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Engineering applications of carbon nanofibers and nanotubes require their alignment in specific
directions. Single-walled carbon nanotubes can be aligned in a magnetic field due to the presence of
small amounts of catalyst elements, such as Ni and Co. However, for carbon nanofibers, their
extremely low magnetic susceptibility is not sufficient for magnetically induced alignment. We
present a method of solution-coating of NiO and CoO onto the surface of the carbon nanofibers. Due
to the NiO- and CoO-coating, these nanofibers can be well aligned in the polymer composites under
moderate magnetic field3 T). Both transmission electron microscopy and scanning electron
microscopy results show the well-aligned nanofibers in a polymer matrix. Mechanical testing shows
a pronounced anisotropy in tensile strength in directions no(frZall MPa and parallel22 MP3

to the applied field, resulting from the well-aligned nanofibers in the polymer matrix. The
mechanism of magnetic alignment due to coating of NiO and CoO on the nanofiber surface is
discussed. €@005 American Institute of PhysidDOI: 10.1063/1.1861143

INTRODUCTION ment was achieved on the surfaces of the sample.
Furthermore, the volume fraction of nanotube addition is

Recently, an extensive research effort has been devotaglgh, reaching a maximum of 50 wt %. At low concentra-
to optimizing the properties of carbon nanotubes/nanofibergons of nanotubes, the anisotropic behavior is at a minimum
in polymer composite.® For both a fundamental under- or unobservable. For mechanical property enhancement in
standing of the properties of nanotubes and engineering apmlymer composite materials, the reported nanotube concen-
plications, it is often necessary to fabricate the nanotubes angxtion is only between 1 and 5 wt &0 Therefore, it is of
nanofibers so that they are aligned in specific directions. Preyreat interest to develop magnetic techniques to align a small
vious researchers have mainly focused their efforts on singléraction of nanofibers or multiwalled carbon nanotubes
walled carbon nanotubes due to their considerable magnethCNT) in polymer composites.

susceptibility that results from thﬁ presence of catalyst ele- |y nanofiber reinforced polymer composites, there are
ments, such as nickel and cobHit*For carbon nanofibers, two key issues(1) the small fraction of nanofibers in the
there have not been any results reported from magnetigomposite matrix must be well dispersed. This issue has been
alignment as a result of nonmagnetic properties of these M3acently dealt with by the authors using a plasma polymer-
terials. Attempts have been made to align nanotubes in polyyation method?~%* (2) the nanofibers must be oriented
mers by mechanical strainirfg However, only partial align- along a specified direction by which the mechanical and
other physical properties can be maximized. The alignment
¥Electronic mail: donglu.shi@uc.edu of the nanotubes and nanofibers must be distributed uni-
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formly throughout the matrix of the composite material. Any
gradient in nanotube concentration in the matrix may cause
unacceptable variations in the transport and bulk properties. /

Superconducting coils

Due to extremely low magnetic susceptibility of carbon

nanofibers~10% emu, the dipole moments induced in the P

magnetic field are insufficient to cause them to rotate in a - J--c.c.c. 2‘;22‘;?%‘1@&.-;._ 5126 mm

viscous Ilqwd and align themselyes along the direction of the ; E horizontal RT bore

applied field, even at a high field strength. Therefore ap- :

proaches are needed to magnetically align the nanofibers in & 120 mm

bulk polymer composites. ; vertical RT bore

We present experimental data on the magnetically i

aligned carbon nanofibers in polystyrene composites. As a '

result of nickel and cobalt solution-coating on the surfaces ofIG. 1. Schematic diagram showing the magnet used for nanofiber

carbon nanofibers, the carbon fibers in magnetic field werdlignment

aligned. We also report the microstructure, magnetization,

and mechanical properties of a polymer composite impregvalue (1, 2, and 3 7J. Since it was a horizontal field, the

nated with coated carbon nanofibers. direction of the field was parallel to the surface of the liquid.
As a result of the interaction between the applied field and
the magnetic moments of coated NiO/CoO on the nanofi-

EXPERIMENTAL DETAILS bers, they rotated in the viscous liquid and aligned them-

Commercial grade Pyrograf Ill carbon nanofibers Wereselves with the direction of the field. At same time, the sol-

used as substratésThe Pyrograf Ill nanofibers were 70— vent was being slowly evaporated through the opening at the

200 nm in diameter, several microns in length. The surfacefgp sztdlji rf’nagnet. Thle magnetllc;(;ﬂe!d Wafs rr]namtlamed for at
of the nanofibers were treated by a plasma polymerizatio agt Af orha comp lete concsjq |dat'|on of the po ydmfer COT'
method. The plasma reactor used for thin film deposition orposite. After the sample was dried, it was removed from the

the nanofibers and the associated processing conditions haWeOl(_jl_:lor m!cros:ruc:ure andd pfropi:rty characr:elrlzatlor}. both
been previously presentéd® e microstructure and fracture morphology of bo

For magnetic alignment, the nanofibers were coated Witﬁtoated and u_ncoated nanofiber composites were character-
nickel and cobalt oxides by a solution method. Five grams ofzed by scanning electran mlcrosco(SEM) o_bservatlon us-.
Ni(NOs),- 6H,0 and CoNOs),-6H,0 (2.5 g eachwere dis- "9 @ Philips XL30 FEG SEM. Transmission electron mi-

solved in 100 ml water. One gram of nanofibers was ther?rOSCOpy(TEM) images were acquired using a JEOL 2010F
mixed with the solution by ultrasonic means for 2 h. Finally, TEM to show the interface structures that are responsible for

the mixed solution was dried at 100 °C. the improved properties. TEM samples of coated nanofibers

The nanofiber concentration for this study was 3 wt 0. VETe prepared by dispersing the ngnofibers directly on holy-
Before magnetic alignmen® g of polystyrene were dis- carbon films supported with Cu grids. TEM samples of the

solved in 30 ml toluene to make the solution. Meanwhile,CornIOOSite samples were prepared by ultramicrotomy with a

NiO/CoO-coated nanofibers were dispersed into 30 ml toluSUting thickness of 60 nm. An Instron mechanical testing
b achine, model 2525-818, with a 1 mm/min cross head

ene by ultrasonic means for 2 h. The NiO/CoO-coated" .

nanofibers were also plasma coated with polystyrene for erﬁ-peeq was used for the tef‘s"‘? test.

hanced dispersion. This processing procedure suggests t?e D|re.ct current magnetlzatlon measurements were per-

presence of a second layer coating on the surface of thgrmed in Quantum Design MPMS-5 superconducting quan-

nanofiber. Then these two solutions were ultrasonically

mixed together for another 2 h. Finally, the solution was 24, T T

poured into the mold, ready for magnetic alignment. 22 Tensilgstress parallel 0 H ;
The system was specially designed for creating a hori- 3

zontal center field up to 5 T with an Oxford Instruments w

Superconducting Magnet as shown in Fig. 1. The system was E

F ]

— Cryostat

I

X

== N
o0 O
T T

based on a split pair coil mounted in a cryostat. The design
provided a room temperature access to the field in two 120-
mm-diam bores, one horizontally aligned on the field axis
and one vertically through the magnet split. The NbTi coll

Stress (MPa)
N

-
N
AR ARl

operated in a liquid helium bath at 4.2 K and generated a 10} Temsile stress normal to Hi
horizontal magnetic field up to 5 T. The given field homoge- 8 . . ; X
neity was 1 part in 1Dover a 10-mm-diam spherical volume. 0 1 2 3 4 5

The magnetic alignment was conducted at room tem- Magnetic Field (T)
perature. The field was first ramped up to a given value, such
as 1 T, and stabilized. The mold containing the liquid ofFIG. 2. Tensile stress vs applied magnetic field for the nanofiber polystyrene
nanofiber and polystyrene mixture was then placed at th&amples oriented with the tensile force normal and parallel to the direction

. . . of the field.
center region where the magnetic field reached the maximum
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FIG. 3. SEM micrographs showing surface of the sample that was magnetically aligned(aj &nl aligned at 3 Tb).

tum interference devicéSQUID) magnetometers. Samples from 9.45 to 15.69 MPa at 2 T, indicating a large anisotropy.
were cut in the shape of squarée avoid demagnetization At even higher field of 3 T, the tensile strength has increased
factor considerationswith the edges parallel and perpen- from 12.10 to 22 MPa, a nearly 90% increase in mechanical
dicular to the alignment field direction. Temperature-strength. Although there is a sample dependence on mechani-
dependent measurements were performed in a 5 T applieghl properties, the anisotropy increase is consistent with the
field. Field-dependent magnetization was measured at 300 ihanges in the field strength.

Figure 3 shows the SEM surface microstructure of the
RESULTS AND DISCUSSION samples magnetically aligned at IHFig. 3(a)] and 3 T[Fig.

The nanofibers were first liquid-coated with NiO/CoO, 3(b)]. At low magnification, the nanofibers can be seen in a

then plasma-coated with polystyrene. The nanofiteist %  andom arrangement in the 1 T sample, suggesting that the
of double-layer-coated: first layer NiO/CoO and Secondfleld strength at. 1 T is insufficient to orient the nanoﬂber;
layer polystyrengwere magnetically aligned in the polysty- along the field d'|rect|on. However, at 3 T, most of the nanofi-
rene matrix to form a composite by the previously describeders are well aligned, although some of them are not exactly
procedure. After magnetic alignment and consolidation, 4" line with the main magnetic field direction. Figure 4
dried sample was sectioned into several pieces ok@0 Shows the TEM images of the 1 and 3 T samples. Due to
X 0.4 mn? dimensions. To determine the anisotropy in me-high magnification, it is difficult to see a large number of
chanical properties, these samples were cut in such a We{iﬁmofibers within the field of view of the TEM. Therefore,
that the tensile test could be performed from two directionsseveral images were taken from adjacent areas and are com-
i.e., tensile stresses parallel and perpendicular to the dire®ined. Figures @) and 4b) are images from the 1 T sample;
tion of the applied magnetic field. Figure 2 shows the tensiledlthough a few nanofibers can be seen, the random nature is
strength as a function of the applied magnetic field for bothevident in these images. In Figs(c#-4(e), three images
directions. There is a pronounced anisotropy evident fronfrom the 3 T sample are combined showing the alignment of
the two stress configurations. At 1 T, the tensile stresses fdhe nanofibers. The nanofibers are seen in these images as the
both the parallel and perpendicular directions show minitranslucent rods that are indicated by small arrows on both
mum differences. However, this difference has increasedides.

FIG. 4. TEM images showin¢r) and(b) the randomly oriented nanofibers in the 1 T samfig:(e) the aligned nanofibers in the 3 T sample. The translucent
rods are nanofibers indicated by the small arrows. The dark spots on the nanofiber surfaces are NiO/CoO coatings.
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FIG. 5. (a) Bright-field TEM images of the surface coating of NiO/Co@®) Z-contrast image showing the partially coated feature of NiO/CoO on the
surfaces of the nanofibers. NiO and CoO particles show bright contrast due to the relative heavier elem&misnsasspared with that of carbon nanofibers;
and(c) EDS spectrum of the NiO/CoO coating on nanofibers.

Figure 5 shows the TEM images of the surfacefor the samples aligned at O, 1, and 3 T in both directions.
NiO/CoO coating on the nanofibers for the 3 T sample. InThe magnetization curves do not exhibit pronounced differ-
Fig. 5@, the NiO/CoO coating on the surfaces of the ences for the applied field parallel and perpendicular to the
nanofibers is seen, as well as that of crystallized particledirection of the alignmengFig. 6). However, the magnitude
However, the coating is not entirely covering the surfaces obf magnetization showed a considerable decrease as the tem-
some of the nanofibers as shown in Fip)5EDS measure- perature increased from 4 to 350 K for the 1 and 3 T
ment of particles showing bright contrast indicated a highsamples; while it remained more or less unchanged for the 0
concentration of Ni and Co within the coating regidfig. T sample. Only a slight difference was observed between the
5(c)]. two configurations for the unaligned sample.

The magnetization of the nanofiber composite was mea- The main effort of this study was to determine whether it
sured using a Quantum Designed SQUID. The sample wawas possible to magnetically align nanofibers that have a low
sectioned into a % 5 mm squarésame thicknegsvith each  magnetic susceptibility. According to the literature, the mag-
axis parallel and normal to the direction of the alignment.netic susceptibility of the various forms of carbon has been
Figure 6 shows the temperature dependence of magnetizationeasured, including diamond, graphitey,Gand nanotubes.

Carbon nanotubes exhibit a diamagnetic susceptibility, on the
order of 10°% emu/g at 300 K3 In previous studies, the

z'z o—H | Hatign H '_ =0 magnetic alignment of MWCNT in polyester composite was
S [ T HLHaign align completed at extremely high field strength of up to 16 Th
g -0.4¢ Huese= 5T these studies, magnetic impurities were believed to contrib-
f:.; 06 o ute to the considerable level of magnetic susceptibility of the
I sl Qﬂ\lb:g:3:3:5:3:3:8:8:3:8:3:8:9=e:8:8 nanotupes. For nanoflbers, (_Jlge to l_\l|O/Coo coating, the
= magnetic moments were significantly increasgd emu/g

Y S A as indicated in the SQUID magnetization measurements.
= -, Haiign= 1T - Therefore, the interaction between the applied field and in-
g’ 10l \\. duced moments resulted in the alignment of nanofibers along
£ \'\.\.\. the direction of the field.
= 5| \’\-\.»\. It should be noted that the NiO/CoO coating is seen in
I Toee, Fig. 5 to be not uniform. For the purpose of magnetic align-
= 0 ) ) ) ) ment, in fact, it need not to be uniform as the NiO/CoO
R m\ S y ) = 3'1_ ] particles are potent magnetic materials. As long as these par-
2 . N align ‘ ticles can induce enough moments for magnetic alignment,
g 6r Q*G\K the uniformity of the coating is not necessary. Furthermore,
f:l 4l e, - the roughness of the coating can also contribute to sufficient
I .\"‘n\.\. interface interaction with the matrix for the enhancement of
=2 2] * mechanical properties.

0 050 100 150 200 250 300 350 400 Assuming that each NiO or CoO particle has an average

T(K)

moment{u) and each nanofiber has been uniformly coated
with these “particles,” then the moment of these nanotubes

FIG. 6. Magnetization vs temperature for samples aligned at 0, 1, and 3 Thas a mean valugM )=N(w), whereN is the number of
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particles andM) is the moment along the long axis of the results show pronounced anisotropy which is consistent with
nanofibe® The aspect ratio isp=r/I, wherer and| are the the aligned nanofiber microstructure observed. Such a
radius and the length of the nanofiber, respectively. Whemethod can be applied to other nano- and micro-species for
pP<Pe various composite materials. Therefore, the method can be
MY/l ) ) = const. used in any general alignment of nonmagnetic materials.
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