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We show that the thermal and electrical properties of single wall carbon nan@ie-polymer
composites are significantly enhanced by magnetic alignment during processing. The electrical
transport properties of the composites are mainly governed by the hopping conduction with
localization lengths comparable to bundle diameters. The bundling of nanotubes during the
composite processing is an important factor for electrical, and in particular, for thermal transport
properties. Better CNT isolation will be needed to reach the theoretical thermal conductivity limit
for CNT composites. ©2003 American Institute of Physic§DOI: 10.1063/1.1616638

I. INTRODUCTION T magnet, followed by the polymerization of the composites
to freeze the alignmeritin the case of high viscosity poly-
The addition of small quantities of carbon nanotubesmeric hosts, the alignment is a cooperative process involving
(CNTS9) to polymer composites is known to cause a dramatiche anisotropic magnetic susceptibility of both the CNT and
increase in the thermal conductivity of the polymer host. polymer systems. The anisotropy of the MWNT polymer in
The thermal conductivity will change from around 0.1 to 1 Ref. 9 was verified by transmission electron microscopy
W/mK for neat polymers, to as much as 10 W/mK for single-(TEM), electrical, magnetic, and mechanical property mea-
wall carbon nanotubéSWNT) composites. Presently, the surements. In the work reported here for SWNTSs, the mag-
thermal conductivity for an isolated multiwall carbon nano- netic field alignment also involves a high viscosity polymeric
tubes (MWNTs) is estimated at 3000 W/mKRef. 2 and  host, and cooperative effects are evident. The reorientation of
1750-5800 W/mK for SWNTS which may be taken as the the SWNT is related to the self-organizing process of the
upper limit of thermal conductance in a composite materiaholymeric system, that is, a stretching effect that the mag-
(assuming a linear law of mixing, and nanotube—polymemetic field exerts on the crosslinked epoxy network. Here, we
interactions notwithstandingThe properties of noncompos- focus on the dependence of the electrical and thermal trans-
ite CNT assemblies may be further enhanced by magnetigort properties of this material versus magnetic field value

H 5 i . . . . . . .
al!gnment‘.‘ However, the theoretical limit to such assem- quring processing, and for different transport directions with
blies is the thermal crosslinking between connected nandrespect to processing field orientation.

tubes which diffuses the thermal wave vedtdrHence, the The electrical conductivity is a sensitive probe of com-

goal of the present work has been(f) separate the nano- posites. Indeed, the percolation behavior in the electrical
tubes by interaction with polymers to redudek, and(2)  conductivity of nanotube—polymer composites has been
employ the advantage of magnetic alignment to enhance thgjgely studied for several years. The high aspect ratio of
colinearity ofk for each nanotube in the composite. CNTs is known to be advantageous in making a percolation
The alignment of CNTs in magnetic fields arises fromnenvork at relatively small loading percentage$ order 1
the anisotropic magnetic susceptibility of nanotubes. g4 of nanotubes. Relevant to the present work is the ad-
Walterset al® demonstrated alignment of SWNTs by filter- yantage that the intrinsic electrical conduction processes of
ing the SWNT suspension in the high magnetic ffelthe  panotubes, such as localization and Coulomb correlation, can
low visposity .of SWNT suspension in Qimethylformamide be studied in nanotube—polymer composite matetfalse
made it possible for the SWNT to reorient parallel to thep e performed both electrical and thermal conductivity
mqgnet!c field, overcoming thg Brownian motion. A host ma-measurements on SWNT—epoxy composite materials pre-
terial with rather high viscosity0.1-0.9 Ns/ M) was also _ pared with various magnetic processing conditions. We find
used to make a MWNT-—polymer composite, where a MiX+a¢ the electrical and thermal properties are enhanced for the
ture of MWNT and unsaturated polyester was placed in & 10h,gnetically aligned nanotube composites. From the tem-
perature and electric-field dependence of electrical conduc-
dElectronic mail: echoi@magnet.fsu.edu tivity, we determine that the localization length in the hop-
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the cooperative effect of the magnetic torque exerted by the
magnetic field directly on the nanotubes and by the hydro-
dynamic torque and viscous shdae., drag forcesexerted

on the nanotubes by the polymer chains, which also respond
to the field due to magnetic anisotropythe sample mor-
phologies for different magnetic process conditions have
been studied in detail by electron scanning environmental
microscopy, atomic force microscopy, and wide-angle x-ray
diffraction, and will be reported elsewherg.

) . ) B. Electrical and thermal transport measurements
FIG. 1. Atomic force microscopy for a SWNT—epoxy composite processed

in a 25 T magnetic field. The image on the right-hand $ijjeepresents the For the electrical resistance measurements, the samples
enhanced detail of the encircled area in the image on the left-handaside : : : : f f
The lighter structures are bundles of aligned nanotubes of about 20 to 30 nr\évere cut m:}% thin square slal:_)s .Wlth typical dlmenS|ons of
in diameter and of order 200 nm in length. X3X0.6 mnT. The volume resistivity was measured using a
high input impedance electrometgfeithley 6517A, Cleve-
land, Ohig by a voltage bias across the thickest direction,
ping conduction regime increases by magnetic alignmentand measuring the current. The electrical contact was made
We also discuss the effect of alignment in the magnetic prousing a silver paste with a ring guard electrode configuration
cessing, that may, based on the analysis of the electricab reduce any effect of leakage currents. Since large voltages

transport data, cause enhanced dispersion and bundling @fre usedtypically 100 V) to maintain good signal to noise,

nanotubes in the epoxy matrix. we checked for possible heating effects by varying the volt-
age biasing conditions. When voltage bias pulses with differ-
Il. EXPERIMENTAL PROCEDURES ent widths (0.1-30 $ were applied, no recognizable time

dependence in the value of the resistance was observed.
Other contact methods, such as pressure contacts with an
Purified SWNTs from Carbon Nanotechnolodfesere  indium foil as a binding material, showed large time depen-
dispersed ultrasonically with a small amount of ethanol in ardent hysteresis effects in current—voltage-{) measure-
ultrasonic bath at room temperature for 30 min. After mixingments, and were not used in our study.
the ethanol-based solution into the Thixotropic/PR2032 ep-  For thermal conductivity measurements, the comparative
oxy resint? a similar amount of ethanol was added and themethod was used with constantan wire as a reference mate-
whole mixture was ultrasonicated for 30 min. This processial, and miniature thermocouples were used as temperature
promoted the distribution of carbon nanotubes over the sursensors. A sample was cut into a long bar shape with typical
face of the resin, and prevented particle clustering. Afterdimensions %0.2x0.2 mn? and attached to a constantan
mixing the ethanol-based solution into the resin, the suspenwire which is thermally connected to a heater. By comparing
sions were stirred for 15 min at 2000 rpm. During the stirringthe temperature difference across the sample and constantan
process, the temperature of the resin was kept at 25 °C in wire, the relative thermal conductivity of the sample to the
cold water bath to maintain the low viscosity of the resin. Inconstantan wire was obtained. In all cases, the samples were
order to evaporate the ethanol, the mixture was placed in agheasured in a diffusion-pumped vacuum to eliminate short-
ultrasonic hot water bath at 50 °C for another 30 min. Aftering of conducting paths by air or condensation.
adding the PH3660 hardener, the mixture was stirred me-
chanically for 5 min. The resin/hardener mix ratio for each|||. RESULTS
sample was 4:1 weight with an uncured density of 1110 .
kg/m® and viscosity of 0.90-0.95 Nsf’ The epoxy/ A. Electrical transport
nanotube system had 3% nanotubes by weight. The liquid The temperature dependence of resistiip(T)] of
systems were degassed in a moderate vacuum until all ga®ntrol epoxy(E-25T: cured at 25 T without CNTsand
bubbles disappeared, and then injected separately, using TNT—epoxy composites are presented in Fig. 2. Hereafter,
mm syringes, inside quartz tubes of 8 mm in diameter and 5@ve denote CNT—epoxy composites as CE-OT for a compos-
mm long. The quartz tubes were sealed and taped verticallge without a magnetic process, CE-15T for a composite
to a cylindrical sample holder, which was then positioned atured at 15 T, and CE-25T for a composite cured at 25 T.
the center of the high-field magnet. CE-15T samples were cut into two different pieces so that
Samples of neat epoxy and compositions of eped  applied voltage is either parallel (CE-1jTor perpendicular
wt % SWNT were processed in magnetic fields of 0, 15, and CE-15T,) to the nanotube alignment direction. In some
25 T. The magnetic alignment sequence invdl2en atroom  cases, different samples with same magnetic process condi-
temperature, followedyp2 h at 60 °C,where the magnetic tions were measured and are denoted as, e.g., CEALBT
field was held constant for the emti#t h period. An example CE-15T, B. The room-temperature resistivity decreases by
of a magnetically processé@5 T) SWNT—epoxy composite six orders of magnitudes by loading 3 wt % of SWNTs. The
structure is shown in the atomic force microscdpé-M)  resistivity decreases further by magnetic alignment. For in-
picture in Fig. 1. As discussed above, it is believed that thestance, the resistivity of CE-2%Tdecreased by 35% of
reorientation of CNTs in a polymeric medium occurs due toCE-OT at room temperature. Anisotropy is also observed be-

A. Materials and magnetic field processing
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ol T ] T information about these materials. In this section, we con-
10 " '/» ‘. . . . .
I perpend. sider the mechanisms for the electrical transport characteris-
10" Bﬁe]dT tics discussed above and presented in Figs. 2 and 3. Electri-
" : R I cal conduction of nanotube mat or nanotube composites is
10 ) peu et L often explained by a variable range hoppiiRH) conduc-
10"k CEAST, B ' . tion model**4~1®The temperature dependence for the VRH

p (Qcm)

conduction can be expressed as

10 CE-15T, CE-15T,A .
10° i To\™
p(T)=pgex s (1)
107l cezse  CEZTA CEZSTC
s where m=1/4 for the three-dimensiondBD) Mott VRH
10 e IR Ty s model!’ For the Efros VRH model, where the Coulomb in-
1 100

teraction is important, the exponent is 1/2'® For both
Efros and Mott VRH models, the numerator in the exponent,

FIG. 2. Temperature dependence of resistivity of magnetically processecf. . lated t | lizati | )
CNT-epoxy composites. The current was applied along the thickest direc- M’ IS related to a localizaton eng(l§ as
2
B2

tion of a slab- or disk-shaped sample, as cut from the magnetically pro-
cessed cylindrical sample shown in the ind@the resistivity of the neat —

epoxy was near the limit of the ability of the instrumentation to maintain 12 kgr(€)€
ohmic behaviol.

Temperature (K)

for the Efros VRH,

TUEL for the Mott VRH model, 2

3
tween the CE-15T and CE-15T samples with ken(Ep)¢

p(CE-15T,)/p(CE-15T)~1.4 at room temperature. The where B's are constantsk is the dielectric constant, and

temperature dependence of the anisotropy is very weak; anf{E) is the density of states at the Fermi level.

at a lower temperature, the anisotropy increases slightly, In the hopping conduction regime, the resistance is de-

showing a maximum of 1.5 at 60 K and decreases to 1.2 at Bendent on electric field, due to either electric field effects, or

K. to hot electron effects. In the field effect model, the electric
Since the nanotube—epoxy composite materials are modield is assumed to assist tunneling between localized states,

erately high in resistivity, and disorder-related transportso that the resultant resistivity can be expressed as

mechanisms are evident, we also investigated the nonlinear Tom CEX

electric field effects, as shown in Fig. 3. For the temperature p(T,E)=p(T)p(E)=po ex;{ _m) ex;{ _ _) (3)

dependent measurement, an independently cut CE-25T T kT

sample(hereafter CE-25B) was used. The nonlinearity of where\ is a characteristic hopping lengthin the hot elec-

resist'ance is sigqificant for all samples, which is typical in %ron model, the effect of the electric field is to contribute to
hopping conduction system. the energy redistribution of electrons, which can be ex-
pressed as an electrical heating effect. The effect of electric
1. Theoretical analysis of electrical transport in field in this model is to increase the temperature of electrons,
composites so that the temperatur€l) is replaced byT =T+ Tgjec
The results of the temperature and electric-field depenwhereTgec~€E£. Hence, the temperature dependence of re-
dent resistivity measurements yield important microscopigistivity at different electric field can be rewritten as

= Tn |"_ Tn_|" 4
) p(T)=poex TiTo Po®ATiees (4)

In the present case, we find that both the temperature and
electric-field dependence of resistivity can be described best
by the hot electron model. The(T) curves measured at
different electric fields overlap each other quite well in the
high-temperature range with a sindig, value of 9000 K, as
shown in Fig. 4a). T.ec values increase with the electric
field as expectedsee the inset of Fig.(d)], and from the
linear dependence of . ONn electric field, the localization
length is estimated to be about 260 A. In CNT composites,
the density of statesDOS) can be described as(Eg)
=ng(Eg) X f, whereng(Eg) is the DOS for SWNT and is

FIG. 3. () The room-temperature resistivity as a function of the electric the volume fraction of the composite. Since the volume frac-
field for various nanotube—epoxy composites. The fits are obtained from thgion is identical for the samples in this work, the change of

Mott-type VRH conduction model with hot electron effect considei®q. ; U i
Electrical resistivity of CE-25B as a function of temperature at different slope in |np VerSUSTe“ originates from the Change of the

electrical fields 310, 620, 920, 1230, 1540, and 1850 V/cm from the toplOC@lization length¢. From the slope change of Figty, we
curve downward. find that the localization length increased by about 20% for
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™ FIG. 5. Inp vs T2 plot at low temperaturesa) The data of Fig. &) for
sample CE-28 for different electric fields. Inset: Relationship ©fe. to
electric field[from Eq. (4)]. (b) The data for different samples from Fig. 2

for low electric fields.

FIG. 4. Inp vs T plot at high temperature$a) The data of Fig. @) for
sample CE-2 for different electric fields. Inset: Relationship of,cE to
electric field[from Eq. (4)]. (b) The data for different samples from Fig. 2
for low electric fields.

charging energy involved in the transport process between
bundles(or tubes. For an individual CNT bundle, the Cou-
lomb charging energy was estimated to be about 2—7 meV
from Coulomb blockade experimerfts??

the CE-25T compared to CE-OT. The values of,, and
correspondingé,aio( €/ £(CE-0T)) derived from the high-
temperature data are listed in Table I.

In Fig. 5, we examine the low-temperature behavior ofg Thermal conductivity

the electrical transport, since the linear behavior in the In _ _ _ o
/4 plot clearly deviates at low temperatures, as ob-  The final area of our experimental investigation concerns

versusT
served in both Figs.(4) and 4b). The crossover from Mott- thermal transport. The temperature dependence of thermal

to Efros-type VRH conduction is often observed in dopedconductivity for the composite material€E-OT, CE-257)
semiconductors, and is attributed to the existence of a sofind control epoxy(E-25T) is shown in Fig. 6. Even without
Coulomb gap due to Coulomb correlatiofi$® When the magnetic field processing, the thermal conductivity increases
Coulomb gap is the same order of magnitude with the meaby up to 300% with 3 wt% SWNT loading. The thermal
sured temperature range, Efros VRH cannot be seen at highpnductivity is further enhanced by magnetic processing, i.e.,
temperatures where thermal effects shadow the Coulomihe thermal conductivity increases by another 10% by mag-
gap. At lower temperatures, the Coulomb gap behaviopetic alignment in 25 T. The idea of increasing thermal con-
emerges as a linear relation in theplaersusT*2 plot. Since ~ ductivity by adding highly thermal conducting inclusions has
the hot electron model is still valid in the Efros VRH con- been developed and practiced in many areas. If one considers
duction regime, the Ip versusTéﬁf plot of Fig. 5 supports @n effective thermal conductiviti{ o for the inclusion of a
the Efros VRH conduction model at low temperatures for ourandomly oriented elliptical materi&f, K¢y for the non-

samples. The localization length ratio and the Coulomb ga@ligned sampl&CE-0T) would be estimated to be about 33
derived from the Efros VRH model in the low-temperature W/mK, where we have assumed isolated SWNTs with a 2

region are also listed in Table I. nm diameter, 500 nm length, ant~3000 W/mK thermal
The existence of Coulomb correlation has also been obcondUCtiVity. Since the thermal CondUCtiVity of nonaligned
served in SWNTholy(methymethacrylaj¢ PMMA com-
posites, where a smaller Coulomb gé&p5-2.5 meV de-
pending on the SWNT volume fractipmwas reported? It
was argued that the Coulomb gap is due to the Coulomb

g
£
TABLE I. The summary of Mott and Efros VRH fitting result&, denotes E
the localization length ratio compared to the value of the nonaligned §
SWNT-epoxy compositels/§(CE-0T)]. %
NonlinearR §
3D VRH Efros VRH (295 K) Coulomb [}
(high T) fowT) — "%  gap £
Samples Tys(K) &aio T12(K)  Eao T1a(K) Eaio  (MEV) F
CE-0T 14030 1.00 1060 1.00 7270 1.00 25 | e | |
CE-15T A 13360 1.02 1220 095 7650 0.98 32
100 150 200 250
CE- 1511_ B 12 696 1.03 Temperature (K)
CE-15T, 13190 1.02 1210 0.96 7560 0.99 32
CE-25T/A 10950 1.09 700 1.15 2900 1.36 15 FIG. 6. Thermal conductivity of CNT—epoxy composites magnetically pro-
CE-25T,B 9000 1.16 650 1.18 3417 1.29 15 cessed at 0 and 25 T, compared with the neat epoxy control sdalpte
CE-25T,C 6600 1.29 processed at 25)T The thermal gradient was applied along the magnetic

field alignment direction.
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nanotube—epoxy composite is 1/5 of the theoretical estimaand CE-15T can be also explained by this effect.

tion, it is apparent that other effects that suppress the effec- The increase in the thermal conductivity of epdwith

tive thermal conductivity should be considered. the addition of a SWNT and magnetic field processiigy
less pronounced than the increase in the electrical conductiv-
ity in the materials we investigated. It is known that the high

IV. DISCUSSION thermal conductivity of CNTs comes from the large mean-

The results of our investigation are summarized by firstree path of phonon transport. Since the phonon mismatch at
considering the parameters that result from the electricdpoundaries of the nanotube and epoxy matrix results in high
transport studies, as shown in Table(for the CE-15TB thermal boundary resistan¢Kapitza resistange the effec-
and CE_25'|"C Samp|eS, 0n|y the high_temperature, 3D,tive thermal CondUCtiVity should be Substantia”y less than
VRH model results were determingdThe most apparent when Kapitza resistance was ignored. Furthermore, the pho-
trends, for the magnetically processed SWNT—epoxy syston mode of CNTs can be affected by surrounding epoxy
tems examined, are that the localization length is increasednatrix as a strain, as observed in a shift of Raman maafes
and the Coulomb gap is decreased, if one compares the maafder 5 cni*) in MWNT—-PMMA composites; and in the
aligned sample (CE-ZQ)’th the nonaligned SampK@E_ materials investigated here(lSWNT epoxy.27 It is known
0T). The absolute value of localization length is uncertainthat the ballistic thermal conductivity of an isolated CNT can
since the DOS of SWNTEny(Eg)] and the volume fraction be suppressed by intertube interactions in bundles. There-
(f) are not exactly known. However, if we assume the Dogore, if the magnetic alignment encourages bundling as the
of metallic SWNTs and 3% volume fractidf the localiza- €lectrical conductivity data suggest, the effective thermal
tion length for CE-OT is about 122 AMott VRH), 74 A conductivity may be smaller than the value derived from the
(Efros VRH), and 152 A(electric-field dependenget room effect of the colinearity of the phonon wave vector exclu-
temperature. For the CE-28 sample, the localization sively. In fact, in magnetically aligned CNT mat samples, the
lengths are about 142 A, 120 A, and 196 A, derived from thethermal conductivity is five to eight times larger for the par-
same method&espectively. Usually, the localization length allel direction compared to the perpendicular direcfion,
derived from the electric-field dependence fit was lafgee ~ Where, in the composites, we saw only a 10% increase of
also £~260 A derived from the electric-field dependence ofthermal conductivity with alignment.

Teaed, Which may be explained by the moderate anisotropic
VRH conductior?® In reference to Fig. 1, the average size of V. CONCLUSIONS

the localization length derived from our measuremeiofs

order 100 A is in reasonable agreement with the correspond We have observed the enhancement of electrical and
) . . thermal conductivities of CNT—epoxy composites with mag-
ing size of the bundles observed in the AFM measurement poxy b 9

%etic field processing. The cooperative alignment of nano-
The localization length values for CE-OT are similar in b 9 b g

. . tubes in the host—polymer system is identified as the main
yalue to SWNT/PMMA composites, where volume fraction cause for the enhancement of the electric and thermal con-
independent localization lengths were obsertfedn the

lvsis of Ref. 10. the localizati d 1o be i ductivities. Additional bundling of the SWNT appears to be
?.na ysis of Ret. t,th ebocgllzr;\) lon (;Na_;;ssume Io F InE)romoted by magnetic processing, based on the electrical
rinsic, occurring at the bundle boundarigsansverse local- transport analysis. Although this may be advantageous for

ization). The localization length derived in our work is also . . - . .
: S enhancing the electrical conductivity, bundling works against
larger than the nanotube diameters, which indicates that th g Y g g

localization also occurs on bundle length scaléence, the ﬁgnifi_cgnt enhancemepts in the thermal conducti.vity. There-

increase of the localization length in the aligned co}npositefore’ I 'S desqable tp find a route to make an allgned' CNT
; . composites with a higher degree of nanotube separation.

compared to that of the nonaligned one can be attributed to

the increase of bundle size for the magnetically aligned
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