraz reometrii, przy
zastosowaniu aparatu ARES. Wytrzymato$¢ na zginanie oraz przewodnictwo elektryczne okreslono dla
kompozycji epoksyd/MWCNT o zawartosci nanorurek 0.1, 0.2, 0.5, 1 oraz 2% mas. dla obu typéw
nanorurek weglowych. Wprowadzenie nanorurek weglowych do zywicy epoksydowej powoduje nagte
przejscie od izolatora do przewodnika z progiem perkolacji (®.) wynoszacym 0.5% mas. dla Baytubes
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150 HP oraz 1.0% mas. dla Baytubes 150 P. Przewodnictwo elektryczne 10* S/cm uzyskano przy
zawarto$ci 0.5% mas. nanorurek MWCNT 150 HP. Mata wartos¢ perkolacji dla obu uzytych typéw
nanorurek weglowych oraz dobre przewodnictwo elektryczne sa spowodowane duza wartoscia
wspdtczynnika ksztattu, duza powierzchnia whasciwa oraz jednolita dyspersja nanorurek weglowych
w zywicy epoksydowe;j.

Stowa kluczowe: zywice epoksydowe, wieloscienne nanorurki weglowe, morfologia, proces
sieciowania, przewodnictwo elektryczne, wytrzymato$¢ na zginanie

1. Introduction

The discovery of carbon nanotubes (CNTs) [1] hakb tke their use in
development of the next generation of composite e with unique
properties. The interest was mostly focused on ithprovement of the
mechanical, thermal and electrical properties [26poth thermoplastic and
thermoset polymers. Multi-wall carbon nanotubes (MIMI) show unique
electrical and chemical properties [7-11], and bseeof the combination of low
density, nanometerscale diameter, high aspect, ratid more importantly,
unique physical properties such as extremely higichanical strength and
modulus [12-16], MWCNTs have emerged as potengahforcing filler in
polymer composites with excellent performance andltifanction [17-21]
which led to a variety of applications: energy at® and energy conversion
devices, sensors, field emission displays, radiasources, hydrogen media,
nanometer-sized semi-conductor devices, probesrcminects, coatings,
encapsulates, structural materials, and other221.7©ne of the most intriguing
applications of CNTs is the polymer/CNTs composis24].

Epoxy resin is a cross-linked polymer widely usedhanatrix for advanced
composites given its good stiffness, specific gitlendimensional stability and
chemical resistance. The main drawback of epoxyinrder structural
applications may be its inherent brittleness. Tiaewveral research works have
recently been devoted to reinforcement of epoxyrigeg with CNTs [25-29].

Nanocomposites are defined as composites, wherafotiee components
has at least one dimension in nanometer. The mogtl@ nanofillers are
nanosilicas, montmorylonites, fullerenes, and carbhanotubes. The rationale
behind using nandfillers is to improve mechanitatrmal, electrical properties
of nanomaterials . Nanocomposites can be obtamedree different ways: (i)
by in situ method, where they are used to obtain thermosetngposites; (ii)
be means of a solvent; in this case nanofillerigpatsed in a solvent and later
mixed with monomer; (iii) by dispersing directly ipolymer matrix (for
thermoplastic polymers) [30-34]. The research papkascribes epoxy
compositions with imidazole as curing agent (ardomiitiator) and carbon
nanotubes as nanofillers. The modifications of gpoasin with nanofiller,
especially with carbon nanotubes ought to imprdverhechanical strength and
electrical conductivity of composites.
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2. Experimental section

2.1. Materials

The epoxy resin Epidian 6 the product of Chemicabrk¥ (“Organika
Sarzyna” in Nowa Sarzyna) and as a curing agent tiebuthylimidazole
(Sigma-Aldrich) were used. Their chemical strucsusee shown in Fig. 1, where
for epoxy resin the n-parameter value is 0+0.1. VMW¢CNTs were purchased
from Bayer Material Science and used as received. MWCNTs BAYTUBES
C 150 P were produced in a high-yield catalyticcpss based on chemical
vapor deposition with an outer mean diameter ofl@3am and inner mean
diameter of 4nm and approximatelyr length. The MWCNTs BAYTUBES C
150 HP were synthesized the same as MWCNT C 158iiy \CCVD. The
purity of as-received MWCNT P 150 was greater t8a% and the purity of as-
received MWCNT HP 150 was greater than 99%. Multiwarbon nanotubes
(P and HP) obtained by Catalytic Chemical Vapoupd@ion (CCVD) were
introduced to epoxy resin
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Fig. 1. Chemical structure of (A) Epidian 6 and (Byythylimidazole

2.2. Preparation ofnanocomposites

Carbon nanotubes (BAYTUBES C 150 P and BAYTUBESSD HP) in
the amount of 0.1, 0.2, 0.5, 1.0 and 2,0 wt.% usSamificator UP 200S,
Hielscher GmbH (dispersion time 2 hours, amplitd@eaum, frequency 50 Hz)
in epoxy resin were dispersed.

Epoxy compositions were hardened in 120°C for Z2$ou
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2.3. Methods of characterization

The curing process of the epoxy composition wasattearized by using
a differential scanning calorimeter DSC Q-100 by Th&truments (USA), at
a heating rate of 10°C/min in the temperature ravfg@-300°C and an ARES
Rheometer (from Rheometrics Scientific) at a hegatate of 10°C/min in the
temperature range of 30-300°C, in 40 mm parallateptonfiguration with a gap
of 1 mm.

The electrical conductivity of the MWOCNT/Epoxy coogites was
evaluated by means of a dielectric analyzer (Nombob Germany) in the
frequency range of I8-1C° Hz. The specimens used for the conductivity
measurement were gold-sputtered to minimize théacbnesistance between the
composites and the electrodes.

Bending strengths were measured in accordanceapiiiopriate standards
by means of Instron 4026 testing machine from émstCorporation (speed rate
of 1 mm/min.)

The structure of nanoparticles and nanocompositese wobserved by
scanning electron microscopy (SEM) of Company JEXSM 6100 SEM. The
samples were cryofractured in liquid nitrogen, dhdn vacuum coated with
a thin gold film before being analyzed using SEM.

The rheological experiments were conducted on ag&Rheometer using
a parallel plate geometry, a gap of 1 mm and frequef 1 Hz.

2.4. Results and discussion

The effects of carbon nanotubes on rheological raadhanical properties
and electrical conductivity of epoxy resin, crosgéd by anionic
polymerization was investigated. Previously, namggosites cross-linked with
amines or acid anhydrides, formed an uniform netwbiave been studied.
Anionic crosslinking occurs according to the difiet mechanism. Therefore, it
was interesting to determine the effect of nanatube the structure and
properties of the resin. We proposed a schematibeofjeneral curing reaction
for the anionic polymerization of epoxide groupsthwil — substituted
imidazoles, such as 1-buthylimidazole, in whichtiaming species was 1:1
adduct (produced via the attack of the pyridinestyjitrogen) as illustrated in
Fig. 2.

The prepared nanocomposites of Epidian 6/P andi&p@®/HP contained
respectively 0.1, 0.2, 0.5, 1.0 and 2.0 mas. %nuitiwall carbon nanotubes by
means of Baytubes 150 P and Baytubes 150 HP (Fiddglitionally, in order
to compare, unmodified epoxy resin, obtained in theme way as
nanocomposites are characterized. It is not passibl break up all the
entanglements of the supplied catalytically-grovanbon nanotube material by
the dispersion process used (Fig. 4c), althouglexpesure to ultrasound of the
resin leads to a dramatic improvement in the dsperof the nanotubes in the
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epoxy. Scanning electron microscopy of 2.0 mas. WNW-HP nanocomposite
revealed that thin MWNT bundles were dispersed amnify throughout the
whole polymer matrix (Fig. 5¢). The inset of Figa Shows fine features of
MWNT bundles at high magnification.
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Fig. 2. Reaction mechanisms for polymerization pssa& epoxy groups using 1-buthylimidazole
as anionic initiator

SU70-ZUT 20.0kV 5.8mm x80.0k SE(U)

Fig. 3. SEM image of MWCNTs: a) BAYTUBES C 150 HP, ABTUBES 150 P as received
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Fig. 4. Scanning electron microscopy (SEM) of Eaidé/HP CNTs nanocomposites
with MWCNTSs content of: a) 0.2 mas. %, b) 0.5 mascy2 mas. %
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Fig. 5. Scanning electron microscopy (SEM) of Eqidé/P CNTs nanocomposites with
MWCNTSs content of: a) 0.2 mas. %, b) 0.5 mas. %, gjas. %

The epoxy composites filled with the well disper€eNTs exhibit non-
Newtonian behavior, close to the power law fluidart ones with the well
dispersed CNTs and the viscosity of the former ispee increases more rapidly
with increase in the CNT loading. As the filler dthag increases, interaction
between the CNTs and the polymer resin becomesrlauge to the high aspect
ratio of the CNTSs.

Viscosity of epoxy composition increases with theager content of carbon
nanotubes. The highest change can be observeddfandl 2.0 mas. % contents
of nanofiller. Introduction of higher-purity carbonanotubes (HP) more
influence the viscosity of epoxy compositions timamofiller type P. In Table 1
viscosity of epoxy compositions with carbon nanewibs presented. The
viscosity changes depending on the temperaturengluhie curing process of
epoxy compositions were also observed (Fig. 6 and 7

Table 1. Viscosity of epoxy composition with diféet contents of carbon nanotubes

Viscosity, Pa-s

Carbon nanotubes Content of nanofillers, mas. %
0 0.1 0.2 0.5 1.0 2.0
18.04+ 19.57+ 21.59+ 24.22+ 31.48+ 48.02+
BAYTUBES 150 P 0.28 0.32 0.32 0.33 0.47 0.74
18.04+ 21.84+ 23.96+ 29.95+ 37.60+ 51.39+
BAYTUBES 150 CHR "558 | 028 0.37 0.57 0.57 4.24

The dependence of viscosity on the temperaturengubie curing process
of epoxy compositions with nanotubes (irrespectif/éller type) can be divided
into several ranges: (i) from 40°C to about 100°@ich, depending on the
content of nanotubes there are observed more ®wisible changes in viscosity
initially by a slight decrease in viscosity, themetincrease and subsequent
reduction in viscosity of the mixture — describdiheges have not yet been
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Fig. 6. Curing process of epoxy composition witffeslent contents
of carbon nanotubes BAYTUBES 150 P
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Fig. 7. Curing process of epoxy composition witffedlent contents
of carbon nanotubes BAYTUBES 150 C HP

observed during the curing of epoxy resins withafiflers, fillers or unmodified

compositions; (if) 100°C to 125°C followed by a higcrease in viscosity due
to the crosslinking process; (iii) the range of 18330°C, which is observed
a slight increase in viscosity is observed; (iviga from 230 to 300° C, in
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which the viscosity of the material decreases. #bl& 2 the results of DSC
investigations are presented.

Table 2. Results of DSC tests for epoxy compositidh earbon nanotubes

Content of nanotubes, Temperature T, °C Enthalpy, J/g
mas. % CNT P CNT HP CNT P CNT HP

0 120.4 302.0

0.1 120.1 120.7 206.7 245.3
0.2 115.5 120.5 422.0 230.0
0.5 118.0 120.9 255.5 309.8
1.0 120.1 122.9 249.2 211.6
2.0 118.5 121.7 330.3 338.1

In the case of the composition with the lower purianotubes a peak
temperature ;) — the temperature at which the maximum energgffiect is
observed during curing process of epoxy compogtiare similar and are in
a range from 115 to 120°C. Enthalpy values of diridgag process are in the
range from about 200 to 420 J/g, while the highvadtie of this parameter is
observed for the composition of 0.1 mas. % conténanotube type P.

In the case of the composition with the nanotuliegenater purity, enthalpy
values of crosslinking process are in the rangenfedout 210 to 340 J/g, in
contrast to the values obtained for mixtures witbveer purity nanotubes, when
major differences are not observed. Similar trecats be seen for temperatures
of maximum exothermic effect, which are in the rfigm about 120 to 122°C.
The values of this parameter increase with incnggsontent of nanofiller.

Incorporation of nanotubes into epoxy resins canemt@lly provide
structural materials with dramatically increaseddomlas and strength. The
critical challenges lie in uniformly dispersing mémbes, achieving nanotube-
matrix adhesion that provides effective stresssfiem and avoiding intratube
sliding between concentric tubes within MWNTSs.

The well dispersed CNTs are more efficient thanabgregated CNTs in
the transferring applied load. Enhancement of meichaproperties is a general
tendency for nanocomposites, because the nanoalatext as reinforcement
and the degree of reinforcement is dependent ondibpersion state of
nanomaterials. Bending strengths of nanocompoaitesyenerally higher than
this value obtained for hardened epoxy materiateowit nanofilles. There exists
a definite optimum of carbon nanotubes contentyhich there can be observed
maximum bending strength (for the content of 0.5.n% of nanofiller). The
deterioration of mechanical properties at the hsghmncentrations (1.0 and
2.0 mas. %) of nanotubes may be due to the cowtitemaof forming polymer
chains during anionic polymerization. Addition ofrbon nanotubes causes
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changes in intermolecular interaction mechanismodsmechanical properties
of nanocomposites are caused by cohesion forcegebrtchains in polymer
matrix. Furthermore, all impurities in carbon narms (Baytubes 150P) cause
even greater disturbances in creating polymer métw@omposites with purer
carbon nanotubes BAYTUBES 150 HP were charactebigduigher mechanical
strength than epoxy materials with BAYTUBES 150rPTables 3-5 the results
of bending strengths for epoxy composites with eanbanotubes are presented.

Table 3. Bending strength of epoxy composites wéitban nanotubes

Content of nanotubes, Bending strength, MPa
mas. % BAYTUBES 150 P | BAYTUBES 150 C HP
0 50.35+8.74
0.1 53.34+£8.74 58.02 + 13.78
0.2 56.00 £ 9.80 67.04 £ 9.57
0.5 54.26 £4.32 67.69 £11.60
1.0 56.27 £6.52 68.16 £5.21
2.0 56.00 +7.29 63.52+£1.31

Table 4. Modulus of elasticity for epoxy compositgth carbon nanotubes

Content of nanotubes, Modulus of elasticity, MPa
mas. % BAYTUBES 150 P | BAYTUBES 150 C HP
0 2952 +119
0.1 2600 +171 2779 £ 149
0.2 2677 + 406 2733 £ 272
0.5 2498 + 244 2997 + 298
1.0 2140 + 53 2651+ 78
2.0 2375 + 177 2286 + 244

The analysis of modulus of elasticity demonstratest the composite
obtained from Epidian 6 epoxy resin was charactdriby the highest value
modulus of elasticity. Nanocomposites proved toehmsignificantly smaller
modulus of elasticity than epoxy materials withamatnofiller. The values of
these parameters were higher for composites witerpBAYTUBES 150 HP
carbon nanotubes than with second nanofiller (BABBES 150 P). In the case
of filled composites there can be observed the mari value for 0.5 mas. % of
nanofillers for two kinds of carbon nanotubes.

Deflection of nanocomposites is generally bettesntrepoxy materials
obtained from Epidian 6. The highest values of ffasameter have materials
with the content of 0.1 and 0.2 mas. % carbon ndoest regardless of the type
of nanofillers used.
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Table 5. Deflection of epoxy composites with carbbpanotubes

Content of nanotubes, Deflection, mm
mas. % BAYTUBES 150 P | BAYTUBES 150 C HP

0 2.19+0.37

0.1 2.48 +0.37 2.55 +0.49
0.2 2.52+0.17 3.36 £0.25
0.5 2.82+0.46 2.58 +0.40
1.0 1.87 £0.34 2.97 £0.37
2.0 2.70 +0.53 2.75+0.54

Carbon nanotubes are very attractive due to tled@rpial in the increase of
the electrical conductivity of insulating polymeatsthe very low concentration.
In general, the electrical conductivity of a madershould follow a law:
o(F) =a4.+ A - F where the presence of a frequency independent aoamp,
O4., IS Ccharacteristic of a conducting behavior witkignificant direct current
(dc) conductivity. Epoxy composites with purer MWTKHP 150) higher than
0.2 mas. % exhibit an absence of frequency depeedadicating the presence
of a gy contribution significantly higher than that of tpelymer matrix. While
MWCNT 150 P/Epoxy nanocomposites exhibit the insuko-conductor
transition with nanofillers concentration of 1.03n&b (Table 6).

Table 6. Electrical conductivity of epoxy compositeith carbon nanotubes

Electrical conductivity, S/cm
Nanotubes Content of nanofillers, mas. %
0 0.1 0.2 0.5 1.0 2.0
BAYTUBES 150 P 10¢ 10% 10% 10" 10° 10?2
BAYTUBES 150 C HP| 10% 10% 10% 107 10° 102

The fitting of the percolation equation to the exmental data could be
only prepared for nanocompoistes with Baytubes HB) where three points
above percolation threshold were obtained. Thelteeate represented in Fig. 8
by the continuous lines. This analysis providesalugs of around 1.21 and
@ = 0.19. Theoretical calculations, supported byemagamount of experimental
observations propose values of t between 1.6 arfdr 2hree-dimensional
systems. In this framework a homogeneous distobutif isotropic distribution
is considered and t values indicate that the tbmeensional conductive
network was obtained.
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Equation ¥ = A +B*log(x-C))

Adj. R-Squa 0,89901

Walue | Standard Er
cond A -2,663 0,08294
cond B 1,2083 0,11336
cond c 0,1995 | 7, 14939E-5

0,0 0.4 0.8 12 1.6 2.0
¢, CNT, mas. %

Fig. 8. Logarithm of the dc electrical conductiwtgrsus
nanoadditive weight concentration for CNT/epoxy ramposites.
The continuous lines are the predictions of petamiaheory

Conclusion

This study has demonstrated the influence of malticarbon nanotubes
Baytubes 150 P and Baytubes 150 HP as a nanofillerthe properties of
anionic cross-linked epoxy resin. The dispersioncafbon nanotubes in a
polymer matrix was relatively good despite the dispn methods. The
investigation of the CNT/epoxy-nanocomposites vieMSgives evidences for
improved interfacial interaction between the higlrified nanotubes and the
matrix. Introducing carbon nanotubes to epoxy résameases the viscosity of
uncured compositions. The results obtained fronmgugivo kinds of epoxy
nanocomposites lead to conclusion that introduceadgpon nanotubes increases
mechanical strength, especially by using purer BABES 150 HP as
nanofiller. The optimum content of nanotubes is B&s. %, nanocomposites
with this content have the highest mechanical gtreand proper viscosity. The
deterioration of mechanical properties at the hsghmncentrations (1.0 and
2.0 mas. %) of nanotubes is due to the counteracfidorming polymer chains
during anionic polymerization. The incorporation MIWCNT to epoxy resin
results in a sharp insulator-to-conductor transitimith percolation threshold
(d.) as low as 0.2-0.3 mas. % for Baytubes 150 HBmaller than the critical
content of nanotubes (0.5 mas. %), accomplishingvleich the mechanical
properties decrease. An electrical conductivityl6f S/cm was achieved for
0.5 mas. % of MWCNT 150 HP. The low percolationesfrold for each
MWCNTs and relatively high electrical conductivigye attributed to the high
aspect ratio, large surface area and uniform digmerof the carbon nanotubes
in epoxy matrix.
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