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Abstract. A facile way for alignment of carbon nanotubes in macroscopic polymer matrix was developed by combining

electrospinning and in-situ polymerization. The approach is based on the formation of nanofibre scaffolds with well-
aligned arrays, which is filled with carbon nanotubes (CNTs). CNTs will be well aligned in macroscopic polymer matrix
when the aligned nanofibre scaffold containing CNTs has been incorporated into the poly(methyl methacrylate) (PMMA)
matrix by in-situ polymerization. We demonstrate that this scaffold approach is broadly applicable and allows for the fabri-
cation of nanocomposites with accurately aligned nanofillers. The results presented in this report show that the approach is
ideal by using polyacrylonitrile (PAN) nanofibres as a scaffold of multiwalled carbon nanotubes (MWNTs), and PMMA as
the macroscopic polymer matrix. The tensile strength (7.2 wt% MWNTSs/PAN nanofibres loadings) reaches 48.61 MPa,
87% higher than that pure PMMA, and the tensile modulus is increased by 175%.
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1. Introduction

Carbon nanotubes (CNTs) possess high intrinsic
strength, stiffness, flexibility, high thermal and
electrical conductivity, and are being incorporated
in polymers to obtain composites with unique prop-
erties. Since the discovery of CNTs by lijima [1],
carbon nanotube-based polymer composites have
become a focal point of nanocomposite research
[2-4].

The state of dispersion, alignment, assembly and
load stress transfer of CNTs is crucially important
to the performance of nanocomposites [5]. Because
of their small size, CNTs usually have high specific
surface areas, resulting in a strong tendency for
aggregation, so it is difficult to assemble them in
polymer matrix. The dispersion and alignment of
CNTs in macroscopic polymer matrix are the big-
ger challenges for the development of polymer
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nanocomposites. Over the past years, many groups
have studied the dispersion of CNTs in various
polymer matrices. Several processing methods are
available for producing nanotube/polymer compos-
ites include: melt-mixing, solution processing, in-
situ polymerization, gelation/crystallization method.
Although these methods are different, all of them
try to disperse CNTs in polymer matrix.

Electrospinning is a highly versatile method for
processing solutions or melts, mainly of polymers,
into continuous fibres with diameters ranging from
nano- to microscale. Like nanofillers mentioned
above, nanofibres also show several amazing sev-
eral characteristics such as surface area to volume
ratio, flexibility in surface functionalities, and
superior mechanical performance compared with
conventional fibres. However, the aspect ratio of
nanofibres is much larger than that of general
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nanofillers which makes its assembling much eas-
ier. This outstanding property makes nanofibres to
be optimal candidates for many important applica-
tions, including reinforcement, tissue engineering,
energy and environment. In the previous research,
pure random electrospun nanofibres tended to dis-
play enhanced mechanical properties in polymer
matrix [6, 7]. Recently, polymer nanofibres con-
taining carbon nanotubes [§—11], clay [12, 13],
ceramics [14] and metals [15, 16] have been fabri-
cated by several research groups. At the same time,
research on nanofibre assemblies explored various
structures and methods, including aligned fibres
[17-20], patterned fibres [21, 22], and helical fibres
[23].

In this report, we developed a general approach for
the creation of polymer nanocomposites with align-
ment of CNTs. The processing scheme showed the
initial fabrication process of the aligned polymer
nanofibres with CNTs via controlled deposition of
electrospun nanofibres. The polymer nanofibres
become a scaffold of CNTs. CNTs will be confined
in nanofibre environments, and can be aligned in
nanofibre axial direction. This scaffold containing
well aligned CNTs was immersed in the monomer
solution. Then, the intended nanocomposite was
obtained by in-sifu polymerization. After polymer-
ization, CNTs can be aligned within macroscopic
polymer matrix. The approach, which is much eas-
ier than that in the previous methods, has a broad
application and allows for the fabrication of materi-
als with good thermal and mechanical properties.
To examine the approach being facile, we used
aligned polyacrylonitrile (PAN) nanofibres as a
scaffold of multiwalled carbon nanotubes (MWNTSs)

PMMA matrix

In-situ
polymerization

PAN nanofibres
as a scaffold

Figure 1. Alignment of MWNTSs in PMMA matrix by a
nanofibre scaffold
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to fabricate aligned MWNTs/PAN composite nano-
fibres (ACNs) firstly, and then used poly(methyl
methacrylate) (PMMA) as the macroscopic poly-
mer matrix of ACNs. Schematics of the process are
shown in Figure 1.

2. Experimental section
2.1. Materials

MWNTs with a purity of >95% were supplied from
Shenzhen Nanotech Port Co. Ltd, China. Triton
X-100, t=Oct—C¢Hs—(OCH2CH>»),OH (n = 9-10),
was purchased from Aldrich. HNO3, SOCI, and
dimethyl formamide (DMF) were purchased from
Sinopharm Chemical Reagent Co. Ltd, China. The
monomer, methyl methacrylate (MMA), 2,2’-azo-
bisisobutyronitrile (AIBN) as the initiator and
methanol were purchased from Sinopharm Chemi-
cal Reagent Co. Ltd, China. The AIBN was puri-
fied by re-crystallization from methanol before use.
The other chemicals were used directly without fur-
ther purification.

2.2. Electrospun MWNTs/PAN composite
nanofibres

The MWNTs/PAN composites nanofibres were
prepared according to the reported procedures [24].
The synthesis procedure can be briefly described as
follows: MWNTSs were functionalized by a mixture
of concentrated sulfuric and nitric acids (3:1, by
volume). As a result, many carboxylic acid groups
(-COOH) were created in MWNTSs. Then, the
MWNT-COOH mixture was suspended in SOCl,
and stirred for 24 h at 65°C to produce MWNT-
COCIl. The above MWNT-COCI and Triton X-100
was stirred under N> atmosphere at 120°C for 48 h.
The MWNT-Triton (f-MWNTSs) was thus obtained
after washing and drying. For the fabrication of
PAN/f-MWNT solution, 0.38 g of PAN (average
molecular weight 70 000) and 0.02 g of MWNT-
Triton were separately dissolved in 5 ml of DMF,
and then the above solutions were mixed using an
ultrasonicator. Well-aligned composite nanofibres
containing PAN and f-MWNTs were prepared by
electrospinning in dimethyl formamide solution,
and a collector consisting of two parallel copper
sheets was used to catch the nanofibres. The dis-
tance between parallel electrodes is 4 cm.
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2.3. Preparation of polymer nanocomposites

MMA and purified AIBN were mixed together
(20 ml of MMA:0.05 g of AIBN). A portion of the
above solution was added to a glass mold. Then the
nanofibre scaffold with the isolated MWNTs,
which were well aligned along the nanofibre axes,
was gently immersed in the solution. The mold was
sealed with argon balloons after nitrogen was
purged for 10 min. The polymerization was carried
out in a water bath at 90°C for 15 min. Then it was
polymerized at 55°C, for 16 h. After polymeriza-
tion, the mold was broken. The PMMA/ACNs
nanocomposites were taken out and cut some fringe
sections, which did not contain ACNS.

2.4. Characterization

Thermogravimetric analysis (TGA) measurements
were performed on Netzsch STA 490 under a nitro-
gen atmosphere from room temperature to 500°C.
Wide angle X-ray diffraction (WAXD) intensity
profiles of the sample were recorded with a diffrac-
tometer (D/Max-2550 PC, Rigaku, Japan). The
molecular weight and molecular weight distribu-
tions of PMMA matrix from composite, using GPC
(BI-MwA from Waters, LS). The solution was
made by dissolving the samples in high-pressure
liquid chromatography (HPLC)-grade tetrahydro-
furan (THF) and filtered twice though 0.2 um fil-
ters. The morphology and the alignment of the
nanofibre scaffold in matrix were observed on a
JSM-5600LV scanning electron microscope at an
accelerating voltage of 10 kV, gold-sputtered prior
to observation. The embedding and morphology of
MWNTs within the nanofibres was measured on a
Hitachi H-800 transmission electron microscope at
250 kV. Tensile tests were carried out on a Univer-
sal material testing machine (DXL-2000) at room
temperature with a crosshead speed of 0.5 mm/min.
The specimen gauge length was 4 cm and the width
was 0.5 cm. In all cases, five samples were tested
from which the standard deviations were calcu-
lated. The humidity of the laboratory was about
65%.

3. Results and discussion

MWNTs were functionalized by grafting Triton
X-100 on their surface to improve their dispersion
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Figure 3. SEM images of the uniaxially aligned nanofi-
bres with MWNTs
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in the solution of PAN. The grafting yield is about
25 wt% by TGA data (Figure 2). Well-aligned com-
posite nanofibres containing PAN with -MWNTs
were prepared by electrospinning in dimethyl for-
mamide solution, and a collector consisting of two
pieces of electrode was used to catch the nanofi-
bres. SEM was used to observe the morphology of
the nanofibres. Figure 3 shows the uniaxially
aligned nanofibres. Figure 4 showed TEM images
of the composite nanofibres in which the surface
functionalized MWNTs grafted with Triton X-100
are embedded within the PAN nanofibre matrix.
TEM observation showed a MWNT was parallel
and oriented along the axes of the nanofibre.

To determine whether the nanofibres influence the
polymerization process, the GPC results indicate
that average M,, is 5.6-105, the polydispersity of
PMMA matrix (~2.18), as to pure PMMA with the
average M, (6.7-10%) and polydispersity (=1.82).
The addition of ACNs shows a lower average
molecular weight and a larger distribution of
molecular weights. It can be concluded from these
results that ACNs influence the in-situ polymeriza-
tion of PMMA, by changing the polydispersity and
molecular weight.
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100 nm

Figure 4. TEM image of nanofibre with well-oriented
MWNT along the axis of nanofibre

The WAXD spectra obtained from electrospun
pure aligned PAN nanofibre are presented in Fig-
ure 5a, where a characteristic diffraction peak at
16.8° and a weak peak at 28.7° were observed.
These two peaks of diffraction can be assigned as
(200) and (020) crystal planes of PAN. The com-
posites sample (Figure 5b) showed a strong diffrac-
tion peak at 26.3°, was recognized as the diffraction
of the (002) crystal planes of MWNTs. The weak
peak is (101) at 44.3°. The result shows no signifi-
cant difference from the diffraction pattern of com-
posite nanofibres and pure PAN nanofibres, mean-
ing that the 5 wt% f-MWNTs do not have much
influence on the crystal morphology of PAN [9].

SEM was used to check the morphologies of ACNs
in polymer matrix. In order to observe the morphol-
ogy of ACNs in PMMA matrix, we stick them to
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Figure 5. WAXD spectra of pure PAN nanofibres (a), and
PAN-MWNTSs composite nanofibres containing
f-MWNTs of 5% by weight (b)
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Figure 6. SEM images with different magnifications of
the PMMA matrix with low-volume fraction of
ACNSs

bottom of the glass mold. Most of ACNs were
embedded in matrix after in-situ polymerization. A
part of ACNs embedded in polymer matrix from
the bottom of the glass mold were exposed. Fig-
ure 6a gives an image with a low magnification of
ACNSs in PMMA matrix; a few of them are not par-
allel with the most of composite nanofibres but
cross the ACNs. As shown in Figure 6b, the image
with high magnification clearly shows that the
ACNs are embedded in the PMMA matrix. Similar
to existing macro-fibre composites, the ideal mor-
phology nanocomposite has a high volume fraction
of aligned, collinear nanotubes homogeneously dis-
persed in a surrounding matrix. By mechanically
densifying ACNs, variable control of MWNTs vol-
ume fraction is easily obtained. Combined with
polymer monomer into the nanofibre scaffold via
simple capillarity-driven wetting along the axis of
the MWNTSs, nanocomposites are formed by in-situ
polymerization. Figure 7a shows that the ultrahigh-
volume-fraction ACNs were embedded in PMMA
matrix. The clear morphology is shown by high
magnification in Figure 7b.
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Figure 7. SEM images with different magnifications of
the PMMA matrix with ultrahigh-volume frac-

tion of ACNs
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Figure 8. Stress—strain profiles of pure PMMA (a) and the
composite with 7.2 wt% ACNs loadings (b)

Table 1. Tensile properties of PMMA and PMMA nano-
composites with ACNs

Tensile Tensile Strain
strength modulus at break
[MPa] [GPa] [%]
Pure PMMA 26.04 £0.32 | 1.40+0.21 1.29 +0.51
7.2 wt% ACNs 48.61 £0.75 | 3.86+0.53 1.04 £ 0.37

Figure 8 shows the typical stress-strain curves of
pure PMMA (a) and the PMMA/ACNSs nanocom-
posites (b). The tensile strength, the tensile modu-
lus and the strain at break values are summarized in
Table 1. Pure PMMA shows a tensile strength of
26.04 MPa, and tensile modulus of 1.40 GPa, while
the nanocomposite with the loading of ACNs
(7.2 wt%) shows a strength of 48.61 MPa, and a
tensile modulus of 3.86 GPa (axial direction of
ACNSs). This corresponds to an increase of about 87
and 175%, verifying the validity of introducing the
aligned f-MWNTs as reinforcing fillers to PMMA
matrix.

A wide variety of theoretical work has been carried
out since the 1950s with the aim of modeling the
mechanical properties of fibre-reinforced compos-
ites. There are the rule of mixtures and the Halpin-
Tsai equations [25]. The Halpin-Tsai equation is
used in the nanocomposites, which is known to fit
some data very well at low volume fractions of
fillers. In the equation, E,, is the tensile modulus of
the matrix of ACNs, Vris the MWNTs (in ACNs)
volume fraction, /s, dr are length and diameter of
MWNTs, respectively, [/dy is the aspect ratio of
MWNTs.

Ey of MWNT was taken as 450 GPa [26], whereas
the volume fraction Vy=2.0% was calculated from
the measured weight fraction (5.0 wt%) of
f-MWNTs, based on the MWNTs density
(2.16 g/cm3), Triton X-100 density (1.07 g/cm3)
and the PAN density (1.16 g/cm3). For the E,,, we
use E, =27 GPa [27, 28]. The aspect ratio of
MWNTs was 15, using measurements from trans-
mission electron microscopy images. Since electro-
spun fibre formation imposes an axial orientation
of the nanotubes, the composite modulus (Efipre)
can be calculated by Equation (1), resulting in a
value of 38.8 GPa for ACNs containing 5 wt%
f-MWNTs:

ly
1+2- Ly,
f
Eire =Em— 1
fib v, (1)
where
E
~f
__Ew )
i Ey
74_27

E, d;
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The Halpin-Tsai equation is known to fit some data
very well at low volume fractions but to underesti-
mate stiffness at high volume fraction of nano-
fillers. The rule of mixtures can be used to model
the ACNs/PMMA nanocomposites with high vol-
ume fraction of ACNs . In the simplest possible
case a composite can be modeled as an isotropic,
elastic matrix filled with aligned elastic fibres that
span the full length of the specimen [29]. We use
the rule of mixtures modeling properties of ACNs
reinforced composites by Equation (3), where Efipre
is the ACNs modulus, E;, is the matrix modulus,
and V}is the ACNs volume fraction:

Ec = (Eﬁbre _E:n)vjl‘ +E;n (3)

In Equation (3), E,, of PMMA was taken as
1.40 GPa from experiment data, and the volume
fraction Vf="7.1% was calculated from the meas-
ured weight fraction (7.2 wt%) of ACNs, based on
ACNs weight put into the reacting solution and the
PMMA density (1.17 g/cm3). The calculated modu-
lus (E: =4.05 GPa) is close agreement with the
experimental modulus (3.86 GPa), which indicates
f-MWNTs are isolated and aligned in PMMA
matrix.

4. Conclusions

In conclusion, the aligned PAN nanofibre scaffold
containing MWNTs was introduced to PMMA
matrix to control the alignment of MWNTs in
PMMA matrix. MWNTs can be well aligned within
macroscopic PMMA matrix via a scaffold of
aligned PAN nanofibres. The reinforcement effect
of ACNs has been clearly demonstrated. The
approach can be broadly used for the fabrication of
nanocomposites with better alignment and much
higher volume fraction of nanofillers.
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