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High-performance lightweight composites are sizabgnufactured by using a facile method
of impregnating continuous aligned carbon nanotsbeet (buckypapers) with self-
reinforcing polyphenylene (Parmax) solution anddwled by a hot-press process. The high
processing pressure flattens nanotubes, which gklez-stack with the aromatic rings of
Parmax chain, and accordingly improve the load sf@n. Both tensile strength and Young's
modulus of the thermoplastic composites increatie the alignment degree of nanotubes,
and can reach above 950 MPa and 94 GPa, respeytifal the composite containing 50%-
stretched buckypaper of submillimeter-long nanosuliée influences of nanotube alignment
on the tensile performance of the composites ateexpressed by an empirical formula. The
highly aligned nanotubes also boost phonon tran&f@rw mK*) and the electric
conductivity (425 S cr) of the composite along the alignment directiothefbuckypaper.
Plus its very light mass densityl(g cm®), these combined outstanding properties would
enable the thermoplastic composites in wide appboa as multifunctional

material &block;Please shorten the text to 700 characters mxamum.&block;

1. Introduction

Compared with thermosets, the thermoplastics o$ieveral exciting features including
excellent recyclability, better toughness, unlimitehelf-life, and rapid fabrication cycle.
Recently, a novel family of processable self-reioéal polyphenylenes (Parmax SRPs) was
designed by carefully choosing pendant side chamsmpart solubility and thermal
processability to the normally intractable rigicirpolyparaphenylene backbortBsAs a self-
reinforced liquid crystalline copolymer of paraled benzophenone and meta-linked
unsubstituted phenylene units, Parmax possessesy rpeoperties superior to other

thermoplastics, such as extraordinary strength,utosg hardness, light density, outstanding



thermal stability, and other properties in a combon unrivaled by any other single
material” For instance, the tensile strength of neat Paimagproximately 207 MPa, and its
tensile modulus can be above 5.5 GPahe highest among all polymer materials. More
importantly, Parmax can be dissolved in numerougamc solvents (esters, N-
methylpyrrolidinone, methylene chloride, phenylest) etc.), and can be thermally fabricated
(compression molded, injection molded, extruded,)etHHowever, the tensile strength of
Parmax itself still needs to be improved for supbli@ations as aerospace. Additionally, its
poor charge transport, low Seebeck coefficient, twedmal conductivity excluded it in the
uses as thermoelectric materials or conductors.

As a novel type of one-dimensional inorganic mateyricarbon nanotubes (CNTSs) bring
many hopes in the fabrication of multifunctionahgaosites because individual CNTs possess
a combination of excellent properties, includingeslative mechanic strength, remarkable
charge transport, and thermal conductivities. CHdis be viewed as one or several graphitic
sheets of sphybridized carbon atoms wrapped into a tube. $Hi®nding structure provides
CNTs with unique fiber strength and extremely hilgarmal conductivity (theoretically up to
6 600 W (m-KJH)."! CNTs are the strongest known material in termeofsile strength!
Single-walled carbon nanotubes demonstrate an gevdygeaking tensile strength of 30 GPa
and Young’s modulus of above 1 T¥aThe n-bonds perpendicular to the tube surface are
responsible for the weak interaction between tubes bundle and the electrical transport
properties. With very small diameters at nanomstate, CNTs may reach very high aspect
ratios of 1 000 and beyond. Plus the large suréaea (~1 000 mg™), all these make CNTs
ideal fillers for polymers to enhance their perfarmes.

However, the outstanding properties of individudldés do not ensure the high performance
of the resulting composites due to low volume factphase separation, short tube length,
random orientation, wall defects, and weak intéalaload transfel’! Previously, the tensile

performance of composites (less than 10 wt% of ddéding) is described using a single



volume fraction, which leads to a series of erf8r&dditionally, the essence of the tube
orientation distribution is often simplified to oparameter, Krenchel’'s orientation efficiency
factor, 70,>*% i.e., the modulus and strength of compositesdfileth rod-like fillers are
proportional tono.[“] However, the Cox—Krenchal rule of mixtures has been fully
validated for a wide range of orientations (i.,, value ranges from 0 to 1) for any
nanocomposité? It remains unclear whether continuum theory isdvat the molecular scale.
Inspired by nacre (mother of pearl), which considteigh inorganic content (almost 95 vol%
calcium carbonate) and low-elastic biopolymersspeses remarkable strength and toughness
thanks to its hierarchical structure and preciserganic—organic interface, we fabricated
sizable high-performance thermoplastic composita® fa flattened CNT sheets (buckypaper)
and self-reinforcing polyphenylene (Parmax) by dutsan and hot-press approach.
Buckypaper is a form of two-dimensional sheet of TGNf different length and diameter,
very suitable for practical macroscale applicatioms improve the tube interaction and
alignment, buckypaper sheets are first stretchelddused for composite fabrication as shown
in Figure 1. The nanotube weight fraction or loadings are radied at around 55 wt% in the
composite samples for the optimal interaction betweibes and polymer through a solution
impregnation process. The high-processing presfaciitates the interfacial interaction
between the flattened nanotubes and aromatic rofgshe polymer; as a result, the
macroscopic lightweight buckypaper/Parmax compsslgmonstrate outstanding mechanical,
thermal, and electrical properties, ensuring adraage of multifunctional applications.

2. Results and Discussion

2.1. Morphology, Structure, and Mechanical Propertes of Differently Stretched

Buckypapers

Generally, the performances of buckypapers arenstilas good as those of individual CNTSs,

mainly due to the weak interface interactions betwtibes in the buckypaper, as compared



to the chemical bonds in the individual tubes. Theokedness and agglomeration of the
CNTs remarkably reduce the mechanical strétijthnd the thermal conductivity! of the
buckypapers. One of the critical issues that prevka full utilization of strengthening
potential of CNTs is their waviness and randomrmiagon. Randomly oriented wavy CNTs
do not carry the load at the same time, are logsatked, and have weak tube—tube contacts,
all of which are not beneficial to the strengthiffrséss, and electrical and thermal
conductivities of resulting composites. The aligminef the nanotubes directly affects many
physical properties of the resulting composite Juding mechanical strength, thermal and
electrical conductivities. We started from the ramdly dispersed CNT sheets (purchased
from Nanocomp Technologies Inc., Concord, NH), imickh CNTs are hundreds of
micrometer-long and small-diameter (3—8 nanometeit) 2-5 walls. The nanotubes in the
buckypaper sheets are substantially entangled asslildy interconnect each other through
floating catalyst particles and aero-§&1.The commercially available buckypapers can reach
up to several meters long, which enables themlIdaifar manufacturing composites at large
scale. Alignment of CNTs in buckypaper can be eealithrough stretching. As seen from the
tensile test below (see Figure 3), the pristinekippaper can be directly stretched up to 24%
before break. Note that large length of tubes & lihckypaper is crucial for the success of
large stretching ratio, i.e., high alignment of@éalin the buckypaper. With millimeter long
tubes, Chen et al. successfully stretched the tpapsr up to 40% without bredk! For our
relatively short-tube buckypaper, in order to geére higher alignment, say 35 and 50%
stretching, a resin (Hexcel 8552 agent) is firsteatinto the randomly dispersed buckypaper
to make prepreg, and stretched it under infrarediig. After then the agent is removed from
the buckypaper by acetone solvent washing (thetagsidual on the resulting buckypaper is
less than 0.5 wt% as revealed by the thermograviengtudy). The integrity of these CNT
films maintain through Van der Waals forces angeglement interactions among the CNTSs.

This approach can stretch sheet up to 50% longer tie pre-stretch sheet. Figure 1 shows



the morphologies of the pre- and post-stretchedkypaper samples. Compared to the
reported magnetic alignment in neat CNT shBeand solid-state drawing from synthesized
CNT arrayd!® our wet-stretching approach can reach macroscsigie at much lower
cost?!

To evaluate the effects of the stretching on thgreke of the alignment, wide angle X-ray
scattering (WAXS) and polarized Raman scatteringasueements were carried out to
determine the degree of the CNT alignm&htMulti-wall carbon nanotubes (MWNTS)
exhibited a wide-angle feature around 27° arismognfdiffraction from the layered graphene
sheets (interlayer spacind). For 1D MWNTs with a large aspect ratio, thistéea is
similarly restricted in reciprocal space to a tipikane perpendicular to the nanotube axis,
leading to diffraction spots in the wide-angle magj which also become azimuthally spread
out in the presence of a distribution of MWNT otetion (inset of Figure 2a). A
characteristic of X-ray patterns from a uniaxialeated MWNT strip is the paired arcs
showing a narrow distribution with respect to tizevauth chi §) circle of the incident beam.
The azimuthal width of the arcs directly refledis alignment degree of the tubes. The width
of Bragg arc shrinks with an increasing stretchorgFigure 2a). The full-width at half-
maximum of the azimuthal peak decreases from S5@rlthe 15%-stretched buckypaper, to
25.8° and 19.3° for 35- and 50%-stretched buckyrsapespectively. In the wide-angle
scattering patterns recorded in this study, a gtioackground scattering results from the
impurities such as amorphous carbon, catalystgbesti The azimuthal anglg)(dependence
includes both Bragg and diffuse scattering fromstaljine and noncrystalline components,
respectively, in some unknown ratio. It would owtimate the unaligned part of MWNTS in
the network if Hermans orientation function is cééted directly using the X-ray diffraction
diagram®? After the background removal and peak area nomadin, the tube number

distribution around the orientation can be direcdgd out from the Bragg arc intensity of a



narrow d-range only containing the MWNT diffraction pealydathe Herman’s orientation
parameter were calculateg);=(3(co$ y)- § /2 where<co§){>:U, (X)sin)(co§xd)(]/fl (x)sin ydx
0 0 .

It turns out thatS; is roughly proportional to the stretch ratio. Tbalculated values of
Herman’s orientation paramet8y for the buckypaper strips are 0.01, 0.27, 0.6d, @86 for

the strains of 0, 15, 35, and 50%, respectively.

G-band €1 590 cm®) Raman scattering intensity of carbon nanotubseissitive to the
orientation of the tube axis with respect to thectlc polarization vectors of the excitation
laser beam (the inset in Figure 2b). A distributfanction of tube axis orientations can be
obtained by exciting CNTs with a polarized lasearheand collecting G-band scattering
intensity at different angles between the prefearid and VV polarization vectofhe G-
band Raman intensity of an oriented CNT changels @68 6, whered is the angle between
the incident excitation polarization and the CNTisakn the plane perpendicular to the
Poynting vector of the incident excitatidff). Due to the anisotropicity of optical absorption
in CNT[?® the orientation dependence of the penetrationhdepay be corrected by a
correction factorf o5 = 1/(co®) + Ksind), whereK = a./a, a. and a are the absorption
coefficients of CNTs for polarizations perpendicudad parallel to the tube axis, respectively.
K is estimated to be in the range from 0 to ¢*45The axially symmetricity of CNTs renders
the distribution function a Gaussian cylindricafsyetry. In principle, aligned fractiopand
FWHM can be obtained by fitting the deviation fraanfa,s co$6 law. The out-of-plane
Raman scattering intensity is much less than tkgane misalignment when the polarization
vector of the laser lies in-plane, so the alignnfeattions from 2D and 3D models differs by
only a few percent. For our thin buckypaper shé&@-45um), we use a 2D model by

neglecting the anisotropic optical penetration H&ptthe deviation from perfectly (100%)



aligned buckypaper can be quantified by fitting Reman intensity curves with the following

expression:

*[1-n N lpoltie? cos' ¢
1@n.0)=A[|—L+—L_getfic | o277 gy’
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wheren ando are the alignment fraction and the Gaussian stdndaviation (equivalent
FWHM= g./2In2), respectively. The intensity ratio for two ortlomgl measurements @t 0
andz/2 depends on both andy. If o is small,5 can be given from 1(0)/4(2). Note that the
depth sampled by Raman scattering in the weaklgrlby) transverse orientatigh= /2 is
greater than that i@ = 0, which leads to #(2) is overestimated relative to 1(0), gois
underestimated (and/ar is overestimated). Generally, only with very aatar Raman
intensities taken at mar®ys, o can be obtained by fitting the deviation from a'ablaw. It
inherently limits the Raman method in the accudsiermination of CNT alignment degree
as compared to X-ray scattering diagrams. Backgt@anrection is performed by subtracting
a Raman spectrum of amorphous carbon. Then, thenaéint degree can be obtained from
the best fitting curve of the Raman intensity verstientation angle. The estimated values are
0.35, 0.60, and 0.83 for the 15-, 35-, and 50%tadexl buckypaper strips, respectively, with
a uncertainty of +0.05.

The tensile properties of the neat (i.e., withoalymer) buckypaper strips of different stretch
ratios were measured and displayedFigure 3a. The randomly dispersed buckypaper
(rndmBB exhibits the mechanical strength at breakage &wiling’'s modulus of
approximately 119 MPa and 1.5 GPa, respectivelyadLcarrying along the alignment
direction shows significant improvements from thretshed buckypaper specimens. As seen
from Table 1 and Figure 3a, the tensile strength of the bugagpatrips nearly linearly
increase with the orientation factor, and reaches383 MPa for the 50%-stretched
buckypaper samples, about 221% improvements oeanttmBPR. The Young’s modulus of

the post-stretched buckypaper strips show even rdoaenatic improvements along the



alignment direction, from 1.5 GPa for the randordigpersed (pre-stretched) sheet to 16.2
GPa forStr50BR
Compared to other nanotube shé&&” the CNTs in our buckypapers have a much larger
aspect ratio ¥10°), which results in more entanglements that mainthe integrity of the
nanotube networks during the stretching processnd\the load direction the waviness of the
CNTs get straightened, CNTs in buckypaper tendbdcself-assembling and denser packing
of the CNT bundld®! which significantly improve the load carrying at@nsfer of the
aligned nanotubes in the axial tensile directiaanthtically improving the mechanical tensile
properties.In the most cases where CNTs are shorter than dhgeglength, the Young's
modulus of a buckypaper can be empirically expitsse

Y =041 1Y

f:fV%fvz, 1)
where, andy, are the correction factors (ranging from 0 to d) the effects of nanotube
orientation and length, respectivel is the CNT modulus. Since, the load transfer nyainl
works through the interfacial interaction betweée tubes, instead of directly using tube
volume factorf,, an interpolating factof is introduced into the equation (1 fy is the
nanoporosity or the fraction of the void spacedaghe buckypaperjyst similar to the model
proposed by Lielens et.ahat interpolates between the upper and lower /Gt
According to Alan H. Windle's mod&f! the axial stress in the CNT bundles results from
stress transfer between adjacent tubes through, shie@h monotonically increases with the
CNT length. For given length of tubes, a high degrecontact between the rigid neighboring
tubes and load-transfer efficiency can be realizgdnaximizing alignment of nanotubes in
buckypapeF! The enhanced densification and orientation of CNdis improve the tensile
strength, thermal and electrical conductivitiestaf buckypapef? A small reorientation of

nanotubes to the aligned direction may be attribtidethe increase of van der Waals forces

between the aligned individual nanotubes, sincevéimteder Waals force strongly depends on



the distance between nanotubes. Consequently, tiesile performances get high. The
buckypaper typically breaks because of CNT pullowte/tube sliding, de-bundling,

telescoping of MWNTSs, and delamination betweennegestructures.

2.2. Mechanical properties, Electrical, and ThermalConductivities of
buckypaper/Parmax composites&block;Please check therder of section headings and

their numbering.&block;

2.2.1. Tensile Properties of the Composites

Figure 3b shows the typical uniaxial tensile strefigin curves of the differently stretched-
buckypaper/Parmax composites along the nanotulgmnmaént direction. The Young’s
modulus and tensile strength for the neat Parmax amound 3.8 GPa and 178 MPa,
respectively. As shown in Figure 3b, the incorporatf CNTs into Parmax improves the
tensile properties compared to the neat polymee.rahdomly dispersed buckypaper/Parmax
composite (the control sampleydmBPmX exhibit a tensile strength of approximately 300
MPa, and the Young’s modulus of 29.1 GPa.

The tensile strength and Young’s modulus measurenwnthe samples are summarized in
Table 1 to show the buckypaper stretching effectshe mechanical performances of the
composites. After incorporating Parmax polymer ote aligned buckypaper, the resulting
stretched buckypaper/Parmax composites demonstdatenatically increased tensile
performances. However, as a direct indicator of aenml’'s toughness, the elongation at
break decreases sharply with the CNT alignmentalme the strong interfacial stress
increasingly restrict the mobility of Parmax molkcu chain® The 15%-stretched
buckypaper/Parmax composit8t(15BPm) demonstrates a tensile strength and a Young’s
modulus of 571 and 52.1 GPa, respectively. Fosthetched buckypaper/Parmax composites,

both the tensile strength and Young’s modulus mamoglly increase with the orientation



fraction of the CNTs in the stretched buckypapes.tihe CNT alignment further increases by
stretching the buckypaper 50%, the Young's modwdad tensile strength of the 50%-
stretched buckypaper/Parmax composgg50BPm¥ both significantly reach up to about 22
times (94 GPa) and 5 times (958 MPa), respectivelative to those of the neat Parmax.
These values are also 5.8 and 2.5 times of tho#eedd0%-stretched buckypap&tiG0BB.
Additionally, the buckypaper/Parmax composites hawery light mass densitg1 g cm®),
hence our buckypaper/Parmax composites are hightypetitive as compared with most
structural metals and many thermoset composites.

The stretched-buckypaper composites contain maegaeead and straight nanotubdsigure
4a), which consequently lead to the reduced gapstl@mdmproved tube contacts. Most of
nanotubes in the composite are aligned in the desmraile direction, which are also shown in
the cross-sectional fracture after tensile tesfifigure 4b). The incorporation of Parmax into
the aligned buckypaper frame enhances the intaifbonding between the Parmax chain and
the nanotube$¥ Taking the 50%-stretched buckypaper/Parmax cortg@tr50BPmX as
example, the alignment degree of the CNTs in thepasite along the axial direction is near
0.81, indicating that most nanotubes aligned albwgstress direction carry a load under the
tensile stress.

Interfacial bonding between the CNTs and Parmaxnchkso plays an important role in the
improved tensile performance of the composites. TNd's are peeled off from the fracture,
while Parmax chain is believed to coat on the namtbundle surface as high nanotube
concentration and no bulk neat polymer fractures abyserved (Figure 4b), suggesting the
good dispersion quality and the reinforcing meckaniof the CNTs. Many stretch
deformations of the buckypaper/Parmax sheets asept, indicating effective load transfer
between the CNTs and Parmax in the compositessifbrg interfacial adhesion between the
CNTs and Parmax allows for improved load transfemfthe polymer to the nanotub&d.

The CNTs are pulled out from the composites andimecvery stretched strips with obvious



diameter change with sharp breaks at the end duéN® slippage within the bundles.
Furthermore, although the resultant composites sdohigh tensile strength, almost no
broken individual nanotubes are seen — clear eeelémat the full potential of CNTs’ strength
has yet to be completely realized. Further improset® in interfacial bonding and load
transfer should be able to reach a much highet &fweechanical performané®!

It is also worth mentioning that during the compdimg process, the CNTs and their
assemblages underwent collapse, flattened packnefgrred stacking, folding, and twisting
under a very high pressure (2 Mlﬁ’é}).The flattened CNTs are well packed into one layer
along the alignment direction, working as do thesta inside nacre. The flattened nanotubes
preferablyn-stacking interact with the aromatic rings of Paxmahich is good for both load
transfer and phonon transpBﬁ.Thus, a combination of high loading of ultrastrdlagtened
CNTs and the hierarchical nano-/micro-structuraeamably enhance the mechanical and
thermal performance of thermoplastic composites.

The tensile performance of buckypaper/Parmax coitggoincreases with increase in the
alignment degree of CNTs in the buckypaper franmg, the optimal CNT content for the
tensile strength seems appear around 55 + 10 wt¥helprocess of tensile test, the individual
nanotube and polymer chain in the Parmax/BP cortggosnight not break and their lengths
are much shorter than the gauge length. Additigndhere exists the strong interfacial
interaction between the Parmax polymer chain and sCI8o the simple mixture model for
low fiber concentration composites does not ap@el® The tensile performance of the
Parmax/BP composites stems from the interfaciarautions of tube-polymeis), tube—
tube @) and polymer—polymereofp). The modulus X) and tensile strengths) of the
thermoplastic composites can be approximated as:

Y =141y T +17, f(l_ f) Y +(1_ f) Y
o=n,fo.+n,f (1_ f)J[p+(1— f)app’ (2)



Thef(1 —f) term in the Equation set 2 takes into accountritexraction among inclusions and
the effect of the free boundary of the specifi@nThe length effect might take different
forms for the modulus and strengthy and 77|_0.[41] The Equation set 2 can hold for the
composites with any CNT/Parmax volume ratio, tlee, interpolation factor can range from 0
(pure Parmax) to 1 (pure buckypaper). In the capei® buckypaper wheng, = Yy, = 0, and

1 - f can be treated as the nanoporosity of buckypgpset, like in the Equation 1.

Additionally, the Equation set 2 might also appty other composite systems with CNT

aggregation.

2.3. Thermal and Electrical Conductivities of the &etched Buckypaper/Parmax
Composites

The temperature dependence of the thermal condycw¥y the pre-stretched and 50%-
stretched buckypaper/Parmax composi&s50BPmxis displayed irfFigure 5a. The log—log
plot of temperature-dependent thermal conductwitiethe composites in the inset of Figure
5a is similar to quadratiec(= T", n = 1.7-2.1), characteristic of the two-dimensioplabnon
distribution like in graphit&? The thermal conductivity typically increases palaally at
the low-temperature range, and linearly at mediamperature range and saturates at room
temperature. Above 150 K, the thermal conductivifythe composites either linearly or
sublinearly increase with temperature, similar hattof the magnetic-field-aligned CNT-
polymer composite$®¥ due to the start of Umklapp process from anharmgtionon—
phonon scattering. The anharmonic phonon—phonorléatron—phonon) scattering process
creates a third phonon with a momentlmector outside the first Brillouin zone. The
Umklapp process (flip-over) process limits the thak conductivity of crystals, while the
other normal phonon scattering occurs on crystidaie and at the sample surface. At very

low temperatures, the Umklapp scattering are raeetd the tiny momentum of most phonons.



At higher temperatures, the reduced radiation ftbe surface and onset of the Umklapp
process result to the saturation of thermal condtict At room temperature, the thermal
conductivity of Str50BPmxincreases up to 70 W mKalong the alignment direction, which
doubles that of the random sample (30 W ™HKThe improved thermal conductivity of
Str50BPmxare attributed to the alignment of CNTs, whichdie#o better intertube contacts
between aligned CNTs in the buckypaper compositeiacrease the length and size of the
CNT bundles, since the Parmax is a poor thermatlwctor as compared to CNTs while the
phonon/thermal transport mainly occur through CNtwork. The best aligned buckypaper
has better contact between nanotubes, resultingetier thermal conductivity of any CNT
composite. Additionally, the nanotubes lack of egegaent with the heat source and sink
might not contribute to heat transport although sptally present in an aligned bundle.
Additionally, the thermal boundary resistance atTENNT contacts strongly affects heat
transport across the composite due to the diffeatighment and continuity of the CNTs
throughout the bundles.

Note that thermal interface between nanotubes adium also plays an important role in the
thermal conductivity of the compositéd. The low thermal interfacial resistandg) can
benefit high thermal conductivity. The Parmax fille empty space in thin sheet between the
CNTs act as a phonon transport medium. Therefoeehétter CNT-CNT thermal contact and
the CNT—Parmax interface is crucial to high therm@hductivity of CNT composites. The
phonon mismatch at boundaries of the nanotube anddX results in high thermal boundary
resistance (Kapitza resistandgg), and the phonon mode of CNTs can be altered by
surrounding Parmax as a stré. It is worth mentioning that since the inner sheiks
MWNTSs can efficiently conduct phonons despite théeo shell interacting with the polymer
matrix, MWNTSs dispersed in polymer can enhancethieemal conductivity much more than

single wall carbon nanotubes §d.



Since the stretched buckypapers demonstrate timeatically increased tensile performances
along the alignment direction, the better alignméonger bundles, denser packing (less
porous), and better contacts among the CNTs ofstteiched buckypaper is expected to
improve its electrical conductivitf’*®! Along with thermal conductivity, the 2-probe
electrical resistivity of the random and 50%-stnetd buckypaper/Parmax composites are
simultaneously measured as a function of temperafiiigure 5b). Parmax is a poor
conductor with an electrical resistivity of appnaxitely 18° Q m. As a polymer filler, CNT
networks in buckypapers can naturally offer excelieharge transport paths for conductive
composites due to their high electrical condugtiahd high aspect ratio. The dispersion and
alignment of CNTs in the polymer matrix are critita determine the charge transportability
of the polymer composités’ Despite the metallic origin of individual CNTsgtbuckypaper
composites show a negative temperature coefficénesistance, AT < 0. As seen in
Figure 5b, the electrical resistivity of composgedramatically reduced by the incorporation
of buckypaper into Parmax in the whole temperataregge. The pre-stretched buckypaper
composite exhibits the resistivity of 17¢2 m at room temperatu{f'i‘é),] like typical carbon
fiber composite§Y Additionally, the electrical resistivity of the rstched-
buckypaper/Parmax composites is significantly lowkmg the alignment direction of the
CNTs than that of the pre-stretched buckypaper ositg (ndmPBm). When the 50%-
stretched buckypaper is incorporated into the Pammatrix, the resistivity of the composite
drops to 2.35 xI0 Q m, about 73 orders of magnitude lower than thandmPBmx The
electrical conductivity ) of Str50BPmxs comparable to the aligned neat single wall @arb
nanotube buckypap&f’

The high electric conductivities of the stretchedcthypaper composites also stem from the
CNT alignment and the dense packing of nanotubles.bEtter contacts among the nanotubes
and longer tube bundles provide the more efficmartolation patché&block;Please check

the change made.&block; Additionally, high concentration of CNTs in therspositesand



submillimeter-long CNTs can benefit the charge gpamt in the alignment direction.

Moreover, with the Parmax smectic morphology trghlyi aromatic Parmax molecular chain
forms the strong#-stacking” with the flattened CNT walls which forrdaring the hot-press

process$>?! Therefore, the intermolecular overlagstacking is indicated by good wetting and
adhesion of CNTs with Parmax, i.e., a strong irtesa and compatibility between the CNTs
and the polymer matrix. Note that the highly aligr®mickypaper/Parmax samples exhibit a
larger anisotropic electrical conductivity than theermal conductivity, because Parmax

polymer is slightly thermally conductive but elecally insulating.

By testing the thermal and electrical conductigitté a composite, the electronic contribution
to its thermal conductivity can be determined. Adaog to Wiedemann—Franz law, Lorenz
ratio x/oT, for metal in which free electrons get involved loth thermal and electric
conductivities, is usually in the order of ¥®VQ K™ The Lorenz ratio does not vary much
from metal to metal because the moving electroassfyort both heat and a charge. The
Lorenz ratio is in the order of 7-16 x 20NQ K™ for the random buckypaper/Parmax
composites and 1-2 x TOWQ K™ in the compositéStr50BPmxat various temperatures,
essentially independent of temperature. These salme comparable to the previous
measurements on carbon nanotube films, but twd@etorders higher than expected for
electron transpoft*®*! Thus, thermal conductivity is dominated by phonoats all
temperatures, which might be interpreted with Toagaa-Luttinger liquid theory for one-
dimensional material8” instead of the Fermi liquid theory for three-dirsiemal materials

like bulk metal.

3. Conclusion
Wrapping up, highly aligned CNT sheets can be okthiby mechanically stretching

buckypaper, and further impregnated with self-r@icihg polyphenylene (Parmax) to make



high-performance thermoplastic composites with tamding thermal, mechanical, and
electrical properties. The wet impregnation apphopivides a highly dispersed Parmax on
the aligned CNT frame. The-stacking between the highly aromatic Parmax claaid the
flattened CNT wall leads to the strong interfadrakeractions, and wetting and adhension
between the polymer and CNTs in the buckypaper ositgs. With the incorporation of
50%-stretched buckypaper, the tensile strengthraodulus of the composite improved by
about 5 and 24 times, respectively, as comparetihdse of neat Parmax. The improved
tensile performances are primarily attributed tomrsg interfacial interaction between the
CNTs and Parmax, and the high-degree alignmenthef millimeter long CNTs in the
composite. An empirical expression was introduceeplain the influence of the orientation,
length, and volume factors on the tensile perforrearof the buckypaper-enhanced
thermoplastic composites with any CNT/polymer raby considering the interfacial
interactions between the constitugdsock;The word consitutes has been changed to

constitutes. Please check for correctness.&block:

The high alignment degree of buckypaper also fatdithe high-thermal conductance and
electrical conductivity of the thermoplastic compes along the aligned direction. The 50%-
stretched buckypaper/Pamax composite demonstrate$ MK of thermal conductance and
425 S cm' of electric conductivity. Even higher performancésligned buckypaper/Parmax
composites are expected by optimizing the CNT-Parmizrface alignment and using much
longer CNTs. The synthesis of foot-long CNTs isemdhy in our laboratory. Our approach
can be easily scaled up for mass production ofkimd of high performance thermoplastic
composites. The combined outstanding performancéiigih mechanical properties and
unprecedented electrical conductance enable theypaper/Pamax thermoplastic composites
for a wide range of multi-functional/structural #pptions as lightweight composite

conductors.



4. Experimental Section

4.1. Materials

The buckypapers are randomly dispersed MWNT shfsis Number 4371, named as
rndmBP, purchased from Nanocomp Technologies Inc.) withrtanotube length of hundreds
of micrometer. The buckypaper strips were mechdlgisaretched using a Shimadzu machine
(AGS-J, Shimadzu Scientific Inc., Japan) with propesin assistance, the resulting
buckypaper was named &8xBR x is the percentage of the stretching ratio of theklgpaper.

The liquid crystalline polymer poly [(benzoyl-1, phenylene)-co-(1, 3-phenylene)]
trademarked as Parmax (Mississippi Polymer Teclymedo Inc), was used to fabricate

thermoplastic composites in this work.

4.2. Composite Preparation

Parmax pellets were first dissolved in dimethylfarmde (DMF) with the assistance of
sonication. The differently stretched buckypapeesenmpregnated with a Parmax/DMF (0.5
mg mi™) solution, and then dried at 453 K in a vacuumrof@ 12 h to remove residual

solvent. The nanotube concentration was contr@tednd 55 +8 wt% (weight loading) in the
final buckypaper/Parmax prepreg sheets. The bugemarepregs were subjected to a
pressure of approximately 2.0 MPa at 563 K for 3@ @nd then cooled down to room

temperature naturally. The samples were namestrgBPmxbased on the stretching ratio of

buckpapery is the percentage of stretch ratio of the buckgpapthe hybrid composites.

4.3. Characterization



The surface and cross-sectional morphologies of bihekypapers and composites were
examined using a field emission scanning electraerascope (JEOL 7401F) with a beam
voltage of 10 kV. The nanostructure and the orimadistribution of the differently
stretched buckypapers and their composites wersiigated by X-ray scattering performed
on a Bruker NanoSTAR system with an Incoatec lISrafocus X-ray source operating at 45
kV and 650uA. A Cu Ka radiation beami(= 0.154 nm) with a beam size about 0.15 mm in
full-width half-maximum (FWHM) at the sample positi was obtained by collimating the
primary beam with cross-coupled Gobel mirrors angirdnole of 0.1 mm in diameter. A
Shimatsu AGS-J materials testing system (Kyotoadapvas employed to test the tensile
properties of the buckypapers and their thermoiglasimposites at room temperature (296 +
2 K), 40 + 5% relative humidity, with a crosshegead of 1 mm mift on a 500 N load cell
with a 25 mm gauge length. The composite stripsensile tests were cut with dimensions of
approximately 50 mm (L) x 5 mm (W) x 20-50 um (pd the averaged results were
obtained by testing at least five specimens of eachposite type to ensure reproducibility.
Considering the cross-sectional area decreasingnacling, true stress/strain curves are
obtained by the instantaneous load acting on tleahcross-sectional area and assuming
material volume remains constatit”! The in-plane electrical and thermal conductivitids
the buckypaper/Parmax composites were measureg #henstretching direction using the
physical property measurement system (PPMS, Quailtasign) with a thermal transport
option. The samples with typical thicknesses o650@m were cut into 10 mm (stretching
direction) x 2 mm strips, and the probe distancs alout 5 mm. One end of a sample was
attached with a resistive heater and a temperatmeor through metal lead using thermally
conductive silver epoxy, while the other end wasnsxted to a cold foot and a second
temperature sensor. The temperature differencedeetihe two sensors and the dimension
were used to calculate the in-plane thermal corasheet/conductivity under a given power

heating. The heat loss from the heater was miniintae using high vacuum and radiation



shields. Afterward, the electrical conductivity thfe composite strip was measured at the
same temperature with the same two-probe contacts.
Article first published online&block; Typesetter: Please insert.&block;
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Fig. 1. SEM images of pre-stretched (a) and 50%-stret@elduckypaper.
Fig. 2. (a) Integrated 2D X-ray scattering intensity (surdno@er intervals 24° <@< 30°)

displaying the azimuth peaks for nanotubes in ftifferéntly stretched buckypaper samples.



The inset displays 2D X-ray scattering pattern iesagf (inset up) the pre-stretched and (inset
bottom) 50%-stretched buckypaper. (b) The alignnfeattions estimated from G band
intensities at orientation angle between stretchlingction and laser polarization. The inset of
(b) displays the Raman spectra of 50% stretchedéypaper collected at the electric field
parallel (Str50BPp) and perpendicular (Str50BPvih® alignment direction, along with that
of amorphous carbon.

Fig. 3. The typical uniaxial tensile stress—strain curvethe differently stretched buckypaper
strips (a) and the stretched buckypaper/Parmax osit@s (b) along the nanotube alignment
direction.

Fig. 4. (a) A composite sheet stretched by 50%, showirajght, well-aligned and closely
packed nanotubes. (b) The SEM image of typical t@ir@c surface morphology of
buckypaper/Parmax composites with a 50%-stretaeb. r@tretched deformation of CNT array
along stress direction suggests good alignmeni@aditransfer. High volume fraction, good
matrix penetration, and a layered failure modeotnserved for all of the composites.

Fig. 5. (a) Temperature dependence of thermal conductofityandom and 50%-stretched
buckypaper/Parmax composite. Inset is log—log plothe thermal conductivity. (b) The
resistivities of the random and 50%-stretched bpakgr/Parmax composite as a function of

temperature.

Table 1.Tensile mechanical performances of the differesthgtched buckypaper strips and
the stretched buckypaper/Parmax composites (b)galba nanotube alignment direction.

Parmax is also listed for comparison.

Young's Tensile Elongation Density
Sample

modulus strength at break [g cm™
name

[Gpa]  [MPa]  [%]




081 A
rndmBP 15+0.2 1197 23.9+4.2

0.05
082 A
Str15BP 7.8+0.6 237 +21 54+1.1
0.05
125 = 0.84 A
Str35BP 315 + 28 3.8+0.8
1.1 0.05
16.2 = 085 A
Str50BP 383+35 2.8+0.7
1.4 0.05

Parmax 3.8+03 17/8+16 6.1 +1.3 1.14+0.05

29.1 + 1.21 d
rndmBPmx 384 +35 2.0+0.9

2.7 0.05

521 + 1.11 d
Str15BPmx 535+48 1.7+ 0.7

4.5 0.05

75.3 + 1.02 d
Str35BPmx 780+70 1.5+0.6

6.3 0.05

93.8 + 0.98 d
Str50BPmMx 958+86 1.3+0.5

8.1 0.05
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Full Paper

High-performance thermoplastic composites are fabgated by hotpressing self-
reinforcing polyphenylene (Parmax) into highly alighed buckypaper. The strong
interfacial interactions between Parmax polymer #attened carbon nanotubes lead to

outstanding tensile properties (highly competitwgh structural metals). The influence of



alignment, volume fraction, nanotube length factor the tensile performance of the
composites works through the interfacial interatdidetween each component. The high
alignment of tubes also boosts thermal conductandeelectric conductivity of the composite
along the alignment direction of the buckypagblock;Please shorten the text to 400

characters maximum.&block;

High-Performance Multifunctional Thermoplastic Composites Enhanced by Aligned

Buckypaper
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