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A stable suspension of multi-walled carbon nanofibers (CNFs) in Al2O3 was prepared by adding ammonium polycarboxylate as a
dispersant in an aqueous solution. A strong magnetic field of 12 T was applied to the CNFs/Al2O3 suspension to investigate the alignment of the
CNFs. The result was that the CNFs in the matrix showed good alignment with the direction of the magnetic field. It was found that 0.5mass%
CNFs showed isolated alignment; in contrast, with 5mass% CNFs there were mainly aligned bundles. The alignment was only seen with straight
CNFs; curved CNFs showed no alignment in a magnetic field. [doi:10.2320/matertrans.M2010326]
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1. Introduction

Carbon nanoparticles, including carbon nanotubes
(CNTs)1) with dimensions from several to tens of nanometers
and carbon nanofibres (CNFs)2) with diameters of several
hundreds of nanometers, have received enormous attention
due to their superior properties in terms of electrical,
physical, and mechanical behavior, and their applications in
disciplines as diverse as biomedicine, optics, electronics, and
structural engineering.

In particular, CNFs, due to their high tensile strength,
modulus, excellent electrical, thermal properties and high
aspect ratios have been widely studied as filler or reinforcing
materials in advanced composites, such as polymers, epoxies,
metals, ceramics, and nanocomposites.2–8) Among the several
types of CNFs, the new vapor-grown CNFs make mass
production of fine quality carbon fibers possible at relatively
low cost.9,10)

In particular, the alignment of CNFs in the host matrix is
one of the most interesting parameters in the fabrication of
CNFs-dispersed composites.11,12) Therefore, several studies
on alignment using CNTs or CNFs have been reported, such
as synthesis by CVD,13–15) sputtering16) and extrusion.11) In
addition, the reports have indicated that a strong magnetic
field is very useful in producing the required textured
structure, due to the alignment of particles in alloys17) or
ceramics.18,19) Many materials have crystal magnetic aniso-
tropy, in which the magnetic susceptibility differs along each
crystal axis, and thus the crystals can be rotated to align in a
preferred direction by the imposition of a strong magnetic
field.18–21)

We had already studied the influence of an applied strong
magnetic field on the alignment of CNTs using CNT
suspensions.22) Therefore, the magnetic field method was
the obvious choice for studying the alignment of CNFs with
high aspect ratios. This had rarely been reported. In this work
our investigation focused on the alignment behavior of CNFs
in a green matrix of Al2O3, using a CNFs/Al2O3 suspension
in a magnetic field.

2. Experimental Procedure

We used commercial CNFs (Showa Denko Co., VGCF)
fabricated by CVD, and Al2O3 powder (Sumitomo Chemical
Co., AKP-50). The properties of pristine CNFs and Al2O3

powder are shown in Table 1. Ammonium polycarboxylate
of 0.5 vol% was used as a dispersing agent, to improve the
colloidal stability of the CNFs and alumina powder in the
distilled aqueous solution by electrostatic repulsion.15) First,
alumina powder of 10 vol% solid content was poured into
200ml of distilled water, and magnetically stirred. Next,
0:5�5mass% CNFs and the dispersing agent were slowly
added to the alumina powder suspension, and again mag-
netically stirred, to obtain a CNFs/Al2O3 suspension. An
ultrasound generator was placed in the beaker containing the
CNFs/Al2O3 suspension, and the mixture was continuously
stirred using a magnetic bar under ultrasonic agitation for
30mins, to disperse and break up the bundles or agglomer-
ates of CNFs.23–25) Finally, a stable CNFs/Al2O3 suspension
was obtained.

After that, 1 cc drops of the stable suspension were
carefully dropped on a silicon wafer using a micropipette.
The droplets of the CNF/Al2O3 suspension on the silicon
wafers were carefully placed at the center of the magnetic
field within the magnetic generator equipment. Then, a strong
magnetic field of 12 T was applied to the specimens for 10 h,
in order to investigate the alignment of the CNFs. After this
period in the magnetic field, the specimens were dried at
room temperature for 24 h.

The alignment and dispersed morphology of the CNFS
in the alumina green matrix were determined by digital

Table 1 Properties of CNFs and Al2O3 powders.

Property CNFs Al2O3

Diameter (nm) 150 —

Length (mm) 10�20 —

Aspect ratio 10�500 —

Purity (%) >99 >99:99

Surface area (m2/g) 13 9�15

Particle size (mm) 0.2
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microscopy (Keyence, VHX-600), SEM (Jeol, JSM-6500),
and TEM (Jeol, JEM-2100F). Phase analysis of the samples
was performed using X-ray diffraction (XRD) (Jeol, JDX-
3500) with CuK� radiation. The particle size of the CNFS
was evaluated by a laser particle analyzer (Otsuka Elec-
tronics). The zeta potential of the samples was measured,
after being exposed to ultrasound for 10mins, with a zeta
potential analyzer (Otsuka Electronics, LSPZ-100 series).

3. Results and Discussion

Figure 1 shows typical micrographs of pristine CNFs.
They are agglomerated/flocculated to form particle-like
bundles because of the relatively strong van der Waals
interactions between the fibres. The fibres appear to be
relatively straight. The laser particle analyzer indicated
average particle sizes of about 950 nm. The TEM micrograph
of Fig. 1(b) indicates that their surfaces are clean, and show
CNFs with 30�60 layers.

We successfully obtained a well-dispersed CNFs/alumina
suspension. The zeta potential of this slurry was about
�52mV. Electrostatic repulsion between the relatively
charged cluster surfaces plays a useful role in the stabiliza-
tion of the CNF clusters in the solution, resulting in a stable
suspension.

Figure 2 shows a low magnification digital micrograph of
the aligned CNFs in a green alumina matrix in a magnetic
field. The arrows indicate the direction of the magnetic field.
There is clearly alignment of the CNFs along the magnetic
field direction.

There was no concentration change of alumina and CNFs
during drying at room temperature, because the CNFs/
alumina suspension is non-volatile at room temperature.
In addition, any influence of the drying procedure on the
alignment of the CNFs can be ignored because the alignment
is sustained throughout the drying period.

In general, the alignment mechanism of particles subject to
a magnetic field can be explained as follows. When a strong
magnetic field is applied to anisotropic ceramic particles in a
stable suspension, the particles are rotated to an angle that
minimizes the system energy by a magnetic torque resulting
from the magnetic anisotropy of the particles.18,19) Two
conditions for alignment are then required: good dispersion
and anisotropic magnetic susceptibility of the particles. The
anisotropic energy transfer due to the anisotropic magnetic
susceptibility is expressed by the following equation:19)

�E ¼ ���VB2=2�0; ð1Þ

where �� ¼ �a;b � �c is the anisotropy of the magnetic
susceptibility, �0 is the permeability in vacuum, B is the
applied magnetic field, and V is the volume of each particle.
Alignment of anisotropic particles can occur when �E is
greater than the thermal energy, kBT .

For example, if the force along the c axis (the direction of
the magnetic field) is greater than along the a or b axes, the
particles show a well-textured structure, aligned in the c

direction. CNFs generally have a high aspect ratio and an
anisotropic structure. Consequently, CNFs can rotate in
response to the magnetic field and align with the magnetic
field direction, resulting in the aligned structure shown in
Fig. 2.

We compared the effect of the magnetic field on CNF
alignment in 0.5mass% CNFs/Al2O3 sample and 5mass%
CNFs/Al2O3 sample, as shown in the SEM results of Fig. 3.
With no magnetic field, CNFs were seen randomly dispersed
in the Al2O3 matrix, as shown in Figs. 3(a) and (c). In
contrast, in an applied magnetic field, the CNFs of both
samples were seen to be aligned in the vertical direction,
corresponding to the direction of the magnetic field, as shown
in Fig. 3(b) and (d). The arrows in Fig. 3 indicate the
direction of the magnetic field.

The SEM results show only isolated alignment of the
CNFs in Fig. 3(b). In comparison, Fig. 3(d) shows mainly
aligned bundles, suggesting that the alignment of CNFs
depends on their concentration.

Some CNFs were not aligned perfectly parallel to the
direction of magnetic field. This can be explained as follows.
CNFs were initially randomly dispersed, as shown in

Fig. 1 Microstructure of multi-wall carbon nanofibers (CNFs): (a) SEM

and (b) TEM.

Fig. 2 Digital micrographs of CNFs alignment for 0.5mass% CNFs/

Al2O3 sample in an applied magnetic field (the arrows indicate the

direction of the magnetic field).
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Fig. 3(a) and (c). CNFs suspended in an aqueous solution
without any matrix could rotate freely to line up parallel to
the magnetic field. When the magnetic field was applied to
the CNFs/alumina suspension, however, the alumina matrix
may have impeded the free rotation of some CNFs. The
tendency of neighboring CNFs to rotate resulted in the
bundles shown in Fig. 3(d) for a higher concentration of
CNFs.

Figure 4 shows the XRD results of the CNFs/Al2O3

samples with and without the magnetic field. The main
peak of pristine CNFs in Fig. 4(a) appears at about 26� and
corresponds to the (002) layers of the graphite structure.26)

The main peak of CNFs in the CNFs/Al2O3 samples overlaps
with the (012) peak of alumina, as shown in Fig. 4(b) and (c).
The XRD patterns of Al2O3, both without magnetic field

(Fig. 4(b)) and with magnetic field (Fig. 4(c)), are the same,
and their peaks show the �-alumina phase. This means that
there has been no crystallographic re-orientation of the Al2O3

matrix in the presence of the magnetic field. The crystallo-
graphic orientation of Al2O3 particles may be disturbed due
to the existence of CNFs in the samples. Contrary to these
results, alumina sintered at 1873K has shown crystallo-
graphic re-orientation in a magnetic field18) and the XRD
results closely depend on the surface position (parallel,
vertical) of sintered Al2O3 samples relative to the magnetic
field direction. This implies that the crystallographic struc-
ture of sintered alumina18) is generally better, due to the
preferred crystallographic orientation, than the green alumina
matrix used in the present work.

A further result was that curved CNFs, indicated by an
arrow in Fig. 5, exhibited no alignment in a magnetic field,
even though most CNFs were aligned with the field direction.

Fig. 3 SEM micrographs of the effect of a magnetic field on CNFs alignment for 0.5mass% CNFs/Al2O3 sample (upper, (a) and (b)) and

5mass% CNFs/Al2O3 sample (lower, (c) and (d)): (a) and (c) without a magnetic field; (b) and (d) with a magnetic field (the arrow

indicates the direction of the magnetic field).

Fig. 4 XRD results of (a) pristine CNFs, (b) 0.5mass% CNFs/Al2O3

sample without a magnetic field, and (c) 0.5mass% CNFs/Al2O3 sample

with a magnetic field.

Fig. 5 SEM micrograph of curved CNFs for 0.5mass% CNFs/Al2O3

sample under a magnetic field (both arrows indicate the direction of the

magnetic field).
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This indicates that the degree of alignment of CNFs depends
on their shape. Consequently, straight CNFs can be consid-
ered better for alignment than curved ones, as has been
previously found in studies of CNT alignment.22)

The outcome of this work suggests that the application of
a magnetic field is very effective for aligning CNFs. This
aligning ability of CNFs is expected to lead to the develop-
ment of nanocomposites with desirable structural and func-
tional properties, and further study is being carried out to
verify this.

4. Conclusions

The influence of a magnetic field on the alignment of CNFs
in an Al2O3 green matrix was studied. Good dispersal of
CNFs in the Al2O3 matrix was achieved using ammonium
polycarboxylate as a dispersant in a distilled aqueous
solution. Well-aligned CNFs in the matrix were successfully
obtained with a strong magnetic field of 12 T. The degree of
alignment of the CNFs with the magnetic field depended on
the shape of CNFs. Curved CNFs were shown not to align
in a magnetic field. Straight CNFs are therefore better than
curved ones where alignment is required. These results
suggest that it is possible to develop CNFs-dispersed
composites with an aligned percolation structure of CNFs.
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