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ABSTRACT

In the large field of nanotechnology, polymer matrix based carbon nanotubes/nanocomposites have become a
prominent area of current research and development. We review the present article of polymer nanocomposites
research in which thefillers are carbon nanotubes with provide a brief synopsis about carbon nanotubes materials
and their suspensions and critique various nanotube/polymer nanocomposites fabrication and modification meth-
odsincluding solution mixing, bulk method, melt mixing, and in situ polymerization with aparticular emphasison
evaluating the dispersion state of the nanotubes with discuss mechanical, electrical, morphological and thermal
properties separately and how these physical properties depend on the size, aspect ratio, loading, dispersion state.
In addition, this article reviews the current understanding of carbon nanotubes/polymer nanocomposites with two
particular topics: i) the principles and techniques for carbon nanotubes dispersion and functionalization and ii) the
effects of carbon nanotubes dispersion and functionalization on the properties of carbon nanotubes/polymer
nanocomposites. Enhanced dispersion of CNTsin the polymer matrix will promote and extend the applicationsand
developments of polymer nanocomposites containing carbon nanotubes. Other properties and potential applica-

tions of carbon nanotubes/nanocomposites are also highlighted.

INTRODUCTION

Carbon nanotubes (CNTs), the macromol ecular
analog of fullerenes, werefound by lijima® in 1991.
These are arrangements of carbon hexagonsformed
into tiny tubes. CNTscan beviewed ashollow coaxia
cylindersformed of graphitelayerswith both ends of
thecylinder normaly capped by fullerene-likestructures
asshowninFigure1,

Therearetwokindsof CNTs, snglewaled carbon
nanotubes (SWNTSs) formed by asinglegraphene sheet
and multi walled nanotubes (MWNTS) formed with
additiond graphene sheetswrapped around the SWNT
core®, Thedevel opment of CNT research began soon
after the macroscopic production of C_ and the
identification of CNTsin soot depositsformed during
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plasma arc experiments. CNTs possess unique
mechanica and e ectronic propertiesdepending onther
geometry and dimensions. CNTs have very high
moduli® and arebdlieved to bethelightest and srongest
materials so far discovered. Single wall carbon
nanotubeswith their well-defined atomic Sructure, their
highlengthto diameter ratio, and their chemica stability
congtituteone-dimension molecules®™. SWCNTsexhibit
specific dectronic propertiesand can beeither metdlic
or semiconducting depending on their geometry.
Sincethediscovery of CNTSs; they have contributed
to the devel opment of studiesin thefield of physics,
chemistry and material sciences. Many workswere
completed on the structure, properties and potential
applicationd®. Many properties of nanotubes are
directly influenced by the way of the graphene sheets
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arewrapped around. Duetotheir cylindrical geometry
and their nanometric scale, CNTsare candidatesfor
potentia applicationslike hydrogen storage”.

CNTscan be produced by an array of techniques,
suchasarc discharge, laser ablation and chemica vapor
deposition. Production of carbon nanotubes in a
controlled way and in large amount encounters
problems, which remainsto be solved. Itisneeded to
identify all propertiesof thesetubes. However, tofully
characterize carbon nanotubes, there are not so many
techniquesavailable.
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Figurel: Schematicdiagram showing how a hexagonal sheet
of grapheneisrolled toformaCNT with different chiralities.
(A: armchair; B: zigzagand C: chiral)
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Thisreview concernsthe methods of fabrications
and modificationswiththemain sructura, morphologica
and mechanica propertiesof carbon nanotubes/polymer
nanocomposites as novel promising materials. The
feasibleand potentia fieldsof applicationsof carbon
nanotubesareoutlined.

Functionalization of car bon nanotubes

Functionalization of CNTsis often discussedin
articlesreporting dispersion and interaction of CNTs
withdifferent materids, but it isdifficult to comparedata
between articles because there are severa different
proceduresand many adaptations. A literature review
wasmadeto clarify the differencesand advantageson
three acidsthat were used, aswell asits procedures®.

The addition of functional groups on CNTs is
commonly medeby immersingitinsulfuricacid (H,SO,)
andnitricacid (HNO,) intherange 3:119. According to
theseresearchers, thismethod inserts carboxyl groups
(—COOH) on the surface of nanotubes.

Some researcherd** increased the temperature
and/or carried out stirring to accel eratethe process of
oxidation. Theaddition of chloridricacid (HCI) later is
another method reported by some scientiststo adsorb
functional groupsonthe CNTs.

Functiondizationusngonly nitricacid hasasobeen
published. Wang et d .12 functionalized hismateria by
immersingitinnitricacidinultrasound at 90°Cfor 4 h.
After wards, hestirred themateria until it reached the
ambient temperature. Alternativeacidswered so udied
and usedto oxidize CNTs. Xieet a.l*3 used amixture
of H,SO,/HNQ, (3:1) and H,O, to obtain carboxyl
and hydroxyl groups. Theuseof isolated H,O, isalso
an option to obtain carboxyl groups.

Some literature were used other acidsto oxidize
CNTs. Choi et a.™ used 5-phenoxyisophthalic acid,
phosphorous pentoxide (P,0,), and polyphosphoric
acid (PPA) to graft functional groupsonto thesurface
of CNTs. Shanmughargj et al.[* added sulfuric acid
and potassium dichromate and placed it at 80 °Cfor
30 minfor theadsorption of -COOH, ~OH, and O. In
addition to the above mentioned methods, there are
still other methodol ogiesthat function asalternative
routesto functionalize CNT™.,

Despitethe chemical functionaization mentioned
above, thereare other techniquesto oxidizethesurface
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of CNTs. Xiaet a.[* functionalized the CNTsusing
nitric acid and oxygen plasma. He concluded that nitric
acid added carboxylic and phenolic groups, whereas
the oxidation by plasma inserted a vast amount of
carbonyl groups.

Propertiesof carbon nanotubes

Carbon nanotubes have some distinct electrical
properties. Oneof theimportant propertiesof carbon
nanotubeisthat it can exhibit the characteristicsof a
metal or asemiconductor. Specialy, theenergy gapis
determined by therolling direction of nanotube.

Nanotubes arethe strongest fibersthat are currently
known. A single-wall nanotube can be upto 100 times
stronger than that of steel with the sameweight. The
Young’s Modulus of SWNT is up to 1TPa, which is 5
timesgreater than stedl (230 GPa) whilethedensity is
only 1.3 g/cm?; that means that materials made of
nanotubes are lighter. There may also be other
applications due to these properties, such as car
bumpers, and strong wires. Nanotubesa so haveavery
high aspect ratio. Thelengths of nanotubesareusualy
around 1 um, while thediameter for SWNT isonly 1
nm (50 nm for MWNT). This property makes
nanotubes useful for tipsand nanowires. In addition,
thetherma conductivity (2000 W/m.K) isfivetimes
greater than that of copper (400W/m.K )8,

Production of carbon nanotubes

The physical mechanismsand reactionsthat cause
theformation of carbon nanotubes are still unknown.
However, three methods currently exist to fabricate
these nanotubes. Thethree methods areal gas-phase
processes that start with a source of carbon that is
evaporated fromasurface. Thethreetechniquesused
produce carbon nanotubes arethe carbon arc-discharge
method, thelaser vapori zation technique and chemical
vapor deposition method!*¥,

Carbon arcdischarge

Thearc-discharge method produces good quality
multi-wall and single-wall nanotubes. This process
produces nanotubes at agreater rate than the pulsed
laser vaporization technique. Thistechniqueutilizestwo
graphite electrodes to generate an arc by a high dc
current. After arc discharging for aperiod of time, a
carbon rod builds up at the cathode. Carbon nanotube

bundles and amorphous carbon both form at the cross
section of therod. Figure 2 showsthe setup of thearc-
dischargemethod. Thismethod doesnot produce clean
resultsdueto the existence of theseamorphouscarbons.
Helium gasispresent to increase the speed of carbon
deposition. Some parametersthat arecritical inthis
process arethe pressure of thehelium, thetemperature,
and thedc current. Efficient coolingisnecessary toform
homogenous deposition of carbon nanotubes?!.

The group at University of Montpellier, France
perfected the arc-discharge method by using yttrium
and nickd metd catalysts. The group produced carbon
nanotubes from vapors of carbon containing asmall
amount of nickel and yttrium catalysts. “An electric arc
vaporizes an anode containing the catalysts”. An
electrical current of 100 ampsand 35 voltsprovidethe
energy to generate the discharge. Theflow systemis
controlled via gas pressure and is pumped by a
mechanica vacuum pump?Y,

L aser ablation or vaporization

The pulsed laser vaporization (PLV) of graphitein
the presence of aninert gasand catayst formssingle-
walled carbon nanotubes. Without the presence of these
catdysts, thevaporized graphitewould form buckyballs
ingtead. Buckybd lsareformedin naturewhen both ends
of the graphite sheet closes. However, in the presence
of a catalyst, the graphite layers stays open on one
end?,

PLV of carbon containing meta catalystsproduces
the purest SWNT. Some factors that determine the
amount of carbon nanotubes produced are the amount
and type of catalysts, laser power and wavelength,
temperature, pressure, type of inert gas present, and
the fluid dynamics near the carbon target. The PLV
method reduces the amount of amorphous carbon
contaminates. The PLV of carbon is an expensive
method that avoidsthehigh electricfieldsinvolvedin
thearc-discharge method.

Figure 3 showsthe setup. The Argon gas carries
the vaporsfrom the high temperature chamber into a
water-cool ed copper collector positioned downstream
the nanotubes sel f-assembl e from the carbon vapors
and condense on the walls of the flow tube. The
nanotubes produced haveavery narrow distribution of
diameters. Theyieldisabout 0.3:0.4 gramsper hour?,
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Chemical vapor deposition

The chemical vapor deposition (CVD) method
deposits hydrocarbon molecules on top of heated
catalyst material. Thecatalystisusualy predeposited
on a substrate. Metal catalysts dissociate the
hydrocarbon molecules. Figure4 showsthe apparatus
of the CV D process. The CV D method produces both
sngle-wall and multi-wal nanotubes. The CV D process
uses hydrocarbonsasthe carbon source. Hydrocarbons
flow throughthe quartz tubewhereitisheated at ahigh
temperature. The dissociation of the hydrocarbons
breaks the hydrogen carbon bond, producing pure
carbon molecules. At hightemperatures, thecarbonform
carbon nanotubes. Growth of SWNTsalso occursat a
higher temperature than MWNTSs. Some advantages
of the CVD arelow power input, lower temperature
range, relatively high purity and possibility to scale up
the process?.
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Nanocomposites
Polymer nanocomposites

Polymer nanocomposites consist of apolymeric
materid (e.g., thermopl agtics, thermosets, or e astomers)
and areinforcing nanoscal e material. Inthe simplest
case, gppropriately adding nanoparti cul atesto apolymer
matrix can enhance its performance, often in very
dramatic degree, by smply capitaizing onthe nature
and propertiesof the nanosca efiller, these materials
are better described by the term nano-filled polymer
composites. Thisstrategy isparticularly effectivein
yielding high performance composites, when good
dispersion of thefiller isachieved and the properties of
thenanoscalefiller are substantialy different or better
than those of the matrix, for example, reinforcing a
polymer matrix by much stiffer nanoparticles of
ceramics, clays, or carbon nanotubes. Alternatively, the
enhanced properties of high performance
nanocomposi tes may be mainly dueto the high aspect
ratio and/or the high surface area of thefiller since
nanoparti cul ates have extremely high surface areato
volumeratioswhen good dispersionisachieved®!,

The structural, mechanical, electrical, thermal,
optical, electrochemical, catalytic properties of the
nanocompositewill differ markedly from that of the
component materids. Sizelimitsfor theseeffectshave
been proposed <5 nm for catalytic activity, <20 nm for
making a hard magnetic material soft, <50 nm for
refractiveindex changes, and <100 nm for achieving
superparamagnetism, mechanical strengthening or
restricting matrix did ocation movement(el,

Nanocompositesarefoundin nature, for example
inthe structure of the aba one shell and bone. Theuse
of nanoparticle-rich materials long predates the
understanding of the physical and chemical nature of
thesematerids.

Nanoscale dispersion of filler or controlled
nanostructures in the composite can introduce new
physica propertiesand novel behavioursthat are absent
intheunfilled matrices, effectively changing the nature
of theorigind matrix,

There are many factors that affect the polymer
nanocomposite properties:

»  Synthesis methods such as melt compounding,
solvent blending, in-situ polymerization, and

L
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emulsion polymerization,

Polymer nanocompaosite morphol ogy,

»  Typesof nanoparticlesand their surfacetreatments,

» Polymer matrix such as crystallinity, molecular
weight, polymer chemistry, and whether
thermopl astic or thermosetting

Fabrication and modification of car bon nanotubes
with polymers

Fabrication methods have focused on improving
nanotube dispers on because better nanotubedisperson
in the polymer matrices has been found to improve
properties. Similar to the case of nanotube/solvent
suspensions, pristinenanotubeshavenot yet been shown
to besolublein polymersilludratingtheextremedifficulty
of overcoming theinherent thermodynamic drive of
nanotubes to bundle. The quality of nanotubes
dispersgonin polymer matricesshould beevauated over
arangeof length scalesand can be accomplished using
a selection of these imaging methods: optical
microscopy, Raman imaging, scanning electron
microscopy, and transmission €l ectron microscopy!?.

The modification of CNTs by polymers may be
dividedintotwo categories, involving ether non-covaent
or covaent bonding between CNT and polymer. Non-
covalent CNT modification concerns the physical
adsorption and/or wrapping of polymerstothe surface
of theCNTSs. Thegraphiticsdewallsof CNTsprovide
the possibility for m-stacking interactions with
conjugated polymers, as well as organic polymers
containing heteroatomswith free e ectron pair®.

Theadvantage of non-covaent functiondizationis
that it does not destroy the conjugated system of the
CNT sdewalls, andthereforeit doesnot affect thefina
structural propertiesof thematerid.

The second modificationisthe covalent chemical
bonding (grafting) of polymer chainsto CNTs, where
strong chemica bondsbetween nanotubesand polymers
areestablished.

Two main strategies for the coval ent grafting of
polymersto nanotubes have been reported: “grafting
to” and “grafting from”.

“Graftingto” method

The “grafting to” method means that the readymade
polymers with reactive end groups reacted with the
functional groups on the nanotube surfaces. Itisthe

reaction between the surface groups of nanotubesand
readymade polymers with physical adsorption or
cova ent attachment mechanisms.

An advantage of the “grafting to”” method is that
pre-formed commercia polymers of controlled
molecular weight and polydispersity can beused. The
main limitation of thetechniqueisthat initid binding of
polymer chainssterically hindersdiffusion of additiona
macromoleculestothe CNT surface, leadingto alow
grafting dendity. Also, only polymerscontaining resctive
functional groupscan beused.

A disadvantage of thismethod isthat the grafted
polymer content i slimited because of therel atively low
reactivity and high steric hindrance of macromol ecules.

The grafting of both oxidized SWCNTs and
MWCNTs with a polystyrene (PS) was reported by
Hill and co-workerst®?, where a solution of
poly(styrene-co-p-(4-(4-vinyl phenyl)-3-oxobutanol))
(PSV) intetrahydrofuran (THF) was mixed with acyl
chloride-activated nanotubes.

Accordingtothermogravimetricanayss(TGA), the
CNT contentsinthe PSV-functionalized SWCNT and
MWCNT samples are approximately 12% and 18%,
respectively. Similarly, Guojian and co-workerg®
grafted astyrene-maleic anhydride onto MWCNTs and
themodified materia wasincorporated into polyvinyl
chloride (PVC) matrix. Mechanical testing showed
significant enhancementsof theelongation at bresk and
the impact strength. Alternatively, the reaction of
hydroxy-terminated PSwith thionyl chloridetreated
MWCNTs was performed by Baskaran et al.*2,
resultinginahybrid containing 86 wt% of CNTs.

Polyvinyl alcohol was grafted by esterification
reactionsof oxidized SWCNTsand MWCNTSs. Riggs
et al .3 reported the grafting of polyvinyl acetate-co-
vinyl alcohol via ester linkages to acyl-activated
SWCNTsfor measurement of the optical propertiesof
the prepared modified nanotubes. Other PVA-based
copolymer used for functiondization of nanotubeswas
polyethylene-co-vinyl acohol under carbodiimide-
activated esterification reaction conditiong®4.

Nuclear magnetic resonance (NMR) spectra
showed that nanotube content in the SWCNT-EV OH
isabout 14 wt%, whereasthermogravimetric analysis
showed 10 wt%. Silicone-functionalized CNT
derivativeswere prepared by opening terminal epoxy
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groupsof functiondized polydimethylsloxanes(PDMS)
by the carboxylic groups of acid-treated MWCNTS.
The prepared composite contai ned about 85 wt% of
CNTs. Thederivative wasfound to be homogeneous
andviscous, dmodt tar-like, liquid a room temperature.
It wasdisperableat high concentrations (10 mg/ml) in
toluene. Itsfluid-like natureis suitablefor applications
inink-jet printing technol ogy™!.

The esterification reaction was used for grafting
polyethylene glycol (PEG) chainsto acyl chloride-
activated SWCNTSs. Such modified nanotubeswere
found to modulate neurite outgrowth, indicating a
potential application in nerve regeneration. In the
absence of solvent medium, a grafting reaction of
hydroxy-terminated PEG with thionyl chloridetreated
MWCNTswas performed at temperatures abovethe
melting point of the polymer=d,

However, grafting efficiency waslow, asthe TGA
analysis showed the presence of 93 wt% of nanotubes.
Both oxidized SWCNT and MWCNT material were
targeted for carbodiimide-activated esterificationswith
aderivatized polyimide endcapped with alkoxysilane
groups or having pendant hydroxyl groups®”. Based
ontheNMR signd integrationsin referenceto standard,
the CNT content in the sample was estimated to be
about 35 wt%. A smilar gpproach was usedinthe case
of apoly(N-vinyl carbazole) copolymer containing
pendant hydroxyl groups (PVKYV) which was grafted
to oxidized SWCNTsunder typical reaction conditions
for the esterification viaacyl-activation reaction.

TheCNT content in the samplewas estimated to
be ~20 wt%. Wang and Tseng prepared segmented
polyurethanes carrying carboxyl groupsinthechain
extender, with this polymer undergoing esterification
reaction with acyl chloride-activated MWCNTS.
According to TGA data, the CNT content wasup to
67 wt%. It wasfound that longer acid treatment timein
the CNT materia resultedin ahigher grafted amount of
polymer chaing®.

Grafting reectionsof hydroxyl terminated polymethyl
methacrylate and poly[(ethyl methacrylate- co-2-
hydroxyethyl methecrylate] with acyl chloride-activated
MWCNTs were carried out in different solvents at
various temperatures®. It was found that at higher
temperatures and longer reaction times favored the
grafting reaction. Increasing the concentration ratio of

hydroxyl groupsto acid-chloridegroupsdid notimprove
thegrafting efficiency. Other examplesof esterification
reactionsincludethegrafting of poly(bisphenol-A-co-
epichlorohydrin) chainsto oxidized MWCNTsby a
reactive blending process and the grafting of
hyperbranched polyester based on 2, 2-bis (methylol)
propionic acid to the surfacesof MWCNTS,

“Graftingfrom” method

The “grafting from” method means the reactive
groups were covalently attached to the nanotube
surfacesand then the polymers graft from thereactive
groups. It isthereaction between thereactivegroupsin
the surfaces of nanotubes and monomers.

Theadvantageof “grafting from” approach is that
the polymer growthisnot limited by steric hindrance,
dlowinghighmolecular waght polymerstobeefficiently
grafted. In addition, nanotube-polymer composites with
quite high grafting density can be prepared. However,
thismethod requires strict control of the amounts of
initiator and substrate as well as accurate control of
conditionsrequired for the polymerization reaction. To
demonstrate this approach, the well known living
polymerization approaches have been employed in
recent yearsbecause of their toleranceto awidevariety
of functiond groupsin the monomer unitg*.

Carbon nanotubes/polymer nanoomposites
processing

To maximizethe advantage of CNTsaseffective
reinforcement for high strength polymer composites,
the CNTs should not form aggregates and must be
well dispersed to enhancetheinterfacia interaction
withthe matrix. Severa processing methodsavailable
for fabricating CNT/polymer composites based on
either thermoplastic or thermosetting matrices. They
mainly include sol ution mixing, inSitu polymerization;
melt blending and chemical modification processes.

Although inherently different processing routes
have been attempted, they all addressimportant issues
that affect composite properties, such asexfoliation
of CNT bundlesand ropes, homogeneous dispersion
of theindividual tubesinto thematrix, alignment and
interfacial bonding. Theeffectiveutilization of CNT
material in composite applications depends strongly
on their ability to be dispersed individualy and
homogeneously within amatrix. Some processing

Research & Reotews On
Polymer

o



RRPL, 4(1) 2013

|.S.Elashmawi and N.A.Hakeem 11

> Review

methods for CNT-based composites are described
below!2,

Solution method

Thisisthe most common method for fabricating
polymer nanocomposites becauseit isboth amenable
to samplesizesand effective. Solution blendinginvolves
threemgjor steps: i) disperse nanotubesin asuitable
solvent, ii) mix with the polymer (at room temperature
or elevated temperature), andiii) recover thecomposite
by precipitating or casting afilm.

The general protocol for all solution processing
methodsincludesthedispersionof CNT powderina
liquid medium by vigorous stirring and/or sonication,
mixingthe CNT dispersonwithapolymer solutionand
controlled evaporation of the solvent with or without
vacuum conditions. In general, the most efficient
dispersion of tubesduring thefirst stepisachieved by
bath or tip sonication.

Regarding thermosetting epoxy matrices, an early
example of solution-based composite formation was
described by Ajayan et a [, Inthiswork, MWCNTSs
weredigpersedinethanal by sonicationand mechanicdly
mixed with amixture of epoxy monomer and curing
agent. After evaporation of the volatile solvent, the
CNT—epoxy mixture was poured into capsular molds
and then cured. Electron microscopy images showed
that slicing the composite material caused partia
alignment of the CNTsonthecut surface.

Concerning the fabrication of CNT-based
compositeswith thermoplastic matrices, Jnet d.* have
reported asmilar method cong sting of solution mixing,
casting and drying. Thechosen polymer, polyhydroxy-
aminoether wasdissolved in thearc discharge-grown
CNTsin chloroform under sonication. Thesuspension
was then poured into a Teflon mold and dried under
ambient conditions for a certain time. Mechanical
stretching of thin stripsof thecompositeat 100 °C was
found to cause orientation of tubesintheaxisof tenson.
Slight processing variations were used in most
subsequent studies. Shaffer and Windle“ dispersed
chemically oxidized catalyticMWCNTsinwater. The
materid wascarefully blended with solutionsof PVAINn
water to give composite dispersionswhich could be
drop-cast to form filmswith up to 60 wt% nanotubes.

In an alternative processing method, Geng and

coworkers* utilized aroll-casting techniqueto prepare
compositefilmsof poly ethylenoxide embedded with
fluorinated CNTs. Theroll-cast systern comprisestwo
opposing pardld rollerswith agap distancethat canbe
adjusted. A suspension of aCNT/polymer mixturewas
slowly dropped onto oneroller whenrotating, whilea
solid filmwasformed after evaporation of the solvent.

In order to succeed rapid evaporation of solvent
during the suspension casting process, Safadi et al .1+
have used the spin coating technique. The authors
eucidated thebas creaionshipsbetween smplecasting
and spin casting conditions, concluding that the
processing method employed had no effect on the
mechanical/dlectrica propertiesof thecomposite.

Sincethe casting/evaporati on processresultsinthe
reagglomeration of CN'Tswithinthecompostefilm, Du
and co-workers*® proposed an alternative approach
for fabricating compositeswith individua ly dispersed
CNTs, the so called coagulation. After the solution
mixing step, aCNT/PMMA suspension wasdripped
into alarge excess of bad solvent (water) in order to
induceinstant precipitation of the polymer chains. The
preci pitating chainsentrgpped the carbon nanostructures
and prevented them from bundling again. After filtration
and drying in vacuum, nanocompositeswere obtained
with homogeneoudy distributed CNTs.

Inorder toperiodicdly functiondize CNT sdewdls
using controlled polymer crystallization process, the
hotcoagul ation method wasdevel oped for thefabrication
of CNT/polyethylene (PE) composites. First, the
polymer was dissolved in an organic solvent at
temperatures approaching its melting point.
Subsequently, the CNT material wassuspendedinthe
samemedium using ultrasonicationinahot bath and the
hot polymer solution was added to the nanotube
suspension. After further sonication, the mixturewas
brought to the crystalli zation temperature Tc at which
point the polymer crystallized on the CNT surface,
forming shish-kebab structures*d.

Bulk mixing method

Millingisamechanica processthat leadstolocal
generation of high pressure as aresult of collisions
throughout thegrindingmedia. Concerning applications
in CNT nanotechnol ogy, thismethod hasbeen used to
shorten thelengths of carbon nanostructures. A solid
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state mechanochemical process, namely pan milling,
was used to prepare a CNT/polypropylene composite
powder. This powder was subsequently melt-mixed
with atwin-roll masticator to obtain ahomogeneous
composite. Thelength of the CNTswasreduced from
afew micrometersto ~500 nm,

Similarly, highenergy ball millingwasuitilized to
incorporate CNTsinto polymer matrices. Inthisway,
asatisfactory level of dispersion of CNTsinto the
polymer matrix was obtained, resulting in an
improvement of the physical propertiesof thesamples.
In addition, a mechanical—chemical high-speed
vibration milling techniquewas applied for solubilizing
CNTsin various mediadueto the formation of non-
covalent-type complexes with species, such as
cyclodextringy,

Melt mixing method

Mélt blending useshigh temperatureand high shear
forcesto dispersenanotubesin apolymer matrix andis
most compatible with current industrial practices.
However, relativeto sol ution blending methods, melt
blendingisgenerdly lesseffectiveat digperang nanotubes
inpolymersandislimited tolower concentrationsdueto
thehighviscositiesof thecompositesat higher nanotube
loadings. Duetothefact thet thermoplagticsemicrystdline
polymers softenwhen heated abovetheir melting point,
melt processing hasbeen avery vauabletechniquefor
thefabrication of CNT-based composites. In addition,
the method is suitable for polymers that cannot be
processed with solution techniquesduetother insolubility
incommon solvents.

Ingenerd, melt processing involvestheblending
of polymer melt with CNT material by application of
intense shear forces. Depending on the final
morphol ogy/shape of the composites, thebulk samples
can then be processed by several techniques, such as
extrusion. An early study on the melt mixing of
SWCNTs and PMMA matrix was carried out by
Haggenmueller and co-workerd®. CNTsand PMMA
werefirst blended in dimethylformamide (DMF) and
the resulting suspension was casted onto Teflon dishes
and dried. Theresultant filmswerebroken upinsmal
pieces and hot pressed to form anew film. Thiswas
then broken up and hot pressed, a processthat was
repeated asmany as 25 times.

Jin and co-workers*3! have melt-blended
MWCNTsand PMMA inalaboratory mixing molder
at aspeed of 120rpm (blending temperature ~200 °C).
The mixed samples were then compressed under
pressure at 210 C using a hydraulic press to yield
compositefilms. Electron microscopy images showed
that the nanotubes are well dispersed in the polymer
matrix. Concerning the upscaled fabrication of
composites, Potschke et al.[* have fabricated 1 kg
batches of MWCNTS/ polycarbonate composites by
melt extrusion and compression molding.

Rheol ogy measurements of the composites at 260
°C showed that viscosity increases significantly with
increasing CNT concentration, especially for CNT
weight fractionsabove 2%.

In situ polymerization method

This fabrication strategy starts by dispersing
nanotubesin monomer followed by polymerizing the
monomers. Aswith solution blending, functionalized
nanotubes canimprovetheinitial dispersion of the
nanotubes in the liquid (monomer, solvent) and
consequently in the composites. Furthermore, insitu
polymerization methods enable covalent bonding
between functionalized nanotubes and the polymer
matrix using various condensation reactions.

The main advantage of this method is that it
produces polymer grafted tubes, mixed with free
polymer chains. Moreover, dueto the small size of
monomeric molecules, thehomogeneity of theresulting
composite adductsis much higher than mixing CNTs
and polymer chainsinsolution. Inthissense, themethod
alowsthe preparation of compositeswithhigh CNT
welight fraction.

Gojny et d . studied thedispersion of CNTsinto
VISCOUS €poXy monomersviaacommon shear mixing
technique that is, calendering. In a first step, the
nanoparticlesweremanually mixedintotheresinwhile
in the following step they were homogeneously
dispersed using of athree-roll calender. A first primary
dispersion of the agglomerates could be achieved by
the knead-vortex between the rolls, while the find
exfoliation and dispersion of the CNTsoccursin the
areabetween therolls. The suspension was collected
and then mixed with the curing agent to obtain a
homogeneous composite.
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Characterization methods
Morphological and structural characterizations

Fullerenes, which arecarbon compoundsand smilar
to CNTSs, are closed spheres composed of pentagons
and hexagons. Their curvatures are given by the
organi zation of these pentagonsand hexagons. In carbon
nanotubes, the Stone-Wales transformation is obtained
by areversible diatomic interchange. The resulting
structureisformed of two pentagonsand two heptagons
in pair. Thistransformation induces anew defect in
CNTs: the heptagon which allowsfor concave areas
within the nanotube. Thus, thereisanot only straight
tube with hemispherical capsand many equilibrium
shapes can be obtained. Electronic and mechanical
properties of CNTsare uniquel,

However, toachievetheseproperties, theCNTsmust
be chemically processed in order to purify and bring
gopropriatefunctiondizations. Typicd trestmentsinvolve
theuse of oxidative methodswith nitricacids. Thecaps
at both endsof the CNTsareremoved and defectssuch
as carboxylic acid groups on surface are reveaed by
these purification technique. The properties of the
nanotubesareinfluenced by these defectssitesonthe
walsand a theends. A determination of the concentration
of thesedefectswoul d behd pful for nanctubesproperties
characterizations. Theconcentration of thecarboxylicacid
groups formed by purification treatments could be
determined by variousmethods: i) the determination of
gases concentrationsa high temperaturescould beused
asdescribed by Mawhinney et a . with COand CO,;
ii) calibrated energy-dispersive X-ray spectroscopy
dlowsinvestigation of theatomic oxygen percentageand
the determination of the atomic oxygen percentage
provides an estimation of the amount of chemically
bonded compoundscontaining oxygen such ascarboxylic
groups, iii) chemicd titration methodsared so performed
to macroscopicaly estimatethe defect density of tubes.

In order to investigate the morphological and
structural characterizations of nanotubes, a reduced
number of techniquescould beused. However, only few
techniquesareableto characterizeCNTsat theindividud
level suchasscanning tunneling microscopy (STM) and
transmission eectronic microscopy (TEM) (Figure5).
X-ray photod ectron spectroscopy ishelpful inorder to
determinethe chemical structure of nanotubeswhile

neutron and X-ray diffraction, infrared and Raman
spectroscopy are mostly global characterization
techniques.

M echanical properties

Incorporation of CNTsinto apolymer matrix can
potentidly providesructurd materidswith dramaticaly
increased modulusand strength. For example, adding 1
wt.% MWCNTsinthe PSSMWCNT compositefilms
by the sol ution-evaporation method, resultsin 3642 and
25%improvementsintensilemodul usand bresk stress,
respectively. Biercuk et d ¥ have observed amonactonic
increase of resstanceto indentation (Vickershardness)
by upto 3.5 timesonadding 2 wt.% SWCNTsin epoxy
resin. Cadek et a.™ also found that adding 1 wt.%
MWSNTsto PVA increased the modulusand hardness
by 1.8 timesand 1.6 times, respectively.

The homogeneous dispersion and alignment of
CNTsin polymer matricesare significant to enhance
the effectiveness of reinforcement. For example, for
PMMA/MWCNT composites containing 1 wt.%
MWCNT, the storage modulus at 90 °C isincreased
by an outstanding 135% due to the homogeneous
dispersion enhanced by in situ polymerization. The
tensile strength and modulus of melt drawn PS/
MWCNT compositefilmsare, respectively, increased
by 137 and 49% compared to the drawn PS filmi®9,

Ingenerd, incluson of CNTsinpolymer matrices
leadsto reductionsinimpact toughnessof composites
andthereisan additiond effect dueto the orientation of
the CNTs. However, opposite effectsare d so reported,
whichdamanimprovementintoughness. For example,
Ruan et d .Y have shown that, with 1wt.% MWCNTs
InPVA, thetoughness(that is, areaunder tenslestress-
strain curve) wasincreased 150% and ductility by 104%
dueto the enhanced chain mobility in PVA induced by
MWCNTSs. Similarly, Wei senberger et d .53 found that
addition of 1.8 vol.% MWCNTsenhanced theenergies
to yield and to break by about 80% for an aligned
polyacylonitrile/MWCNT fiber. Dalton et al.[®3
prepared super-tough PVA/SWCNT composite fiber
containing 60 wt.% SWCNTSs caused by slippages
between SWCNT bundles. Assoulineet al.[ found
that addition of 1 wt.% MWCNTsin polypropylene
(PP) matrix increased the composite toughnessdueto
thefibrillar crystd structureof PPinduced by MWCNTSs.
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Recently, Blake et al.[%! modified butyl-lithium-
functionalized MWCNTswith chlorinated polypro-
pylene (CPP) to produce nanotubes cova ently bonded
to chlorinated polypropylene (MWCNT/CPP), and
compounded the CPP/MWCNT with the CPP/
tetrahydrofuran (THF) solution to obtain CPP/
MWCNT composites. They claimed that as the
MWCNT content was increased to 0.6 vol.%, the
modulus increased by threetimes compared to pure
CPPfrom 0.22t0 0.68 GPa, and both tensile strength
and toughness (measured by theareaunder the stress-
strain curve) increased by 3.8 times (from 13 to 49
MPa) and 4 times (from 27 to 108 J/g), respectively.
Theseresults show that the coval ent functionalization

Figure5: TEM images. A-D: pureMWNTSs, E-H: MWNT/polymer composite

of CNTsenablesboth efficient dispersonand excdllent
interfacial stresstransfert®d,

Photoluminescence spectr oscopy

As aready described, the SWNTs could be
considered either asmetallic or semiconducting type.
Thegap energy of the semiconducting tubesisrelated
tothechirality and isapproximately proportiona tothe
inverseof thetube diameter’®”. Photoluminescencefrom
therecombination electron-hole pairs at the band gap
hasto be expected. However, asnoticed by Obraztsova
etd.,theSWNTsaregeneraly groupedinbundles. In
abundle, nanotubesinteract between each otherswith
Van derWaal sforce. Few nanotubesin these bundles
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aremetallicand aresimilar to non-radiative channels.
Theluminescence of the semiconducting tubesin these
bundlesisrelaxed insdethese channels. Often, dueto
thisinteraction between semiconducting and metallic
nanotubes, no photoluminescencesigna isobtained. In
order to observethe photol uminescence phenomenon,
the bundles must be separated into individual tubes.
Some treatments could be used to achieve this
separation®,

Thermal properties

The addition of CNTs could increase the glass
transition, melting and thermal decomposition
temperatures of the polymer matrix due to their
constraint effect on the polymer segmentsand chains.
It isimportant to improve the thermal endurance of
polymer composites. Thus, withasurfactant, adding 1
wt.% CNTSs to epoxy increases the glass transition
temperature from 63 to 88 °C¢9,

Similarly, with 1 wt.% well-dispersed SWCNTS,
theglasstransition temperatureof PMMA isincreased
by ~40 °Cl"™, Because CNTsact asnucleation sitesin
the matrix, their inclusion enhances polymer
crystallization and increasesthe melting temperature.
Kashiwagi et d .[™¥ found that thetherma decomposition
temperature of PP at peak weight lossin nitrogen was
increased with 2vol.% MWCNTSs.

Also, theincorporation of CNTscouldimprovethe
thermal transport propertiesof polymer compositesdue
to the excellent thermal conductivity of CNTs. This
offersan opportunity for polymer/CNT compositesfor
usages as printed circuit boards, connectors, thermal
interface materials, heat sinks, lidsand housings, and
high-performance therma management from satellite
structuresdown to € ectronic device packaging. Biercuk
et a.["? found that 1 wt.% un-purified SWCNTsin
epoxy showed a70%increaseinthermal conductivity
at 40K, rising to 125% at room temperature. Choi et
al [ observed that the thermal conductivity of epoxy
increased by up to 300% with 3wt.% SWCNTSs.

Electrical and eectrochemical properties

Thefirst realized major commercia application of
carbon nanotubesistheir useaseectricaly conducting
componentsin polymer composites. It isreported that
Plastics has been using CNTs in PPO/PA blend for
automotive mirror housings for Ford to replace

conventiona micron-gzeconductingfillers whichwould
requireloadingsashigh as15wt.%to haveasatisfactory
anti-static property but which would impart poor
mechanical properties and a high density to the
composite™.

Coleman et al.["® showed that the electric
conductivity of poly p-phenlyenevinylene-co-2,5-
dioctoxy-m-phenylenevinylene polymer could be
dramatically increased by up to ten ordersof magnitude
when 8 wt.% CNTs were added, indicative of
percolating behavior. The in situ polymerized PA/
SWCNT composite films exhibited significant
conductivity enhancement (10 orders) at avery low
loading (0.1 vol.%) without significantly sacrificing
optica transmisson.

Since their mechanical properties and thermal
stability werea soimproved by addition of SWCNTS,
they arepotentidly useful inavariety of aerospaceand
terrestrid gpplications Again, dignment of CNTsaffects
the electrical properties of polymer/CNT nano-
composites. Thus, in epoxy/MWCNT nanocomposites
with MWCNTsaligned under a25 T magnetic field
leads to a 35% increase in electric conductivity
compared to thoses milar compositeswithout magnetic
aligned CNTs. Improvements on the dispersion and
alignment of CNTsinapolymer matrix could decrease
the percolation threshold value. Recently, super-
capacitorsaredtracting great attention because of their
high capacitanceand potentid gpplicationsineectronic
devices. It has been reported that the performance of
supercapacitors with MWCNTSs deposited with
conducting polymers as active materials is greatly
enhanced compared to e ectric double-layer super-
capacitorswith CNTsdueto the Faraday effect of the
conducting polymer. Besides these, polymer/CNT
nanocompod tescould havemany potentid gpplications
in electrochemical actuation, electromagnetic
interference shielding, wave absorption, electronic
packaging, self-regulating heater and resistord ™.
Optical and photovoltaic properties

Nonlinear optical organic materials, such asdyes
and phthal ocyanines, provideoptica limiting properties
for photonic devicesto control light frequency and
intensity in apredictable manner. However, theseare
narrow band optica materias. Carbon nanotubes, both
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SWCNTsand MWCNTS, havebeen sudied. O’Flaherty
et al.l"" noted that the optical limit saturated at carbon
nanotubes exceeding 3.8 wt.%, relativeto the polymer
mass. Goh et al.l"® found that the aqgueous MWCNT
suspension showed only week optical limittowardslaser
a 532nmoperatingat 20 Hz, but itsmixturewith double-
C,,-end-capped poly ethyleneoxide sol ution displayed
enhanced optical limiting responsesat 532 and 1064 nm.
Polymer/CNT compositescould also be used to protect
human eyes, optica € ements, optica sensorsand optica
switching. Chenetd ™ demongrated theultra-fast opticd
switching property of polyimide/SWCNT composites
at 1.55mm.

Applicationsof CNT/ polymer nanocomposites

CNT have been proposed for many potential
applicationsincluding conductive and highstrength
composites; energy storage and energy conversion
devices, sensors, fidd emissonn displaysand radiation
sources; hydrogen media; and nanometer-sized semi-
conductor devices, probes, and interconnects, etc.[®.
Polymer/CNT nanocomposites are expected to have
good processahility of the polymersand high mechanicd
and functional properties of the CNTs. Continuing
advances on dispersion and alignment of CNTs in
polymer matriceswill further promotedevelopmentsin
and expand the range of applications of these
nanocomposites.

The field of CNTs—polymer nancomposites is
currently undergoing rapid developments. Over thelast
few yearsit hasbeen demonstrated that polymerscan
serve asefficient toolsfor engineering theinterfacial
behavior of CNT without damaging theuniqueproperties
of theindividual tube. Polymers were shown to be
efficient toolsfor dispersing, separaing, assemblingand
organizing CNT indifferent media
Sensors

Thedectrica res stanceof asemiconductor SWNT
changes dramatically when exposed to gaseous
molecules. Thisunusua property makesit useful for
chemical sensors. Nanotubes act asthe wire between
two el ectrodes so that changesin conductance can be
measured®l.

Lighting elements

Nanotubes/polymer areexcel lent el ectron sources,

thusthey areuseful inthecreation of light dements. The
el ectrons produced by nanotubes are used to bombard
asurface coated with phosphor in order to produce
light. Thebrightnessof thislight isusudly 2 timeshbrighter
than conventional lighting elements (dueto the high
electron efficiency)®.

A potentially important application of CNTsisin
polymer-based light-emitting devices. Theadvantages
for organic light-emitting diodes (LEDs) based on
conjugated polymers are low cost, low operating
voltage, excdlent processability and flexibility. However,
their low quantum efficiency and stability havelimited
their applications and devel opments. Riggs et al .[=!
observed strongluminescenceof solublepolymer grafted
CNTs. Agoet al.[® reved ed thedectronic interaction
between CNTs and photo-exited polymers, such as
poly p-phenylenevinylene (PPV), and proposed “hole
collecting” properties of MWCNTs from PPV at the
compositeinterfaceviathenon-radiativeenergy transfer
of singlet excitons from PPV to MWCNTSs. Woo et
al % found that SWCNTSsin poly(m-phenyleneviny-
lene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV)
were responsible for blocking hole transport in the
composte by forming holetrapsin the polymer matrix
induced by image charge effects between SWCNTs
and the charge carriers. When the PmPV/MWCNT
compositeisused asan eectron-transport layer in LEDsS
based on poly(2,5-dimethoxy-1,4-phenylenevinylene-
2-methoxy-5(20-ethylhexyloxy)-1,4-phenylene-
vinylene, thebrightness of LEDsisgreatly enhanced
due to the low potential barrier reduced by the
incorporation of CNTs in the PmPV/MWCNT
composite. Kim et al.% observed that the device
gualities, such asexternal quantum efficiency, were
improved by 2—3 times for up to 0.2 wt.% SWCNTs
inLEDs.

Hydrogen storage

Another property of carbon nanotubes/polymer is
their ability to quickly adsorb high densitiesof hydrogen
at room temperature and atmospheric pressure. The
research group at the National Renewable Energy
Laboratory dready confirmsthat SWNTsare capable
of storing hydrogen at densities of morethan 63kg/m?g.
Researchershavefound that theinteraction of hydrogen
and SWNT isbetween theVan der Waal sforce of the
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SWMT and the chemical bonds of the hydrogen
molecule (as opposed to being due to hydrogen
dissociation)®.

Memory device

Becausedf itsability to Soreinformaionasasingle
electronic charge, nanotubes have the potential to be
usedinthedesign of memory devices. A singledectron
isdiscrete, and thusneedslessenergy inorder to change
thestate of thememory. Such adesignwould a'sotake
advantage of thehigh mobility of SWMT, whichisten
timesgreater than that of silicon.

CONCLUSIONS

Inthisarticlereview, we providean overview of
the research in polymer nanocomposites containing
carbon nanotubesand insightsto thefactorsthat will
ultimately control their properties. Given that much of
the research on nanotube/polymer nanocompositesis
applicationdrivenisanintegral part of thisresearch
area. Thefollowing pointsare evident about nanotube/
polymer composites:
¢ The properties of nanotube/polymer composites

depend onamultitudeof factorsthat includethetype
(SWNT, MWNT), chirality, purity, and dimensions
(Iength and diameter) of the nanotubes, nanotube
loading, dispersion stateand alignment of nanotubes
inthe polymer matrix, and theinterfacial adhesion
between the nanotube and the polymer matrix. These
factorsshould betakeninto account when reporting,
interpreting, and comparing resultsfrom nanotube/
polymer composites.

+ Functiondization of nanotubesprovidesaconvenient
routeto improvedispersion and modify interfacid
propertiesthat may in turnimprovethe properties of
nanocomposites, especialy mechanica properties.
Theggnificant progressin nanctubesfunctiondization
chemistry inrecent yearsensuresthat thisapproach
will becomemoreprevaent.

¢ Quantifying nanotube dispersonin polymers(and
solvents) isaninherently cha lenging problem because
it involves arange of length scales, and thereby
multiple experimental methods are required.
Nanotubeshaveclearly demongtrated their capability
asconductivefillersin polymer nanocomposites.

¢ The physical properties of nanotube/polymer
compositescan beinterpreted in termsof nanotube
networks, which arereadily detected by el ectrica
and rheological property measurements. The
nanotube network also significantly increasesthe
viscosity and thedectrica conductivity of thepolymer
and dowsthermal degradation.
Inthe feature more straightforward processibility
for technol ogical applicationsareaccessible.
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