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ABSTRACT: Alignment states of one-dimensional multiwalled carbon nanotubes containing various
contents of zero-dimensional ferriferrous oxide nanoparticles (MWCNT−Fe3O4) were numerically
characterized. MWCNT−Fe3O4 complexes were successfully prepared via in situ surface-initiated atom
transfer radical polymerization, followed by a coprecipitation process. The complexes showed strong
magnetism, which endowed them with the ability to be aligned under the action of an external magnetic
field. The intensity of the magnetic field, loading content of Fe3O4 nanoparticles, and viscosity of
dispersing medium, however, all had substantial effects on the alignment degree. To evaluate the
alignment effectively and quantitatively, an orientation tensor description based on marking the direction
of a single MWCNT in a selected region of optical images was employed. The results showed that
MWCNT−Fe3O4 complex containing 26 wt % of Fe3O4 nanoparticles achieved a desirable alignment in
deionized water under a magnetic field intensity of 0.10 T. Accordingly, epoxy composites reinforced with
such aligned MWCNT−Fe3O4 complexes displayed 12.3 and 10.9% enhancement in tensile strength and
modulus, as well as 8.9 and 6.1% enhancement in flexural strength and modulus, respectively.
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1. INTRODUCTION

Carbon nanotubes (CNTs) have been the focus of intense
research and widely applied in many fields, such as composites
and biotechnology, due to their unique structure-dependent
mechanical, electrical, and optical properties.1 Specifically, the
use of aligned CNTs in a variety of matrices has been
developed, which could endow the resulting nanocomposites
with attractive performances and anisotropic properties.2 For
instance, the lateral mechanical performance of fiber-reinforced
composites could be substantially enhanced with aligned
CNTs; in addition, the aligned CNTs could also be used to
regulate the electrical and optical anisotropy of photoelectric
composites.3−5 However, the alignment of CNTs in polymeric
matrixes was difficult to obtain, which had greatly limited their
efficiency in applications.6−8 Therefore, in preparing CNT-
containing composites, the main challenge in taking full
advantage of the intrinsic high performance of CNTs was
how to effectively control the alignment of CNTs in matrixes.
Several methods, including flow field,9,10 magnetic field,11,12

and electrospinning field,13,14 have be employed to achieve the
alignment of CNTs in matrixes. Among them, the magnetic
field was proven to be an effective way that the alignment of
CNTs could be facilely obtained and adjusted when CNTs
were functionalized with magnetic inorganic nanoparticles.15−20

For instance, Kim et al. tethered magnetic nanoparticles onto
the walls of multiwalled CNTs (MWCNTs) by means of a sol−
gel process using an iron salt as precursor.21 The resulting
magnetic MWCNTs were aligned in epoxy matrix by
application of an external magnetic field. Correa-Duarte et al.
reported the alignment of MWCNTs in an external magnetic

field through the deposition of uniform layers of magnetite/
maghemite nanoparticles onto MWCNTs by combining the
polymer wrapping and layer-by-layer assembly techniques.22,23

Objectively speaking, the reported preparation process of
magnetic CNTs demonstrated difficulties in controlling the
synthetic conditions systematically and in adjusting the loading
contents of magnetic nanoparticles quantitatively. Besides,
numerical evaluation on the alignment of CNTs was lack in the
literature, which obviously increased the difficulty and the
uncertainty in tailoring the alignment of CNTs in matrixes.
Establishing a numerical correlation between the alignment
degree of CNTs and relevant affecting factors such as loading
content of magnetic nanoparticles, therefore, would be very
helpful in quantitatively regulating the alignment of CNTs in
applications.
Herein, a facile approach was proposed to prepare magnetic

MWCNTs composed of MWCNTs and ferriferrous oxide
nanoparticles (MWCNT−Fe3O4). As schematically shown in
Figure 1a, MWCNTs were first surface-grafted with poly-
glycidyl methacrylate (PGMA) via in situ surface-initiated atom
transfer radical polymerization (ATRP) and then loaded with
ferromagnetic Fe3O4 nanoparticles via a coprecipitation
process. MWCNT−Fe3O4 complexes with different amounts
of Fe3O4 nanoparticles were prepared and their tendencies in
magnetic field alignment were investigated by choosing
different magnetic field intensities and different dispersing
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medium (Figure 1b). Alignment degrees of MWCNT−Fe3O4
in different situations were numerically characterized using an
orientation tensor description, which could be calculated from
labeled morphologies of MWCNT−Fe3O4 using optical
microscope (OM) images. Alignment mechanisms of
MWCNT−Fe3O4 were then proposed in reference to the
affecting factors. Finally, the possibility of using aligned
MWCNT−Fe3O4 complexes as reinforcements for epoxy
composites was investigated by evaluating tensile and flexural
properties.

2. EXPERIMENTAL SECTION
2.1. Materials. Carboxylated MWCNTs (MWCNT−COOH;

purity ≥95%, diameter 50−80 nm, length 10−20 μm) were purchased
from Chengdu Organic Chemicals Co. Ltd. Glycidyl methacrylate
monomer (GMA) (purity ≥97%) and 2-bromo-2-methylpropionyl
bromide (BIBB) were obtained from Sigma-Aldrich Co. Silane
coupling agent, KH550 (purity ≥98%), and cuprous bromide
(CuBr) were obtained from Alfa-Aesar Co. N,N,N′,N″,N″-Pentme-
thyldiethylenetriamine (PMDETA) was obtained from TCI Shanghai
Co. Ltd. Triethylamine was obtained from Beijing Tong Guang Fine
Chemical Co. Iron salts (FeCl3·6H2O and FeCl2·4H2O) were obtained
from Tianjin Fuchen Chemical Reagents Factory. Tetramethylammo-
nium hydroxide (TMAOH; purity ∼25%) was obtained from Tianjin
Guangfu Fine Chemical Research Institute. Tetrahydrophthalic acid
diglycidyl ester type epoxy resin was supplied by Tianjin Jindong
Chemical Plant. All other chemicals and reagents were purchased from
Beijing Chemical Works and used directly.
2.2. Preparation of MWCNT−Fe3O4 Complexes. The prepara-

tion procedure of MWCNT−Fe3O4 complexes is shown in Figure 1a.
MWCNT−COOH was strictly purified by washing with deionized
water repeatedly to remove any possible impurities before use.
MWCNT−NH2 were prepared by mixing KH550 with MWCNT−
COOH suspension under bath sonication as per our previous
works.24−26 The dried MWCNT−NH2 was dispersed in tetrahy-
drofuran (THF) and triethylamine by bath sonication for 0.5 h,
followed by the addition of BIBB/THF solution. Subsequently, the
mixture was slowly stirred and allowed to react for 24 h at 30 °C. The
BIBB-grafted MWCNTs (MWCNT−Br) were obtained by centrifu-
gation, washing with absolute THF several times, and drying in

vacuum. MWCNT−Br was dispersed in N,N-dimethylformamide
(DMF) by bath sonication for 0.5 h under nitrogen and then mixed
with GMA, PMDETA, and CuBr. The resulting solution was further
stirred for 24 h at 30 °C. MWCNT−PGMA was obtained by
centrifugation, washing with absolute ethyl alcohol several times, and
drying in vacuum. The MWCNT−PGMA was redispersed in a
mixture of deionized water and TMAOH by bath sonication for 1 h
under nitrogen, followed by dropwise addition of Fe2+/Fe3+ aqueous
solution until the pH of the system was in the range of 11−13.27 The
final product, MWCNT−Fe3O4 complex, was obtained by centrifuga-
tion, washing with deionized water several times, and drying in
vacuum. The prepared samples and their initial feeding doses are listed
in Table 1.

2.3. Alignment of MWCNT−Fe3O4 Complexes. The alignment
of MWCNT−Fe3O4 complexes in dispersing medium was conducted
by a pair of magnets, as illustrated in Figure 1b. Three dispersing
media, including deionized water, isobutyl alcohol, and ethylene glycol,
were used to investigate the effects of their viscosities on the alignment
of MWCNT−Fe3O4 complexes, and three magnetic field intensities
(0.08, 0.10, and 0.12 T) were applied.

2.4. Composite Preparation. MWCNT−Fe3O4 complexes were
uniformly dispersed in epoxy diluter to form the master batch. Then,
epoxy mixtures were obtained by uniformly mixing epoxy resin,
MWCNT−Fe3O4-containing master batch, and other agents in
reference to our previous works.24,28 The epoxy composites with
MWCNT−Fe3O4 were prepared by pouring the epoxy mixture into a
mold and curing at two stages. The curing process of the composites
was carried out at 50 °C/5 h by applying the magnetic field along the
length direction of composite sample, followed by continuously curing
at 80 °C/1 h + 100 °C/1 h + 120 °C/3 h after removing the magnetic
field. The pristine epoxy and epoxy composites containing MWCNT−
Fe3O4 were also prepared by using the same process as references in
absence of magnetic field. The content of MWCNT−Fe3O4 was fixed
at 0.5 wt % of resin matrix.

2.5. Characterizations. Changes of the functional groups on the
surface of MWCNTs were detected with Fourier transform infrared
spectroscopy (FT-IR, Nexus670, Nicolet). Loading contents of Fe3O4
nanoparticles onto MWCNTs were measured on thermogravimetric
analyzer (TGA, Q500, TA) at a heating rate of 10 °C/min from 50 to
600 °C under a nitrogen atmosphere. Morphologies of functionalized
MWCNTs were observed by both scanning electron microscope
(SEM, S4700, Hitachi) and transmission electron microscope (TEM,

Figure 1. Schematic of (a) the MWCNT−Fe3O4 preparation procedure and (b) the alignment process of MWCNT−Fe3O4 in an external magnetic
field.

Table 1. MWCNT− Fe3O4 Complexes Prepared and Used in the Present Study

feeding dose

sample MWCNT−PGMA (g) TMAOH (mL) FeCl3·6H2O (g) FeCl2·4H2O (g)

MWCNT−Fe3O4-1 0.10 4.40 0.220 0.100
MWCNT−Fe3O4-2 0.10 2.20 0.110 0.050
MWCNT−Fe3O4-3 0.10 1.10 0.055 0.025
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JEM100CX, Leica). Average sizes of Fe3O4 nanoparticles were
obtained by measuring at least 200 particles using ImageJ software
(National Institutes of Health, USA) and SEM images. The crystal
structure of Fe3O4 nanoparticles was investigated by a high-resolution
transmission electron microscope (HR-TEM, H-800, Hitachi). The
magnetic properties of MWCNT−Fe3O4 complexes were investigated
by vibrating sample magnetometer (Lake Shore 7410 VSM). The
morphology and the alignment of as-prepared samples were
characterized using SEM and optical microscope (IX51-21PH).
Tensile and flexural properties of epoxy composites were measured
by a mechanical testing machine (INSTRON 1121) according to
ASTM D 638 and ASTM D 790, respectively. All final values of tensile
and flexural properties were averages of five measurements.

3. RESULTS AND DISCUSSION
3.1. Characterization of MWCNT−Fe3O4 Complex.

Figure 2 shows FT-IR spectra of functionalized MWCNTs at

different preparation stages. Compared to the original
MWCNT−COOH, an additional peak at 1129 cm−1 in the
spectrum of MWCNT−NH2 corresponded to the bending
vibration of Si−O−C2H5. Together with the presence of
characteristic peaks of the Si−C group at 830 cm−1 and the
−NH2 group at 1558 cm−1, the successful grafting of coupling
agent KH550 onto MWCNTs could be confirmed. In the
spectrum of MWCNT−Br, the absorption peak at 630 cm−1

was attributed to the introduction of the C−Br group,
indicating the occurrence of bromization. After surface-initiated
polymerization of GMA, the FT-IR spectrum of the resulting
MWCNT−PGMA clearly displayed characteristic adsorptions
of CO stretching vibrations at 1633 and 1721 cm−1, which
apparently came from carboxylic groups and ester groups
contained in the GMA component, respectively. Additionally,
two adsorption peaks at 1125 and 1248 cm−1 originated from
the asymmetrical and symmetrical stretching peak of the −CH3
group in GMA units, respectively, and the absorption peak at
902 cm−1 was ascribed to epoxide groups in GMA units.29 In
the three cases of MWCNT−Fe3O4 complexes, a sharp and
strong peak at 1384 cm−1 was detected. It resulted from the
stretching vibration of Fe−O−Fe bonds,30 which manifested
the abundant existence of iron oxides in MWCNT−Fe3O4
complexes.

Figure 3 shows TGA curves of functionalized MWCNTs at
different preparation stages. Compared with the value of 0.9 wt

% for MWCNT−COOH, the weight loss at 600 °C increased
gradually in values of 2.2, 2.6, and 32.1 wt % for MWCNT−
NH2, MWCNT−Br, and MWCNT−PGMA, respectively,
indicating the success in each step of synthesis.15,31,32 The
weight losses of MWCNT−Fe3O4 complexes, however,
decreased in comparison with that of MWCNT−PGMA. The
values were 21.5, 23.7, and 29.6 wt % for MWCNT−Fe3O4-1,
MWCNT−Fe3O4-2, and MWCNT−Fe3O4-3, respectively. The
phenomena resulted from the incorporation of iron oxides onto
MWCNTs, because iron oxides were stable at 600 °C in
nitrogen atmosphere.33 Noticeably, the weight losses for
MWCNT−Fe3O4-1, MWCNT−Fe3O4-2, and MWCNT−
Fe3O4-3 distinctively increased in turn, proving that the loading
content of iron oxides onto MWCNTs was well-controlled by
decreasing the content of iron ions in the solution during the
coprecipitation process (Table 1). The weight content of iron
oxides on MWCNTs could be thus calculated using the
equation fMWCNT−Fe3O4

= (1 − X)fMWCNT−PGMA,
34 where

fMWCNT−Fe3O4
and fMWCNT−PGMA are the percentage of the

weight loss of MWCNT−Fe3O4 and MWCNT−PGMA,
respectively, and X denotes the weight content of iron oxides
in MWCNT−Fe3O4 complex. The calculated weight contents
of iron oxides in MWCNT−Fe3O4-1, MWCNT−Fe3O4-2, and
MWCNT−Fe3O4-3 were 33, 26, and 8 wt %, respectively.
Morphologies of MWCNT−COOH, MWCNT−PGMA,

and MWCNT−Fe3O4-2 were observed by both SEM and
TEM. The typical hollow, rodlike structure with smooth surface
was observed for MWCNT−COOH (Figure 4a1,a2), while
MWCNT−PGMA looked very rough and distinctively showed
an 8 nm coating shell from the wrapped edge (Figure 4b1,b2),
confirming the successful grafting of PGMA onto MWCNT.
This observation was similar to the result in the literature.35 For
MWCNT−Fe3O4-2, the mass of the nanoparticles with an
average diameter of 25.5 nm was found uniformly distributing
on the surface of the MWCNT (Figure 4c1,c2,d1), which
indicated the deposition of iron oxide nanoparticles onto
MWCNTs. The HRTEM image and the inset image in Figure
4d2 illustrate the featured lattice structure and characteristic
electron diffraction patterns of Fe3O4 nanoparticles with high

Figure 2. FT-IR spectra of MWCNT−COOH, MWCNT−NH2,
MWCNT−Br, MWCNT−PGMA, and MWCNT−Fe3O4 complexes.

Figure 3. TGA curves of MWCNT−COOH, MWCNT−NH2,
MWCNT−Br, MWCNT−PGMA, and MWCNT−Fe3O4 complexes.
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crystallinity.20 The interlayer spacing of the (220) lattice plane
of Fe3O4 nanoparticles was measured to be 0.30 nm, and the
interlayer spacing of MWCNT was 0.34 nm, which agreed with
the results in the literature.36,37 Furthermore, the magnetic
nature of as-prepared MWCNT−Fe3O4 was easily evaluated by
placing an external magnet next to the vials containing the
aqueous solution of MWCNT−PGMA or MWCNT−Fe3O4.
As seen from Figure 4e, MWCNT−PGMA did not show any
response to the applied external magnetic field, whereas all
MWCNT−Fe3O4 accumulated toward the external magnetic
source, manifesting the strong magnetic performance of
MWCNT−Fe3O4. Additionally, the magnetic properties of
MWCNT−Fe3O4-2 complexes were directly measured by
VSM. As seen from Figure 4f and its inset, the saturation
magnetizations and coercivity of MWCNT−Fe3O4-2 were
determined to be 16.5 emu g−1 and 75 Oe, respectively. All
these results demonstrated that the deposited nanoparticles
were ferromagnetic Fe3O4 nanoparticles, which were also
consistent with the results of FT-IR and TGA characterizations.
Therefore, MWCNT−Fe3O4 complexes were successfully
prepared via PGMA-grafting and coprecipitation processes.
The uniform distribution of Fe3O4 nanoparticles on the surface
of MWCNT was attributed to the electrostatic repulsion
between the positively charged nanoparticles as well as the
impeding effect on the aggregation of nanoparticles by the
introduction of TMAOH.

3.2. Observation of MWCNT−Fe3O4 Alignment. The
possibility of the alignment of MWCNT−Fe3O4 complexes in
the presence of an external magnetic field was investigated by
changing factors including the intensity of the external
magnetic field, loading content of Fe3O4 nanoparticles, and
viscosity of dispersing medium. The effect of the intensity of
the magnetic field on the alignment is shown in Figure 5. At the

three intensities of 0.08, 0.10, and 0.12 T, MWCNT−Fe3O4
complexes in deionized water showed responses to the applied
magnetic field, in which, the resulting dipolar interactions
reoriented the MWCNTs and favored the formation of chains
of MWCNTs due to the presence of ferromagnetic Fe3O4
nanoparticles along MWCNTs. These chainlike structures were
suggested to be a MWCNTs touching each other in a head-to-
tail fashion, forming lines.21,22 Noticeably, MWCNT−Fe3O4-2
was best aligned and parallel to the axis direction (i.e., north to
south pole) of the magnetic field when the intensity of
magnetic field was 0.10 T (Figure 5b), while it was only
partially aligned in the other two situations (Figure 5a,c). It was
well-known that the magnetic object normally tended to rotate
under the effect of the magnetic moment derived from the
magnetic field force, and it would finally reach the stable state
when parallel to the axis direction of magnetic field. Thus, the

Figure 4. (a1, b1, c1) SEM and (a2, b2, c2) TEM images of MWCNT−
COOH, MWCNT−PGMA, and MWCNT−Fe3O4-2, together with
(d1) size distribution of Fe3O4 nanoparticles, (d2) HR-TEM image and
(inset) electron diffraction patterns of Fe3O4 nanoparticles, (e) optical
images of MWCNT−PGMA (labeled as A) and MWCNT−Fe3O4-2
(labeled as B) in deionized water next to a magnet, and (f) magnetic
hysteresis loops for MWCNT−Fe3O4-2 obtained at 298 K. The insets
in panels of a1, a2, b1, b2, c1, c2, and f are the corresponding high-
magnification images.

Figure 5. SEM images of MWCNT−Fe3O4-2 dispersed in deionized
water in a magnetic field at intensities of (a) 0.08 T, (b) 0.10 T, and
(c) 0.12 T.
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force of magnetic field at the intensity of 0.08 T was thought
not to be strong enough to make all of the MWCNT−Fe3O4
well-aligned along the axis direction of magnetic field. When
the intensity of the magnetic field increased to 0.10 T, the
magnetic field force was increased, which was beneficial to
enhancing the alignment degree of MWCNT. However, at the
higher intensity of 0.12 T, MWCNT−Fe3O4-2 was not more
orderly aligned along the axis direction of the magnetic field as
expected, but it tended to form clusters with irregular
arrangement. It was proposed that too strong a magnetic
field force applied on MWCNT might cause the movement of
all of the MWCNT−Fe3O4 and result in a stack. Therefore,
these observations revealed that the alignment state of
MWCNT−Fe3O4 was sensitive to the intensity of magnetic
field. The optimum alignment of MWCNT−Fe3O4 could be
achieved when the intensity value of the magnetic field was in a
proper range to balance the stretching state of MWCNT−
Fe3O4.
MWCNT−Fe3O4 complexes containing various contents of

Fe3O4 nanoparticles were then dispersed in deionized water
and put in the magnetic field at an intensity of 0.10 T. As
shown in Figure 6a,c, both MWCNT−Fe3O4-1 and MWCNT−

Fe3O4-3 were partially aligned along the axis direction of the
magnetic field, and some aggregated clusters were found at the
same time. In contrast, MWCNT−Fe3O4-2 was well-aligned
along the axis direction of the magnetic field (Figure 6b). The
reason behind these phenomena was the difference in loading
contents of Fe3O4 nanoparticles onto MWCNTs, since the
value of the magnetic field force applied on MWCNT was
directly proportional to the content of the magnetic component
in the magnetic field with a fixed intensity; i.e., a higher content
of Fe3O4 nanoparticles resulted in a higher magnetic field force.
As aforementioned, the desirable alignment of MWCNT−
Fe3O4 could be obtained only at the condition of applying the
proper magnetic field force. MWCNT−Fe3O4-3, which
contained 8 wt % content of Fe3O4 nanoparticles, was
apparently not able to get enough magnetic field force to
stretch, while MWCNT−Fe3O4-1 underwent so strong a
magnetic field force as to cause aggregates because of its 33
wt % content of Fe3O4 nanoparticles. MWCNT−Fe3O4-2 with
26 wt % content of Fe3O4 nanoparticles was found to have the
strongest ability to align in the magnetic field at an intensity of
0.10 T. Thus, the optimum alignment of MWCNT−Fe3O4
could be achieved in the magnetic field with a fixed intensity
when the loading content of Fe3O4 nanoparticles onto
MWCNT was in the proper range.
In addition to deionized water, two other dispersing media

(isobutyl alcohol and ethylene glycol) were also used as
dispersing media for MWCNT−Fe3O4 complexes. From Figure

7, it could be seen that MWCNT−Fe3O4-2 in both deionized
water and isobutyl alcohol was mostly aligned along the axis

direction of the magnetic field, while only a few of MWCNT−
Fe3O4-2 were aligned along the axis direction of the magnetic
field in ethylene glycol. Apparently, this phenomenon resulted
from the viscosity difference of the used dispersing media,
which were 1.0, 4.7, and 19.9 mPa·s at room temperature for
deionized water, isobutyl alcohol, and ethylene glycol,
respectively. Higher viscosity would generate stronger drag
force to further hinder the movement of MWCNTs when they
were stretched and rotated by the magnetic field force.
Theoretically, dispersing medium with low viscosity would
favor MWCNT−Fe3O4 being aligned along the axis direction of
the magnetic field.

3.3. Numerical Characterization of MWCNT−Fe3O4
Alignment. To elucidate the effects of the intensity of the
magnetic field, the loading content of Fe3O4 nanoparticles, and
the viscosity of the dispersing medium on the alignment of
MWCNT−Fe3O4 more clearly, it was necessary to quantita-
tively characterize the corresponding alignment state. Normally,
the orientation tensor description was successfully established
to characterize the orientation states of short fibers.38 Since
one-dimensional CNTs were similar to short fibers in
geometry, the orientation tensor description could be used as
an effective way to denote the alignment directions of
MWCNT−Fe3O4 in the present study. Compared to the
indirect characterizations of CNT directions, such as Raman
spectroscopy25 and polarized light diffraction,39 the orientation
tensor method showed the advantage of directly quantifying
MWCNT−Fe3O4 alignment angles and detecting all the
MWCNT−Fe3O4 appearing in the selected area.
The second moments of the probability distribution function,

called orientation tensors, were applied and defined as eq 1:38,40

∮ α⟨ ⟩ = ⟨ ⟩ =ww wwm W W( ) di j i j (1)

where W is the unit vector along the average direction of the
CNT length. As shown in Figure 8, wi and wj are components
of this vector along the coordinate directions. Herein, the
orientation tensor description in the two-dimensional (2D)
plane was adopted so that wi and wj were defined as eq 2 in the
2D plane38

β β= =w wsin , cos1 2 (2)

where β denotes the alignment angle for an individual
MWCNT−Fe3O4. Noticeably, for calculating the components
of orientation tensor ⟨m⟩ in the selected area, the distribution
direction of each MWCNT−Fe3O4 needed to be measured
experimentally.

Figure 6. SEM images of (a) MWCNT−Fe3O4-1, (b) MWCNT−
Fe3O4-2, and (c) MWCNT−Fe3O4-3 dispersed in deionized water in a
magnetic field at an intensity of 0.10 T.

Figure 7. SEM images of MWCNT−Fe3O4-2 dispersed in (a)
deionized water, (b) isobutyl alcohol, and (c) ethylene glycol in a
magnetic field at an intensity of 0.10 T.
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The component mij in any area containing certain amounts
(N) of MWCNTs was obtained using eq 3:38,40

∑=
=

m
N

w w
1

ij
k

N

i
k

j
k

1 (3)

As shown in Figure 9, vectors were marked in the optical
microscope images in accordance to the length direction of

each set of MWCNTs. The alignment angle of each set of
MWCNT−Fe3O4 was measured with ImageJ software. The
orientation tensor results at various conditions are shown in
Figure 10. The ellipses are used to graphically describe the
corresponding orientation state, and the related parameters for

such ellipses were calculated by diagonalization from ⟨m⟩ to the
second-order orientation tensor ⟨m⟩* based on eq 4:40
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where m11* and m22* , respectively, denote the length of major and
minor axes of the ellipse. α contained in the rotation matrix ⟨R⟩
is the angle that the major axis is rotated anticlockwise from the
horizon axis X. The calculated values for ⟨m⟩* at various
conditions are listed in Table 2. Thus, on the basis of these
values, the ellipses were drawn as shown in Figure 10. The
values of the major and minor axes for these ellipses
characterized the orientation degree in the corresponding
direction. Therefore, the major axes indicated the direction of
preferential alignment of MWCNTs, and the preferential
alignment degree (PAD) could be numerically calculated
from eq 5:38,40

=
* − *
* + *

m m
m m

PAD 11 22

11 22 (5)

Figure 8. Definition of the direction of a single MWCNT by a unit
vector W in the 2D plane. β is the orientation angle of a single
MWCNT in the 2D plane.

Figure 9. Optical images of (a1−a3) MWCNT−Fe3O4-1, (b1−b3)
MWCNT−Fe3O4-2, and (c1−c3) MWCNT−Fe3O4-3 dispersed in
deionized water in a magnetic field of various intensities, as well as
optical images of MWCNT−Fe3O4-2 dispersed in (d1) deionized
water, (d2) isobutyl alcohol, and (d3) ethylene glycol in a magnetic
field at an intensity of 0.10 T.

Figure 10. Second-order orientation tensors and ellipses of (a1−a3)
MWCNT−Fe3O4-1, (b1−b3) MWCNT−Fe3O4-2, and (c1−c3)
MWCNT−Fe3O4-3 dispersed in deionized water in a magnetic field
of various intensities, as well as second-order orientation tensors and
ellipses of MWCNT−Fe3O4-2 dispersed in (d1) deionized water, (d2)
isobutyl alcohol, and (d3) ethylene glycol in a magnetic field at an
intensity of 0.10 T.
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The obtained PAD values are also listed in Table 2. When
MWCNT−Fe3O4 complexes were dispersed in deionized
water, high PAD values (>90%) were found in three cases,
i.e., MWCNT−Fe3O4-1/0.08 T, MWCNT−Fe3O4-2/0.10 T,
and MWCNT−Fe3O4-3/0.12 T. It signified the formation of a
highly aligned MWCNT−Fe3O4, namely, high alignment
preference. In these cases, the ellipses in Figure 10a1,b2,c3
demonstrate a subcircular geometry. PAD values in other cases
were found to decrease, accompanied by the ellipses becoming
less elongated in shape. When the loading content of Fe3O4
nanoparticles (MWCNT−Fe3O4-1) was high, the PAD values
decreased as the intensity of the magnetic field increased. When
the loading content of Fe3O4 nanoparticles (MWCNT−Fe3O4-
3) was low, the highest alignment preference was obtained at an
intensity of 0.12 T. These results revealed that the desirable
alignment preference of MWCNT−Fe3O4 could be achieved by
adjusting both the intensity of the magnetic field and the
loading content of Fe3O4 nanoparticles to balance them.
Therefore, MWCNT−Fe3O4-2 with 26 wt % content of Fe3O4
nanoparticles achieved the highest PAD value at an intensity of
0.10 T when dispersed in deionized water. However, a higher
intensity of magnetic field was required to obtain a high
alignment preference when the viscosity of the dispersing
medium increased. As shown in Figure 10d1−d3 and Table 2,
the alignment preference of MWCNT−Fe3O4-2 in ethylene
glycol decreased when the intensity of the magnetic field
remained 0.10 T.
With these approaches, the alignment mechanism of

MWCNT−Fe3O4 was proposed and is illustrated in Figure
11. It was found that the intensity of the external magnetic field,
loading content of Fe3O4 nanoparticles, and viscosity of
dispersing medium were the determinant factors for the
alignment state of MWCNT−Fe3O4. The applied magnetic
field force on MWCNT−Fe3O4 was proportional to the
intensity of the magnetic field and loading content of Fe3O4
nanoparticles, which obviously dominated the alignment degree
of MWCNT−Fe3O4. With a low content of Fe3O4 nano-
particles, MWCNT−Fe3O4 was only partially stretched by the
applied magnetic field force, when the suspension of
MWCNT−Fe3O4 was placed in the external magnetic field at
low intensity. As the intensity of the magnetic field increased
and a balance between the magnetic field force and van der
Waals force among MWCNT−Fe3O4 complexes was achieved,
MWCNT−Fe3O4 could be well-aligned in chains and almost
parallel to each other, just as found in the literature.41 When the
magnetic field force applied on MWCNT−Fe3O4 largely
surpassed the van der Waals force among MWCNT−Fe3O4

complexes, MWCNT−Fe3O4 tended to accumulate together at
the edge of magnetic field. In the case of MWCNT−Fe3O4
containing a high content of Fe3O4 nanoparticles, adversely, it
might be disadvantageous to increase the intensity of the
magnetic field with the intent to enhance the alignment
preference. When the applied magnetic field force was kept
constant, the alignment state of MWCNT−Fe3O4 would be
dominated by the viscosity of the dispersing medium. If the
medium possessed a high viscosity, it was highly possible that
the magnetic field force was not strong enough to overcome the
medium-derived drag and friction forces on MWCNT−Fe3O4.
Therefore, the microscale movement and rotation of
MWCNT−Fe3O4 was distinctively limited; in other words,
MWCNT−Fe3O4 could not be stretched to align along the
direction of the magnetic field. Only if the viscosity of the
dispersing medium was in a relatively low range could the
optimum alignment of MWCNT−Fe3O4 be achieved.

3.4. Evaluation of Mechanical Properties of Epoxy
Composites with Aligned MWCNT−Fe3O4.With the aim of
evaluating the advantages of aligned MWCNT−Fe3O4 in the
application of reinforcement, MWCNT−Fe3O4-1 was selected
for the preparation of epoxy-based composites, and their
mechanical properties were tested. The reason for selecting
MWCNT−Fe3O4-1 was that it was envisioned to achieve better
alignment in viscous epoxy resin because of its higher content
of Fe3O4 nanoparticles. Figure 12 shows the tensile and flexural
properties of pristine epoxy and epoxy composites with 0.5 wt
% of MWCNT−Fe3O4-1 without and with the application of an
external magnetic field. In comparison with the data of pristine
epoxy, epoxy composites with MWCNT−Fe3O4-1, prepared

Table 2. Values of the Second-Order Orientation Tensor ⟨m⟩* and PAD at Various Conditions

sample dispersing medium magnetic field intensity (T) major axes length (m11* ) minor axes length (m22* ) α in ⟨R⟩ PAD (%)

MWCNT− Fe3O4-1 deionized water 0.08 0.984 0.016 130.72 96.8
0.10 0.783 0.217 119.99 56.6
0.12 0.661 0.339 107.87 32.2

MWCNT− Fe3O4-2 deionized water 0.08 0.724 0.276 138.03 44.8
0.10 0.995 0.005 152.00 98.9
0.12 0.870 0.130 148.33 74.0

MWCNT− Fe3O4-3 deionized water 0.08 0.724 0.276 149.78 44.8
0.10 0.851 0.149 144.87 70.2
0.12 0.968 0.032 137.24 93.6

MWCNT− Fe3O4-2 deionized water 0.10 0.995 0.005 152.00 98.9
isobutyl alcohol 0.982 0.018 135.17 96.4
ethylene glycol 0.821 0.179 153.26 64.2

Figure 11. Schematic illustration for the alignment mechanism of
MWCNT−Fe3O4 at various conditions.
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with or without an external magnetic field, apparently
demonstrated higher tensile and flexural properties, showing
the reinforcing effect of MWCNT. With the addition of 0.5 wt
% of MWCNT−Fe3O4-1 into the epoxy in the absence of a
magnetic field, the tensile strength and modulus of the resulting
composite reached 75.1 ± 5.2 MPa and 2.1 ± 0.1 GPa,
respectively. The application of a magnetic field could further
enhance the values by 12.3 and 10.9%, respectively. A similar
trend was detected in flexural properties of epoxy composites;
i.e., the flexural strength and modulus were enhanced by 8.9
and 6.1% when the external magnetic field was applied in
preparing epoxy composites with MWCNT−Fe3O4. Similar
results were also reported in the literature.42−44 These
enhancements were attributed to the directional alignment of
MWCNT−Fe3O4-1 in the epoxy matrix along the length
direction of specimens, since the magnetic field was set parallel
to the length direction. It was suggested that the aligned CNTs
were able to bear more loads and subsequently enhance the
effective stress transfer in the composites by taking full
advantage of the superior mechanical strength and modulus
of CNTs themselves.43,45 This finding provided the practical
possibility of applying magnetic CNTs as a reinforcement for
resins, in which the CNTs could be effectively aligned by
applying the proper magnetic field to achieve high-performance
composites.

4. CONCLUSIONS

Coprecipitation of surface-grafted MWCNT with iron salts
under basic condition was proven to be an efficient and
controllable way to prepare MWCNT−Fe3O4 complexes. The
loaded Fe3O4 nanoparticles distributed uniformly on the
surface of MWCNTs, and their ferromagnetism made
MWCNT−Fe3O4 complexes respond to the magnetic field
force generated by an external magnetic field. In obtaining
desirable alignment of MWCNT−Fe3O4 complexes along the
axis direction (i.e., north to south pole) of a magnetic field, a
balance between the magnetic field force and the resistance in
stretching and rotating was the key consideration. In addition
to the viscosity of the dispersing medium, the loading content
of Fe3O4 nanoparticles and the intensity of the external
magnetic field also demonstrated interdependency in regulating
the balance. Epoxy/MWCNT−Fe3O4 composites prepared
under proper parameters displayed a prominent reinforcing
effect when MWCNT−Fe3O4 complexes were magnetically
aligned effectively in the resin matrix. The proposed
quantitative characterization with an orientation tensor

description was quite helpful in illustrating the preferential
alignment degree of MWCNTs, which provided a feasible
approach to modulate the distribution state and to exploit the
intrinsic high performance of MWCNTs in practical
applications.
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