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Polymer-Mediated Alignment of Carbon
Nanotubes under High Magnetic Fields**

By Hamid Garmestani,* Marwan S. Al-Haik, Klaus Dahmen,
Rina Tannenbaum, Dongsheng Li, Simon S. Sablin,
and M. Yousuff Hussaini

Carbon nanotubes possess exceptional mechanical proper-
ties and superior thermal and electric properties."™ Hence,
nanotubes can be ideal reinforcement fibers for structural
composites. For example, a cast composite film consisting of
polystyrene and carbon nanotubes (5 % volume fraction) has
increased the modulus by 100 % and the strength of the poly-
styrene by 25 % .5 Moreover, the carbon nanotubes reinforce-
ment increased the toughness of the composite by absorbing
energy because of their high elastic behavior during loading."’
Utilizing the unique properties of carbon nanotubes depends
on the spatial control and dispersion of individual nanotubes
in a matrix, such as polymers, and on the ability to transfer
load from the matrix to the nanotubes.

The fabrication of high-performance nanotube-based com-
posites is driven by the ability to create anisotropy at the mo-
lecular level in order to obtain optimal mechanical properties.
Oriented single-walled carbon nanotubes (SWCNTSs) offer
many advantages compared to the random tangles of bundled
tubes.®l Recently, multi-walled carbon nanotubes were dis-
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persed in a polystyrene matrix followed by extrusion and
pressing the composite film to produce oriented nanocompos-
ites,”) in which the elastic modulus was considerably greater
than the improvement for the randomly oriented composite.

Carbon nanotubes have been aligned through different
techniques such as hot filament chemical vapor deposition,[g]
melt processing,” mechanical stretching,'”’ and electrophore-
sis.'!l However, when introduced into a polymeric matrix, car-
bon nanotubes disperse randomly, losing their orientations.
Hence, the reorientation process should take into considera-
tion the rearrangement of the polymeric matrix. Bulk orienta-
tion for polymers was shown to occur via extensional shear
obtained by melt spinning,[lz] extrusion,!>) or injection mold-
ing.[14'16] Magnetic field-induced alignment of polymeric
materials has been the focus of several research efforts.'”?!
Polymers can interact with a magnetic field through the dia-
magnetic anisotropy of its constituent repeating units. The en-
ergy that the repeating unit gains through the interaction with
an external magnetic field is dependent on the orientation of
the unit relative to the magnetic field, and hence, the unit
tends to align in a certain direction that optimized the energy
reduction.”! If the energy reduction is insufficient compared
to its thermal energy, the tendency of a unit to align is sup-
pressed by molecular vibrations. Magnetic reorientation of
various polymers has been measured by X-ray diffrac-
tion,l'%172123] magnetic birefringence,” nuclear magnetic res-
onance (NMR),**l and by studying the evolution of micro-
structures.['7222326] The application of a magnetic field during
polymer processing may achieve enhanced mechanical and
physical properties compared to mechanical stretch-
ing 10172526 For example, a magnetic field was applied during
the cure reaction of a liquid crystalline epoxy,'*!”! resulting in
alignment of the molecules along the direction of the applied
field. Measurements of the orientation parameter of the fully
cured material by wide-angle X-ray scattering (WAXS)
showed that orientation improved with an increase in field
strength. The orientation parameters attained a maximum lev-
el at field strength of approximately 12 T. The elastic tensile
modulus increased with the square of the orientation param-
eter, attaining a maximum value of 8.1 GPa, compared to
3.1 GPa for the unoriented material. The authors have report-
ed the improvement in mechanical properties (Young’s Mod-
ulus, Universal Hardness) and physical properties (thermal
conductivity, electrical conductivity, susceptibility) else-
where. 272

Although there are many investigations of polymer orienta-
tion under a magnetic field, there are only few studies report-
ing the alignment of a second phase inside the polymer, such
as fibers, ! nanoparticles,”>*"! and nanotubes.*>"! In the poly-
mer—nanotube system, the alignment is based on the different
magnetic properties of the two materials. The reorientation of
carbon nanotubes in a polymeric medium occurs due to the
cooperative effect of the magnetic torque exerted by the mag-
netic field directly on the nanotubes and by the hydrodynamic
torque and viscous shear (i.e., drag forces) exerted on the
nanotubes by the polymer chains.
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The microstructures of magnetically untreated
and magnetically processed samples have been ex-
amined using environmental scanning electron mi-
croscopy (ESEM). Fracture surfaces were prepared
by fracturing across the alignment direction on
planes parallel to the magnetic field orientation.
The micrographs of the fracture surface of the epoxy
samples are presented in Figure 1. The fracture sur-
face of the sample processed outside the magnetic
field shows no preferred orientation (Fig. 1a). The
application of a 15 T magnetic field led to the devel-
opment of domains, within which the chains of the
epoxy polymer are oriented in the direction of the
field. The magnetically developed morphology of
the epoxy takes fibril shape (Fig. 1b). The optical
orientation of the domains appears to be relatively
uniform, with the exception of slight changes at the
boundary wall. However, for the sample processed
under 25 T magnetic field (Fig. 1c), the fibrils are
more uniform along the direction of the magnetic
field, and all domains, including the boundary, show
a common orientation aligning efficiently with the
field. It is clear that the preferred orientation in-
duced by the 15 and 25 T fields is very apparent in

the fracture surface morphology of the samples,
which is facile on planes parallel to the magnetic
field direction. Where fracture is induced across the

Fig. 2. ESEM images for the morphology of the fracture surface of SWCNT-epoxy compos-
ite. The fracture surface processed at 0 T magnetic field was captured at two magnifications:
scale bar representing a) 50 um and b) 10 um. The fracture surface processed at 25 T mag-

netic field was also captured at two magnifications: scale bar representing c¢) 50 um and

magnetic field axis, the crack path frequently jumps
planes, giving a wedge appearance to the fracture
surface as seen in Figure 1b,c.

In the carbon nanotube composite samples, the correspond-
ing fracture surfaces were similarly produced and imaged
using ESEM. The fracture surface for the composite sample
processed outside the field is shown in Figure 2a,b. The addi-
tion of 3 wt.-% SWCNTs to the epoxy produced a fracture
surface that is very rough compared to that of the epoxy
alone, but both samples do not exhibit any preferred orienta-
tion. The processing of the epoxy composite under a 25 T
magnetic field produced a uniform fracture surface, where the
epoxy fibrils are aligned along the direction of the field, and
the SWCNTSs are the dark spots in the dispersed phase along
these fibrils, as shown in Figure 2c,d. The use of a 25 T mag-

Fig. 1. ESEM images for the morphology of the fracture surfaces for the mag-
netically processed epoxy samples at a) 0 T, b) 15 T, and c) 25 T. All the sam-
ples where processed using the same curing schedule: 2 h at 25°C then 4 h at
60°C. The arrows represent the direction of the corresponding applied mag-
netic field. The scale bars represent 50 wm.
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d) 10 um. The arrow is the direction of the magnetic field. The darkest spots are clusters of
the carbon nanotubes intercalated along the polymer fibrils.

net easily generated fibril formation in the epoxy, but did not
guarantee the alignment of the SWCNTSs along the magnetic
field orientation, especially considering the smaller scale of
the nanotubes compared to the polymer fibrils. The magneti-
cally processed nanocomposite sample was sliced into thin
films (10 wm thick) and was investigated using the atomic
force microscope (AFM). At a relatively low magnification,
the ropes of nanotubes look relatively dispersed (Fig. 3, left),
but at a higher magnification (Fig. 3, right), bundles of
SWCNTs are locally aligned in the direction parallel to the

T W u o

Fig. 3. AFM microscopy for the SWCNT-epoxy composite cured inside a 25 T
magnetic field. The curing time temperature cycle was 2 h at 25 °C, followed by
2 h at 60 °C. The image on the right represents the enhanced detail of the en-
circled area in the image on the left.
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MATERIALS

25 T magnetic field. The degree of alignment achieved in the
magnetically oriented sample is encouraging. Beside the mag-
netic anisotropy of the carbon nanotubes, the highly aligned
epoxy will facilitate the alignment of carbon nanotubes along
the direction of the magnetic field.

It is commonly understood that the amorphous chains seg-
ments can have some local order. Wide-angle X-ray diffrac-
tion (WAXD) is used for confirmation of the amorphous chain
segments short to medium range ordering. In the current in-
vestigation, WAXD was used to measure the orientation dis-
tribution of the polymer chain axes rather than measuring the

distance between these chains. The 26 scans for three different
epoxy samples at ¢ =0°, are shown in Figure 4a. From the fig-
ure it is clear that there are no significant peaks that could be
attributed to crystalline lamellae, but only a weak diffuse halo
that can be attributed to the amorphous regions of the epoxy
resin. The analysis of this halo can provide information con-
cerning the structure of the amorphous regions. The position
of the halo is at 260 =19°, corresponding to a period distance of
4.7 A, which is related to the average interchain distance in
the amorphous component. The decrease in the intensity of
the peak as the magnetic field strength increases, indicates that
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muthal direction (¢ =0° normal to the Main Chainl c
magnetic field direction) for the 0 T, 15 T, g
and 25 T cured epoxy samples. b) 26 dif- s o
fraction along the azimuthal direction : T
(p=90°, parallel to the magnetic field 12
direction) for the 0T, 15T, and 25T 100
cured epoxy samples. Note that these 8
samples do not contain SWCNTSs. ¢) The 0
two-dimensional stretching effect that the 4
magnetic field exerts on the crosslinked X
epoxy. d) Azimuthal (¢) scans of diffrac-
tion intensity for different magnetically 0 ] L m 5 1]
processed epoxy samples. All scans car-
ried out for fixed 26 = 19°. '
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the magnetic field minimized the orientation density along the
transverse direction of the samples, at ¢ =0°. For ¢ =90° the
diffraction scans give information about the orientation of the
amorphous chains along the axis of the sample that was paral-
lel to the applied magnetic field, as shown in Figure 4b. The
results of the scan along the sample axis suggest that the in-
crease in the magnetic field strength forced the amorphous
phase to reorient along the magnetic field direction, and hence
this reorientation is more pronounced at 20 =19°. This is most
likely due to the two-dimensional stretching effect that the
magnetic field exerts on the crosslinked epoxy network, as
shown schematically in Figure 4c.

The change in the intensity of the amorphous peak signifies
that the amorphous chain segments, locally reoriented parallel
to the sample axis, are more densely packed than those that
are either randomly oriented or oriented perpendicular to the
sample axis. The peak of the amorphous halo increases propor-
tional to the increment in the magnetic field strength. To study
the alignment of the amorphous phase, comprehensive azi-
muthal scans were measured by fixing 26 value at 19° and vary-
ing 0 in the range 0° < ¢ < 360° for each magnetically processed
sample as shown in Figure 4d. It can be seen that all three ¢
scans contain a set of two peaks, and that the peaks in all scans
are located at the same angle at around ¢ =90° and 270° with a
separation of 180°. The obvious feature in the azimuthal inten-
sity scans of the amorphous diffraction is the increase of the
halo intensity with the increase of the magnetic field strength,
and the narrowing of the peak’s width, measured as full width
at half maximum (FWHM). This confirms the reorientation of
the amorphous chains along the axial direction of the sample
that was parallel to the applied magnetic field.*"

The above-mentioned in-plane orientation relationships are
in good agreement with previous studies of epoxy resin sys-
tems cured under magnetic fields,'®?! in which it was found
that the presence of the magnetic field during the cure reac-
tion aligned the molecules along the applied field. In these
studies, orientation parameters obtained from WAXS pat-
terns show that orientation reached maximum level at field
strength of approximately 12 T. Even though the epoxy resin
used in our system is different, the alignment behavior of the
molecules under that magnetic field is very similar. Our ¢
scans show that the molecules oriented along the magnetic di-
rection, and that the degree of orientation generated in the
system is at its highest at a field strength of 25 T.

Experimental

Thixotropic epoxy was used as the matrix (PTM&W industries, Inc., brand
name PR2032), and together with a PH3660 hardener, the system cures at room
temperature for 24 h. SWCNTs were provided by Carbon Nanotechnologies,
Inc. The SWCNTs were dispersed ultrasonically in the thixotropic/PR2032
epoxy resin before curing. The components were mixed using a high intensity
ultrasonic processor to promote the distribution of carbon nanotubes over the
surface of the resin and prevent particle clustering. The hardener was added
with stirring to the resin and the resin—carbon nanotube mixture. The mix ratio
for each sample was 4:1 by weight. The epoxy-nanotube system had 3 wt.-%
carbon nanotubes. The liquid systems were degassed moderately until no gas
bubbles could be seen, then injected separately, using 10 mm syringes, into

Adv. Mater. 2003, 15, No. 22, November 17 http://www.advmat.de

MATERIALS

quartz tubes (Dj,=8 mm and L=50 mm), which were sealed and wrapped
around a sample holder using non-magnetic tape.

Magnetic processing of the samples was carried out at the National High
Magnetic Field Laboratory (NHMFL). The magnetic fields used were gener-
ated by a 25 T direct current (DC) resistive solenoid. The sample holder was
placed in a furnace, which was pushed into the large magnet bore, such that the
samples were in the center of the magnetic field. Once the magnetic field was
generated, the sample was left to cure at room temperature inside the field for
2 h with no applied heat, to keep the viscosity as low as possible. Then the fur-
nace was heated up to 60 °C, and the sample was left to cure under the magnetic
field for another 2 h. Subsequently, the magnetic field was reduced to 0 T and
the samples were placed in another furnace at 60 °C for another 2 h to fully
cure. The experiment was repeated at 15 T field with the same magnetic pro-
cessing and curing cycles.

The fracture surfaces were examined by an Electroscan Model E-3 ESEM
environmental scanning electron microscope. Morphology of the epoxy—carbon
nanotubes specimen surface was observed using a tapping mode AFM on a
JSPM 4210 instrument, equipped with an Olympus silicon tip (type AC160TS-
C2) oscillating slightly below its resonance frequency (~300 kHz). WAXD
measurements were obtained on a Philips X’Pert PW 3040 MRD X-ray diffrac-
tometer equipped with a pole figure goniometer employing Ni filtered CuKa
radiation. The accelerating voltage was 50 kV and the tube current was 40 mA.
The 26 scan data were collected from 26 =1° to 30° in 0.01° steps for a period of
1 s per step. A series of radial scans were obtained at various azimuthal angles
(¢) by rotating the sample on its own plane between ¢ =0° and ¢ =360°. ¢ scans
were performed in 0.1° steps for a period of 0.5 s per step.
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