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a b s t r a c t

MWNTs-EP were successfully prepared by functionalization of MWNTs with epoxy-based groups, and
MWNTs-EP/polysulfone (PSF) hybrid nanofibers were fabricated to obtain ex-situ dispersion and align-
ment of MWNTs-EP by electrospinning. The prescribed morphology and interface correlation of hybrid
nanofibers reinforced and toughened epoxy matrix (RTEP) were investigated. The alignment degree of
hybrid nanofibers was enhanced with increasing MWNTs-EP loadings, and MWNTs-EP were found to be
well dispersed and aligned along the nanofiber axis. The dispersion and alignment states of MWNTs-EP
during inhomogeneous phase separation of RTEP were proposed and verified. MWNTs-EP dispersed and
aligned along the orginal nanofiber axis were enveloped, bridged or pinned by PSF spheres arranged in
the nanofiber direction. The interface chemical correlation between MWNTs-EP and resin matrix was
generated due to the further reaction of epoxide rings on the surface of MWNTs-EP, which resulted in
simultaneous improvement of mechanical and thermal properties of RTEP.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Since carbon nanotubes (CNTs) were first used as filler in epoxy
matrix in the mid 1990s, CNT reinforced epoxy matrix have been
explored as new prospects for superior composite materials with
high strength, low weight and multi-functional features [1e3].
However, the atomically smooth nonreactive surfaces, the distinc-
tively poor interfacial bonding, and the spontaneously entangled
aggregation properties have limited the effectiveness of CNTs [4,5].
Therefore, the strong interfacial interaction between CNTs and
matrix as well as the homogenous dispersion of CNTs in the epoxy
matrix should be a pre-requisite in order to obtain high perfor-
mance polymer composites [6,7]. For this purpose, chemical func-
tionalization of the surface of CNTs has been proposed as an
efficient method [8e10] to improve the interfacial stress transfer
and positively affect the dispersibility of CNTs. Epoxy-based func-
tionalization of CNTs was shown to be themost favorable due to the
ability of further reacting of epoxide groups grafted on the surface
of CNTs [11].
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Another important aspect to be considered for these materials
was the nano- and micro- morphology of reinforcement phase and
reinforced composites [2,12]. Vaia [13] has suggested the idea of
“nanocomposites-by-design”, and tried to establish structure-
performance correlations of composites by controlling the distri-
bution and arrangement of dispersed, preformed CNTs. Xie [14] and
Esawi [15] also considered that the enhanced dispersion and
alignment of CNTs in the polymer matrix were directly related to
the mechanical and functional properties of CNTs/polymer
composites. To optimize the properties of CNTs/polymer compos-
ites, Raravikar [16] and Feng [17] pointed out that the dispersion
and alignment of CNTs could be achieved prior to composite
fabrication where aligned nanotubes are incorporated into the
polymer matrix using an external electric field. Therefore, various
processing techniques have been exploited to establish the
coupling between applied external forces and the distribution and
alignment of CNTs [18e20]. At present, fiber spinning is considered
as effective method to possess the ability to induce ex-situ
dispersion and alignment of CNTs by mechanical deformation.
The electrospinning process has been successfully used to disperse
and align CNTs in polymer composite nanofibers, in which the
stable dispersion and high alignment of CNTs were obtained
[21,22].

In our previous work, the inhomogeneous phase structures have
been observed in polysulfone (PSF) nanofibers toughened epoxy
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matrix [23,24], and PSF spheres generated from phase separation of
nanofibers exhibited random alignment. On the basis of the inho-
mogeneous phase separation, the electrospinning-induced disper-
sion and alignment of CNTs were introduced to fabricate CNTs/PSF
hybrid nanofibers with well dispersed and aligned CNTs, and to
prepare reinforced and toughened epoxy matrix (RTEP) using such
hybrid nanofibers. During the inhomogenenous phase separation
of hybrid nanofibers, the CNTs were well dispersed and aligned in
the phase structure due to the ex-situ dispersion and alignment of
CNTs in hybrid nanofibers. Therefore, the prescribed morphology of
RTEP was obtained that could achieve the synergistic effects of the
improvement of strength and toughness.

To achieve this purpose, (i) MWNTs-EP were prepared by
carboxylation and further attachment of epoxy terminated mole-
cules, and MWNTs-EP/PSF hybrid nanofibers with well dispersed
and highly aligned MWNTs-EP were fabricated by electrospinning,
(ii) a schematic representation of the dispersion and alignment
state of MWNTs-EP during the inhomogeneous phase separation of
hybrid nanofibers was proposed, and compared with the actual
morphologies of RTEP, (iii) the chemical correlation between
MWNTs-EP and epoxy matrix interfaces were investigated, and the
mechanical and thermal properties of RTEP were also discussed.

2. Experimental

2.1. Materials

Multiwalled carbon nanotubes (MWNTs, purity�95%, diameter
10e20 nm, length 5e15 mm ) were produced by Shenzhen Nano-
tech Port Co., Ltd, China. Polysulfone (PSF, Udel 1700) was supplied
by Amoco Co. Diglycidol ether of bisphenol A (DGEBA, EPON 828)
was obtained from Shell Chemical Co. 4,40-diaminodiphenylsulfone
(DDS) were manufactured by Yinsheng Chemical Co. N,N0-dimethyl
formamide (DMF), triphenyl phosphorus (TPP), tetrahydrofuran
(THF), N,N0-dimethyl acetamide (DMAC) and acetone were pur-
chased from Beijing Chemical Agent Co.

2.2. Preparation of MWNTs-EP

The schematic of the preparation procedure for epoxy grafted
MWNTs (MWNTs-EP) is shown in Fig. 1. The carboxylated MWNTs
was prepared by following our previously reported procedure [21].
The carboxyl groups were first introduced onto the surface of the
MWNTs by acid oxidation of as-received MWNTs for 1 h with
a mixture of concentrated H2SO4 and HNO3 (1:1, volume ratio). The
carboxylatedMWNTs were dispersed in DMF by bath sonication for
1 h. DGEBA was dissolved in DMF in a separate vessel, after which
the two dissolved materials were further mixed and bath-sonicated
for half an hour. Then the mixture was slowly stirred and heated to
130 �C, after adding TPP as a catalyst for the reaction. The system
was allowed to react for 12 h. The reacted MWNTs were washed
with THF and filtered through a PTFE with a 2 mm pore size to
obtain the epoxy grafted MWNTs (MWNTs-EP).
Fig. 1. Schematic of the preparati
2.3. Fabrication of MWNTs-EP/PSF hybrid nanofibers

MWNTs-EP were dispersed in 20 ml mixture of DMAC/acetone
(7:3 volume ratio) by ultrasonic agitation for 6 h, then 4.0 g PSF
pellets were added to obtain a suspension for electrospinning. The
suspension was placed in 30 ml medical syringe with 12 gauge
needle, and electrospun at 0.5 ml/h flow rate under 16 kV applied
voltage. The amount of MWNTs-EP in hybrid nanofibers was
controlled to 5, 10, 15 wt % of PSF. For comparison, PSF nanofibers
without MWNTs-EP were prepared by electrospinning.

2.4. Preparation of hybrid nanofibers reinforced and toughened
epoxy (RTEP)

Epoxy matrix was prepared by dissolving 100 g of DGEBA and
30 g of DDS by vigorous stirring at 120 �C for 25 min, and the blend
was degassed under vacuum to obtain homogeneous solution. PSF
nanofibers and hybrid nanofibers with various MWNTs-EP loadings
were cut and placed horizontally into a laboratory-made mold. The
epoxy matrix was then poured into the mold and cured at three
stages: 120 �C for 2 h, 160 �C for 2 h, and 180 �C for 1 h. The amount
of the nanofibers was controlled to 2 wt % of resin matrix, that is,
the MWNTs-EP loadings were controlled to 0.1, 0.2 and 0.3 wt % in
RTEP, respectively.

2.5. Characterization

Changes of the functional groups on the surface of MWNTs were
detected with an FTIR spectrometer (Nicolet 670).

Morphologies of PSF nanofibers, MWNTs-EP/PSF hybrid nano-
fibers and the nanofibers reinforced and toughened epoxy matrix,
were observed by scanning electron microscope (SEM, S 4700,
HITACHI) and transmission electron microscope (TEM, JEM100CX,
HITACHI), respectively.

The alignment of MWNTs-EP in the hybrid nanofibers was
characterized using Raman spectrometer (TY-HR 800) with laser
excitation at 532 nm.

The tensile properties were measured by tensile testing
machine (INSTRON 1121) according to GB 2568-1995. The dumbbell
specimens of dimension 100 mm� 6 mm� 2.5 mm was prepared
by the nanofiber direction parallel to the length of specimens, and
tested at a rate of 1 mm/min using a 5 kN load cell. The final values
were averages of five measurements.

Dynamic mechanical thermal analysis was performed by three-
point bending mode (DMTA-V, Rheometrics Scientific Co. USA).
The dimension of a specimen for DMTA testing was 50 mm�
6 mm� 2 mm. The heating rate was 5 �C/min from 50 �C to 300 �C,
and the fixed frequency was 1 Hz. The Tg was measured from the
peak of the tan d spectrum.

The critical stress intensity factor (KIC) was measured by single-
edge notched fracture toughness test in three-point bending mode,
according to ASTM 5045-1999. The crosshead rate was 1 mm/min,
and the final values were averages of five measurements.
on procedure for MWNTs-EP.



Fig. 2. FTIR spectra of (a) as-received MWNTs, (b) carboxylated MWNTs, and (c)
MWNTs-EP.
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3. Results and discussion

3.1. Functionalization of MWNTs

Fig. 2 shows the FTIR spectra of as-received MWNTs, carboxyl-
ated MWNTs and MWNTs-EP. The peak at 1709 cm�1 in the spectra
of carboxylated MWNTs corresponded to the carboxyl of the
carboxylic acid, which indicated the changes of functional groups
on the surface of MWNTs due to the carboxylation [5]. This peak
was not detected on the as-received MWNTs. In the spectra of
MWNTs-EP, the disappearance of the peak at 915 cm�1, which
corresponded to the epoxide ring in the DGEBA [5], indicated that
the epoxide rings opened and reacted. The peak at 1100 cm�1 was
related to the CeO bond which resulted from the reaction between
the carboxylic acid and the epoxide ring. The peak at 1260 cm�1

was associated with CeO of the ester, which was attached to the
Fig. 3. SEM images of MWNTs-EP/PSF hybrid nanofibers
aromatic rings of MWNTs [11], as shown in Fig. 1. These results
indicated that the epoxide-terminated groups were successfully
grafted onto the surface of MWNTs.
3.2. Morphology of MWNTs-EP/PSF hybrid nanofibers

Fig. 3 shows the SEM images of MWNTs-EP/PSF hybrid nano-
fibers with 0, 5, 10, and 15 wt % MWNTs-EP. PSF nanofiber without
MWNTs-EP possessed coarser diameter with more random distri-
bution than hybrid nanofibers with MWNTs-EP. With increasing
MWNTs-EP loadings, the average diameter of nanofibers decreased
along with the enhancement of alignment degree, as shown in
Fig. 3bed. In general, the electric conductivity of MWNT-EP/PSF
suspensions for electrospinning increased with increasing
MWNTs-EP loadings, which led to the increase of net charge
density carried by the spinning jet [25]. Therefore, the liquid
droplet of the suspensions were subjected to the larger electrostatic
forces, and the spinning jet underwent the larger draw ratios
during the electrospinning process [26], which allowed the dis-
solved polymer to be oriented by the elongational flow of the
charged jet [25], finally resulting in the increase of the degree of
alignment of hybrid nanofibers.

Fig. 4 shows the TEM images of MWNT-EP/PSF hybrid nano-
fibers with 5, 10, and 15 wt% MWNTs-EP. The MWNTs-EP were
successfully embedded in the PSF nanofibers, and were well
dispersed and highly aligned along the nanofiber axis. The degree
of alignment of MWNTs-EP increased with increasing MWNTs-EP
loadings. When the loading of MWNTs-EP in the nanofiber was
reached 15 wt %, the MWNTs-EP were almost stretched into stream
lines, which was attributed to the extremely large effective draw
ratio resulted from bending instability in the electrospinning
process [20]. The increase of the degree of alignment of MWNTs-EP
in hybrid nanofibers might be favorable to the dispersion and
orientation of MWNTs-EP in epoxy matrix.

The alignment of MWNTs-EP in hybrid nanofibers was further
characterized with Raman Spectroscopy. Fig. 5 shows the polarized
Raman spectra of MWNTs-EP/PSF hybrid nanofibers with 5, 10, and
15 wt % MWNTs-EP, in which the VV curve represented the
with (a) 0, (b) 5, (c) 10, and (d) 15 wt % MWNTs-EP.



Fig. 4. TEM images of MWNTs-EP/PSF hybrid nanofibers with (a) 5, (b) 10, and (c) 15 wt % MWNTs-EP. (The white curves in part a and b and the white arrows in part c represent the
alignment directions of the MWNTs-EP.)
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spectrumwhen the polarization of the incident laser was parallel to
the nanofiber axis, and the VH curve represented the spectrum
when the polarization of the incident laser was normal to the
nanofiber axis. The strong absorption peak at 1582 cm�1 was
assigned as the G band and associated with tangential CeC bond
stretching motion that originated from the E2g2 mode in the
graphite. The peak at 1351 cm�1 was assigned as the D band and
derived from disordered graphite structures [27]. The shoulder
peak at 1607 cm�1 was usually denoted as the D0 band and has also
Fig. 5. Polarized Raman spectra of MWNTs-EP/PSF hybrid n
been attributed to disorder-induced features in the CNTs [28]. With
increasing MWNTs-EP loadings, the up-shift of G and D bands
indicated that MWNTs-EP possessed a substantial interaction [27],
which might be attributed to better compatibility between PSF and
epoxy on the surface of MWNTs-EP. In addition, there was an
obvious difference in the intensity of the G band for different
polarization directions with increasing MWNTs-EP loadings, which
was associatedwith the alignment of CNTs in the hybrid nanofibers.
In general, the degree of alignment of CNTs can be evaluated by the
anofibers with (a) 5 (b) 10, and (c)15 wt% MWNTs-EP.



Fig. 6. Schematic representation of the dispersion and alignment states of MWNTs-EP
during reaction-induced phase separation in RTEP. (a) Recombination of epoxy matrix
and hybrid nanofibers, (b) Dissolution of PSF nanofibers into epoxy matrix, and (c) PSF
spheres from the phase separation of nanofibers and fixation of MWNTs-EP in the
phase structures.

Fig. 7. SEM images of RTEP with (a) 0, (b) 0
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depolarization factor R, the ratio of the peak intensities of the G
band in the two polarization directions. The R values for hybrid
nanofibers with 5, 10, and 15 wt % MWNTs-EP were 0.977, 1.070,
and 1.152, respectively, which were greater than that of as-received
MWNTs (ca. 0.81) [28]. The increase in R value can be ascribed to
the better alignment of MWNTs-EP in the hybrid nanofibers with
increasing MWNTs-EP loadings.

3.3. Prescribed morphology of hybrid nanofibers reinforced and
toughened epoxy

The ex-situ dispersion and alignment of MWNTs-EP were
obtained by fabricating MWNTs/PSF hybrid nanofibers through
electrospinning, which was associated with the phase separation of
MWNTs-EP/PSF hybrid nanofibers reinforced and toughened epoxy
matrix (RTEP). Fig. 6 shows the schematic representation of the
dispersion and alignment states of MWNTs-EP during reaction-
induced phase separation in RTEP.

The epoxymatrix was compoundedwithMWNTs-EP/PSF hybrid
nanofibers (a). During the curing process, PSF nanofibers were
dissolved into epoxy matrix, whereas MWNTs-EP retained the
original distribution as in hybrid nanofibers, as shown in (b).

With the curing reaction proceeding, the phase separation of
hybrid nanofibers began to occur, and PSF spheres were generated
due to phase separation of nanofibers, shown in (c). Herein, the
distribution and alignment states between MWNTs-EP and PSF
spheres were suggested. The first possible state was that the
MWNTs-EP was enveloped by many PSF spheres, which was the
most frequent. Another state was that MWNTs-EP might be pinned
by one PSF sphere. In addition, the MWNTs-EP might also be
bridged by some PSF spheres. However, whatever state the
MWNTs-EP located among PSF spheres, the MWNTs-EP were
almost dispersed and aligned along the original nanofiber direc-
tion, which was attributed to the dispersion and alignment of
MWNTs-EP in hybrid nanofibers. The dispersion and alignment of
MWNTs-EP and the generation of PSF spheres would result in the
synergistic effects of hybrid nanofibers on reinforcing and tough-
ening the epoxy matrix.
.1, (c) 0.2 and (d) 0.3 wt% MWNTs-EP.



Fig. 8. Schematic of interface chemical reactions between MWNTs-EP and DGEBA.

Fig. 9. SEM image of RTEP with 0.3 wt % MWNTs-EP.
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According to the aforementioned schematic representation, the
prescribedmorphologyofRTEPwas confirmed. Fig. 7 shows the SEM
images of RTEP with various MWNTs-EP loadings. The inhomoge-
neous phase separation occurred, and PSF spheres were aligned
along the original nanofiber directions, which agreed with the
results of our previouswork [24]. As expected,MWNTs-EPwere also
dispersed and aligned along the line trace of PSF spheres. As dis-
cussed in the section above, MWNTs-EPwere dispersed and aligned
along the nanofiber axis. Therefore,MWNTs-EPwerefixed along the
nanofiber directions during reaction-induced phase separation of
hybrid nanofibers. In addition, the distributed and oriented states
between MWNTs-EP and PSF spheres were observed, which was
consistent with the schematic representation in Fig. 6. MWNTs-EP
were bridged by two PSF spheres in Fig. 7b, and MWNTs-EP, which
possessed strong interfacial adhesion with epoxy matrix, were
enveloped by some PSF spheres or pinned by one PSF sphere after
phase separation in Fig. 7c. As shown in Fig. 7d, MWNTs-EP, which
were embedded and held in epoxy matrix, were pinned by one PSF
sphere or enveloped by some PSF spheres. However, regardless of
the states between MWNTs-EP and PSF spheres, the alignment of
PSF spheres and MWNTs-EP was beneficial to inhibiting the exten-
sion of cracks and achieving the efficient transfer of interfacial stress
[29,30], which contributed to the synergistic effects of reinforcing of
MWNTs-EP and toughening of PSF spheres.
3.4. Interface correlation between MWNTs-EP and epoxy matrix

Besides the dispersion and alignment of MWNTs-EP, the strong
interfacial interaction between MWNTs-EP and epoxy matrix
would be favorable tomaximize the reinforcement of MWNTs [1,6].



Table 1
Tensile properties of MWNTs-EP/PSF hybrid nanofibers reinforced and toughened
epoxy matrix (RTEP) with various MWNTs-EP loadings.

MWNTs-EP
loading

Tensile strength
(MPa)

Young’s modulus
(MPa)

Elongation at
break (%)

0 wt % 59.9� 2.8 1782� 51 5.06� 0.4
0.1 wt % 64.9� 3.3 2062� 55 4.10� 0.4
0.2 wt % 70.8� 3.5 2078� 72 4.16� 0.3
0.3 wt % 76.0� 3.8 2118� 68 4.46� 0.4
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From Fig. 7, the MWNTs-EP with high dispersion and alignment
were observed to have stronger interactions with epoxy matrix,
which was attributed to the increased polarity of MWNTs-EP by the
functional groups and the possible interfacial reaction of epoxide
groups with curing agent [7]. Fig. 8 shows the schematic of inter-
face chemical reactions between MWNTs-EP and DGEBA. Due to
the existence of DGEBA on the surface of MWNTs-EP, the epoxide
ring was reacted with the primary amine of DDS and ring opening
occurred, as shown in (a). Subsequently, the addition reaction of
primary amine and epoxide groups of DGEBA continued, shown in
(b). Finally, the further addition of amine to epoxide groups of
epoxy matrix (c) would make MWNTs-EP become an integral part
of crosslinking network structure (d) [3], which led to strong
interfacial chemical interaction between MWNTs-EP and epoxy
matrix. Therefore, MWNTs-EP could help the reinforced and
toughened epoxy matrix bear larger external load and block the
distortion.

Fig. 9 shows the SEM image of RTEP containing 0.3 wt %
MWNTs-EP. The surfaces of MWNTs-EP were covered with thick-
layer resin, which indicated the stronger interfacial interaction
between MWNTs-EP and epoxy matrix. The MWNTs-EP were
clearly “bridged” by the PSF spheres. The interface correlation
between MWNTs-EP and epoxy matrix, and the distribution and
alignment states of the MWNTs-EP in epoxy matrix would also be
beneficial to realizing the synergistic effects of reinforcing and
toughening the epoxy matrix.
3.5. Mechanical and thermal properties of reinforced and
toughened epoxy matrix

Table 1 shows the tensile properties of MWNTs-EP/PSF hybrid
nanofibers reinforced and toughened epoxy matrix (RTEP) with
various MWNTs-EP loadings. The tensile strength of PSF nanofibers
toughened epoxy matrix was 59.9� 5 MPa. However, the tensile
strength of RTEP with 0.1, 0.2, and 0.3 wt % MWNTs-EP was
increased by 8.3, 18.2, and 26.9%, respectively. The Young’s modulus
of RTEP with 0.3 wt % MWNTs-EP was 19% higher than that of PSF
nanofibers toughened epoxy matrix. There was a moderate
increase in both tensile strength and Young’s modulus for RTEP
Fig. 10. (a) Storage modulus (E’) and (b) tan d spec
with increasingMWNTs-EP loadings, which implied the reinforcing
effect of MWNTs-EP and the effective load transfer resulted from
the interfacial bonding between MWNTs-EP and epoxy matrix.
ComparedtoPSFnanofibers toughenedepoxymatrix, theelongation
at break of RTEP showeda little decrease.However, the elongation at
breakofRTEPincreasedslightlywithincreasingMWNTs-EPloadings.
The bridging crazes resulting fromMWNTs-EP was favorable to the
yield and slip of MWNTs-EP in epoxy matrix [31], which led to the
increase of the elongation at break. The improvement of tensile
properties reflected the synergistic effects of reinforcing and tough-
ening resulting from MWNTs-EP with high strength and modulus
and the PSF nanofibers with high toughness.

Fig. 10 shows the storage modulus (E’) and tan d spectra of RTEP
with various MWNTs-EP loadings. The storage modulus of RTEP
was higher than that of PSF nanofibers toughened epoxy matrix.
With increasing the loading of MWNTs-EP, the storage modulus of
RTEP increased gradually, which indicated that the stiffness of the
composites was improved steadily [27]. The single peak in tan d

spectra demonstrated the good compatibility between epoxy
matrix and PSF nanofibers. The glass transition temperatures (Tg) of
RTEP with 0, 0.1, 0.2, and 0.3 wt % MWNTs-EP were 185.4, 188.1,
190.4, and 192.5 �C, respectively. The Tg of RTEP was increased with
increasing MWNTs-EP loadings. This increase was due to the
addition of MWNTs-EP, which also implied the reinforcing effect of
MWNTs-EP.

The critical stress intensity factor (KIC) was an important frac-
ture toughness parameter, which described the stress state in the
tip vicinity of a crack at fracture as functions of the specimen
geometry, the crack geometry, and the applied load on the basis of
linear elastic fracture mechanics [32]. Fig. 11 shows the KIC of RTEP
with various MWNTs-EP loadings.

The KIC of PSF nanofibers toughened epoxy matrix was
3.11 MPam1/2. With increasing MWNTs-EP loadings, KIC increased
initially, and then decreased, which was similar to the results from
Zhou [33]. The KIC of RTEP with 0.1 wt % MWNTs-EP, was 45.8%
higher than that of PSF nanofibers toughened epoxy matrix. Also,
The KIC of RTEP with 0.2 and 0.3 wt % MWNTs-EP were higher than
that of PSF nanofibers toughened epoxy matrix, which implied the
synergistic effects of reinforcing and toughening from MWNTs-EP
and PSF nanofibers.

The toughening effect was dependent on the compatibility
between epoxy matrix and PSF nanofibers, and also the formation
of PSF spheres which resulted from phase separation of PSF nano-
fibers. Our previous works [23] have shown that the good
compatibility and inhomogeneous phase separation resulted in the
favorable toughening effects. The reinforcing effects depended on
the interfacial interaction between MWNTs-EP and epoxy matrix,
and the dispersion and alignment of MWNTs-EP in epoxy matrix.
The dispersion and alignment of MWNTs-EP could avoid the
localization of stress concentration, and the interfacial bonding
tra of RTEP with various MWNTs-EP loadings.



Fig. 11. KIC of RTEP with various MWNTs-EP loadings.
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between MWNTs-EP and epoxy matrix could achieve effective load
transfer across the filler-matrix interface, which was demonstrated
by the improvement of strength and modulus with increasing
MWNTs-EP loadings. However, too strong interfacial adhesion
between MWNTs-EP and matrix negatively affected the toughness
by suppressing interfacial failure [7], which demonstrated by the
decrease of KIC with increasing MWNTs-EP loadings. Most impor-
tantly, the synergistic effects of reinforcing and toughening were
obtained by the prescribed morphology and interface correlation
during phase separation in RTEP.

4. Conclusion

The prescribed morphology and interfacial correlation of
MWNTs-EP/PSF hybrid nanofibers reinforced and toughened epoxy
matrix (RTEP) were obtained from ex-situ dispersion and align-
ment of functionalizedMWNTs-EP through electrospinning. During
the reaction-induced phase separation in RTEP, MWNTs-EP were
enveloped, bridged or pinned by PSF spheres generated from the
phase separation of hybrid nanofibers. The interfacial chemical
interaction betweenMWNTs-EP and epoxymatrixwas significantly
improved by the reactive ability of epoxide groups on the surface of
MWNTs-EP. The prescribed morphology and interfacial correlation
resulted in the synchronous enhancement of strength, toughness
and heat resistance of RTEP, which opened up the practical idea of
preparing high performance interlaminar reinforced and tough-
ened fiber/epoxy composites.
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