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Carbon nanotube-induced morphological
transformation for toughening of benzoxazole-
containing semi-crystalline polyimide

Baode Zhang,*a Myong-Hoon Lee,b Ali Nabipour Chakoli,c Wancheng Zang,d

Ke Zhang,c Yu Zhang,d Guangliang Song,d Chunhai Chen,d Xiangdan Li*e and Yao Li*a

Carbon nanotube (CNT)/semi-crystalline polyimide (PI) nanocomposites have been prepared by

incorporating different concentrations of carboxylic acid-functionalized multi-walled CNTs. The

incorporation of CNTs not only results in remarkable strength improvement, but also increases the

toughness of nanocomposites. The toughness shows a maximum at the CNT concentration of 0.75 wt%,

about twofold increment in toughness compared to neat PI. To explore the origin of this toughening

behaviour, dispersion of nanotubes in the PI matrix and their interfacial interactions were investigated by

TEM, FT-IR spectroscopy and UV-visible absorption spectroscopy, respectively. Morphological

transformation of the crystalline phase induced by CNTs was monitored by polarized optical microscopy

and WAXD. The fracture surfaces of CNT reinforced PI nanocomposites were investigated by SEM. It was

suggested that the abrupt change of toughness with respect to CNT weight fraction is attributed to the

percolation effects and concomitant morphological change, which was accounted for by a proposed

model for nanotube-induced morphological transformation. The model provides novel insight into the

design of strengthened and toughened materials by tailoring the structure at the nanoscale.
1. Introduction

Extraordinary mechanical, electrical and thermal properties of
CNTs have sparked strong interest in developing novel CNT/
polymer nanocomposites by translating their properties to the
polymer matrix.1–7 Furthermore, the nucleating ability of CNTs
for the polymer matrix results in an interfacial structure
different from the bulk polymer, which offers a promising route
toward stiff, strong and tough materials.8 Nanoscale dispersion
of nanotubes, nanotube-induced polymer conformation and
packing alternation, and polymer–nanotube interface structure
effectively affect the macro properties of CNT/polymer
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nanocomposites.9 Aer a decade of research, signicant
advancement has been achieved on improving the dispersibility
of nanotubes in polymer matrices and tailoring the CNT ller–
polymer matrix interactions.10–16 However, the potential of CNTs
as novel nanollers remains to be further explored to maximize
their strength and toughness as the remarkable reinforcements
in tensile strength and Young's modulus of CNT/polymer
nanocomposites are mostly achieved at the cost of the decrease
in exibility,14,15 which frequently limits their practical appli-
cation. Thus, it is important to establish effective approaches
that can simultaneously improve the strength and toughness as
well as the exibility of CNT reinforced polymer composites.
Some fundamental aspects of the strengthening and tough-
ening mechanisms for polymer nanocomposites have been
investigated by many researchers. Lu et al. demonstrated the
structure–property relationship in rod-like nanoparticle-lled
polyimide nanocomposites, and proposed a possible mecha-
nism.17 Yudin et al. reported that only a small concentration of
CNTs is sufficient to induce the crystallization, resulting in
improved properties of the semi-crystalline PI nano-
composites.18 Kumar et al. reported that the CNT-induced
crystallization gives rise to signicant increases in strength,
Young's modulus and elongation at break of polypropylene.19

Argon et al. showed that the toughness of high-density poly-
ethylene can be improved by incorporating calcium carbonate
particles.20 To the best of our knowledge, however, few papers
have reported on the simultaneous strengthening and
This journal is © The Royal Society of Chemistry 2014
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toughening mechanisms of semi-crystalline PIs by incorpo-
rating CNTs. The fundamental understandings related to these
improvements remain unexplored. Our present work intends to
discern the underlyingmechanism in view of themorphological
transformation of PI matrices, which is induced by nanotubes
affecting their failure behaviour.

In this work, PI containing benzoxazole rings is chosen as a
semi-crystalline PI matrix due to its high thermal stability and
mechanical properties.21–24 Modication of CNT with surface-
bound carboxylic acid (–COOH) groups aims to achieve well-
dispersed CNTs in PI matrix during the preparation of CNT/PI
nanocomposites by in situ polymerization. Nanotubes dispersion
in PI matrix and their interfacial interactions are examined, and
the effect ofmorphological transformation of semi-crystalline PIs
induced by nanotubes on their mechanical behaviour and failure
mode are investigated. Furthermore, a percolation model of
morphological transformation is suggested to explain the
strengthening and toughening of semi-crystalline PIs during the
incorporation of CNTs.
2. Experiment
2.1 Materials

5-Amino-2-(p-aminophenyl)benzoxazole (AAPB, purity 99.71%,
melting point 230.6 �C) was obtained from Harbin Institute of
Technology. 4,40-Oxydiphthalic anhydride (ODPA, purity 99.7%,
melting point 227.3 �C) was received from Shanghai Research
Institute of Synthetic Resins. N,N-Dimethylacetamide (DMAc)
was redistilled prior to use. Carboxylic acid-functionalized
multi-walled CNTs (COOH–CNTs, purity 99.9%) with diameters
of 30–50 nm and lengths of 10–20 mm were obtained from
Chengdu Organic Chemicals Co. Ltd, Chinese Academy of
Science.
2.2 Synthesis of carboxylic acid-functionalized CNT/PI
nanocomposites

The semi-crystalline PI was synthesized by a traditional two step
method. First, the precursor, poly(amid acid) (PAA) was
synthesized by a polycondensation of AAPB (3.1022 g) and
ODPA (2.2632 g) in DMAc (23 mL). Then, the precursor PAA was
thermally imidized at 350 �C for 1 h in a vacuum oven and
subsequently cooled to room temperature to obtain PI. The
CNT/PI nanocomposites with different concentrations of
COOH–CNTs (i.e., 0, 0.25, 0.5, 0.75, 1 wt%) were prepared by in
situ polymerization. The AAPB was dissolved in DMAc at room
temperature with magnetic stirring, and then, the solution was
sonicated in an ultrasonic bath at 47 kHz for 3 h aer the
addition of appropriate amounts of nanotubes. The resulting
suspension of CNTs and AAPB mixture was immediately
transferred to a three-neck round bottom ask equipped with a
mechanical stirrer and drying tube outlet lled with calcium
sulfate. Aer adding molar equivalent of ODPA to AAPB, the
mixture was stirred at 300 rpm under nitrogen atmosphere at
room temperature for 6 h to obtain a stable highly viscous
solution. The resulting CNT–PAA solution was cast onto clean
glass plates and stored in a dry air-owing chamber at 90 �C for
This journal is © The Royal Society of Chemistry 2014
10 h. Then the lms, with the thickness of 40–60 mm, were
heated step-wisely up to 350 �C in a vacuum furnace and cool to
room temperature to obtain solvent-free PI lms.
2.3 Characterization

The dispersion of nanotubes in PI matrix was examined by
using transmission electronmicroscopic (TEM) (Hitachi H-7650
eld emission TEM, Japan) at the acceleration voltage of 100 kV.
The nanocomposite lms were embedded into epoxy resin
Epon-812 (USA) and cut into approximately 80 nm thick slices
using a RMC PowerTomeXL Ultramicrotome with a diamond
knife. The slices were collected on a 400 mesh copper grid
before TEM measurement. Crystallization of the PI and CNT/PI
nanocomposite lms were investigated under a polarized
optical microscopic (POM) equipped with Zeiss Axio Imager
A2m by transmissionmode. The Fourier transform infrared (FT-
IR) spectra of the CNT/PI nanocomposite lms were recorded at
room temperature with Bruker Vector 22 system. Ultraviolet and
visible absorption (UV-vis) spectra were recorded by using
UV-2450 SHIMADZU spectrophotometer at a scan rate of 60 nm
min�1 over the range 190–500 nm for PI and CNT/PI nano-
composite lms coated on a quartz plate. Scanning electron
microscope (SEM) analysis was performed on a Quanta 200F
SEM. The fracture surfaces of CNT/PI nanocomposites were
coated with a thin gold layer by sputtering to suppress the
surface charging effects. Tensile properties of the nano-
composites were measured with universal mechanical test
system UTS-10, UTStestsysteme (Germany) at room temperature
in a uniaxial extension mode. The lms cut into strips of 30 mm
by 2 mm were tested with an extension speed of 10 mm min�1.
3. Results and discussion
3.1 CNT dispersion state and interfacial interactions of PI
with CNT

The dispersion of nanotubes in the PImatrices was examined by
TEM (Fig. 1). The results indicate that modied nanotubes were
dispersed uniformly and homogeneously in the PI matrix at the
concentration of 0.25 and 0.5 wt% (Fig. 1a and b). However, with
increasing nanotubes concentration up to 0.75 wt%, the nano-
tubes begin to aggregate (in the circles) (Fig. 1c). Due to
carboxylic acid groups on the surface of the nanotubes
improving their compatibility with PI main chains, nanotubes
were well-dispersed in PI matrix. At low concentration, the
nanotubes do not interact with each other as they are suffi-
ciently far apart, and consequently, a homogeneous dispersion
can be achieved. However, at high concentration beyond a
critical value, at which carbon nanotubes interact with each
other, CNT aggregation takes place.

The interfacial interactions between CNT and PI were further
investigated by FT-IR spectroscopy. Substantial changes can be
identied by comparing the characteristic peaks of PI with
those of CNT/PI nanocomposites in the FT-IR spectra shown in
Fig. 2. The characteristic peaks of imide ring are assigned at
1776 and 1712 cm�1 (C]O asymmetrical and symmetrical
stretching in imide ring, respectively), 1369 cm�1 (C–N
RSC Adv., 2014, 4, 14024–14030 | 14025
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Fig. 1 TEM micrographs of CNT/PI nanocomposites with (a) 0.25 wt%
CNTs; (b) 0.5 wt% CNTs; (c) 0.75 wt% CNTs with circles indicating CNT
aggregation (scale bar: 500 nm).

Fig. 2 FT-IR spectra of (a) PI and (b) CNT/PI nanocomposites with 0.5
wt% CNTs in the middle-wave area and in the long-wave area (inset).

Fig. 3 UV-vis absorbance spectra of (a) PI and (b) CNT/PI nano-
composites with 0.5 wt% CNTs.

Fig. 4 POM images of (a) neat PI, CNT/PI nanocomposites containing
(b) 0.5 wt%, and (c) 0.75 wt% CNTs (scale bar: 10 mm).
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stretching in imide ring) and 744 cm�1 (C]O bending in imide
ring) for the neat PI. On the other hand, the CNT/PI nano-
composites exhibited the corresponding peaks at slightly
different wavenumbers. The peaks corresponding to symmetric
stretching vibrations of C]O and stretching vibrations of C–N
were shied to 1716 and 1365 cm�1, respectively. These shis
are indicative of the non-covalent interactions between PI
macromolecules and surface modied CNTs.

To further investigate the interfacial interactions between
PIs and CNTs, UV-vis absorption spectra of PI and CNT/PI
nanocomposites were compared in Fig. 3. Intensity of the
absorption band at 244 nm, which was assigned to be p–p*

transition from phenyl ring to imide ring due to a charge-
14026 | RSC Adv., 2014, 4, 14024–14030
transfer complex between AAPB and ODPA units, decreased
aer introduction of carbon nanotubes, indicating the existence
of non-covalent interactions between the PI backbone and the
CNT surface. The UV-vis spectroscopic results are in close
agreement with FT-IR data presented previously and provide a
rm evidence that the polymer main chains in PI interact with
nanotubes in the molecular level.
3.2 Morphological transformation induced by nanotubes in
semi-crystalline PI

The crystalline structures of PI and CNT/PI nanocomposites
were investigated by POM, as shown in Fig. 4. Apparent stars-
like structures composed of radial lamellar aggregations can be
This journal is © The Royal Society of Chemistry 2014
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seen in the neat PI in Fig. 4a. A similar phenomenon has also
been reported by Cheng et al.25 The size of lamellar aggrega-
tions ranges from 3 to 6 mm. POM images of CNT/PI nano-
composites (Fig. 4b) exhibited uniform distribution of ne
lamellar crystals which should be induced by well-dispersed
nanotubes. The nanotubes act as heterogeneous nucleates
and dramatically increases the number of nucleation centres
to form randomly oriented lamellar crystals. Such effect has
been reported previously for other PI structures.26,27 On
increasing the nanotube content from 0.5 to 0.75 wt%, several
large lamellar crystals appeared (Fig. 4c), which is due to the
aggregation of nanotubes in the centre of large crystals. These
results suggest that the aggregation of nanotubes could be
more effective as nucleation centres than single nanotubes for
growing lamellae.
3.3 Crystallinity of carbon nanotube reinforced PI
composites

As shown byWAXD pattern in Fig. 5, the neat CNT displays peak
at 2q ¼ 26.5� corresponding to the (002) reections of the
carbon atoms. PI displays a semi-crystalline structure, with
three peaks at 2q ¼ 13.9, 17.8 and 26.2� corresponding to the
interlayer spacing of d ¼ 6.35, 4.98 and 3.40 Å, respectively.
Addition of nanotubes to PI changes not only the peak inten-
sities but also the ratio of them. The sharp peaks with increased
intensities at 2q ¼ 13.9 and 17.8� in the nanocomposites indi-
cate that the crystallinity increased with the nanotubes
contents. The peak at about 26� can be attributed to both the
face to face distance (3.40 Å) between two aromatic rings of PI
and the distance between aromatic ring of PI and surface of
underlying CNT. The change of the relative intensities at 2q ¼
13.9, 17.8 and 26.2� in nanocomposites reveals the signicant
change in crystalline arrangement of PI chains aer the addi-
tion of CNT, which should be investigated further in detail in
the future. Nonetheless, it is obvious that the overall crystal-
linity of the PI nanocomposites increases with the addition of
CNT.
Fig. 5 Wide angle X-ray diffraction patterns for COOH–CNT, neat PI
and PI-based nanocomposites with 0.25, 0.5 and 1 wt% COOH–CNTs.

This journal is © The Royal Society of Chemistry 2014
3.4 Mechanical properties of CNT/PI nanocomposites

To investigate the strengthening and toughening effect of CNTs
on nanocomposite lms, strain–stress tests in a uniaxial
extension mode were carried out for the PI and CNT/PI nano-
composite lms having different nanotube concentrations as
shown in Fig. 6. Young's modulus (E), yield strength (sy), tensile
strength at break (sb) and elongation at break (3b) were
measured from the averaged curve. Fracture toughness was
estimated as the integration of energy under the stress–strain
curve up to fracture. Substantial increases in E, sy, and sb were
observed with incorporation of CNTs into PI matrix. An appre-
ciable increase of E, sy, and sb takes place already at 0.25 wt%
CNTs, and the maximum was found at 0.5 wt% CNTs. Further
increase of CNT concentration caused a decrease of mechanical
parameters, E, sy, and sb, probably due to the aggregation of
nanotubes as previously mentioned in the TEM results. The
most striking feature of the nanocomposite fracture behaviour
is that the introduction of CNTs at concentrations below 0.5 wt
% does not affect the elongation at break (3b). Moreover, if CNTs
were introduced at the concentration more than 0.75 wt%, a
substantial increment in 3b up to 52% and approximately
twofold increment in toughness were observed as displayed in
Fig. 7. The signicant increments in elongation at break and
Fig. 6 Representative stress–strain curves for PI nanocomposites.

Fig. 7 Fracture toughness of CNT/PI nanocomposite.

RSC Adv., 2014, 4, 14024–14030 | 14027
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Fig. 9 Proposedmodel for evolution of crystalline phase in: (a) neat PI,
CNT/PI nanocomposites at (b) 0.5 wt% CNTs, (c) percolation
concentration, and (d) 0.75 wt% CNTs.

Fig. 8 Fracture surfaces of (a) neat PI, CNT/PI nanocomposites con-
taining (b) 0.5 wt% and (c) 0.75 wt% CNTs under uniaxial tensile test up
to failure (scale bar: 2 mm).
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toughness in the range between 0.5 and 0.75 wt% suggest that
there exists a percolation threshold between these concentra-
tions, at which carbon nanotubes simultaneously strengthen
and toughen PI.

In order to further study the increase of toughness taking into
account the failure behavior of nanocomposites, the fracture
surfaces for CNT/PI nanocomposites containing 0.5 and 0.75 wt
% of CNTs were examined by SEM and compared with that of
neat PI (Fig. 8). Neat PI displays a surface with agglomeration of
grains and plastic deformed streaks corresponding to a shrinking
deformation. With introducing nanotubes to PI matrix and
increasing their concentration, the fracture surface gradually
exhibits a large amount of voids with rough surfaces. A rougher
fracture surface observed in CNT/PI nanocomposites containing
0.5 wt% of CNT (Fig. 8b) than in the neat PI (Fig. 8a) reects the
increased extent of plastic deformation with the nanocomposites
failure being dominated gradually by adhesivemode. In addition,
the preferential alignment of the CNT fragment in the direction
perpendicular to the fracture surface (in the stretching direction)
is observed, which was probably caused by unidirectional orien-
tation of nanotubes during the deformation of nanocomposites.
As the nanotube content increase to 0.75 wt%, nanotubes are
fully stretched during the deformation, and the extent of plastic
deformation abruptly increase, which is evidenced from the
depth of voids in Fig. 8c. This fact implies the failure behaviour is
completely in an adhesive mode, which dissipates the fracture
energy dramatically and dominates the large deformation.28

3.5 Mechanism of strengthening and toughening of semi-
crystalline PI composites

Generally, a semi-crystalline PI exhibits a complicated multi-
phase morphology, mainly including amorphous phase and
14028 | RSC Adv., 2014, 4, 14024–14030
crystalline phase. Aer carbon nanotubes being incorporated
into PI, crystalline phase of PI in the vicinity of carbon nano-
tubes is favourably oriented along the length of nanotubes
forming an ordered structure due to non-covalent interactions
between the PI chains and graphene surface of carbon nano-
tubes. The CNTs and PI crystallites can form synergistic “rigid
constraints” to connect the disordered amorphous PI nano
regions. Therefore, amorphous nanophase distribution in the
matrix might be inuenced by the local crystalline phase. The
morphological transformation of PI caused by nanotubes
depends on the degree of dispersion and concentration of
nanotubes.

Based on our experimental results, we propose a model for
morphological transformation in the PI as shown schematically
in Fig. 9. For a well-dispersed CNT–PI system, individual and
homogenous dispersion of nanotubes results in better distri-
bution of crystalline regions in the PI matrix. The total crystal-
line phase in the matrix volume can be divided into the bulk
polymer crystallites and the lamellar crystallites induced by
nanotubes, which are separated from each other by amorphous
part of the matrix. By taking into account the interfacial inter-
actions between PI polymer chains and the surface of nano-
tubes as shown previously by FT-IR and UV-vis spectroscopic
results, it is believed that PI polymer chains adopt favourable
conformation adjustment and orientation transformation to
interact with CNTs. PI polymer chains bound to the nanotubes
initiate the formation of lamellar crystalline structures which
are different from those in the bulk polymer. The neat semi-
crystalline PI contains homogeneous stars-like crystallites only
(Fig. 9a), while CNT/PI nanocomposites exhibit a heterogeneous
crystalline phase distribution due to the different crystalline
morphology in the matrix and near the nanotubes. At very low
nanotube concentration, the nanotube dispersion is sparse,
This journal is © The Royal Society of Chemistry 2014
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Fig. 11 Schematics of proposedmodel for deformationmechanism of
an idealized overlap of CNT-induced oriented lamellae under tensile
test: top view (a) section view (b) before and section view (c) after
deformation of nanocomposites.
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and the average inter-tube distance is large. The corresponding
crystalline phase induced by nanotubes occupies only a small
part of total crystalline phase, and therefore, the crystalline
entities around the nanotubes does not overlap with each other.
In this case, the orientation of lamellae surrounding nanotubes
is substantially random, and the nanocomposites exhibit a
failure in cohesive/adhesive mode. When the content of carbon
nanotubes is increased to 0.5 wt%, the crystalline morphology
of the matrix is dominated by the nanotube-induced crystalline
morphology, and consequently, the crystalline entities tend to
overlap with each other (Fig. 9b). When the nanotube content
continues to increase, the crystalline entities in the matrix
volume are almost completely composed of nanotube-induced
crystallites. The average inter-tube distance decreases to a crit-
ical value, below which the overlap of crystalline entities
induces locally oriented crystalline lamellae (Fig. 9c). Further
increase of nanotube contents, in addition to the CNT aggre-
gation (as shown in Fig. 1), the overlap of these crystalline
entities induces crystalline lamellae with preferred orientation.
The preferentially oriented crystalline lamellae percolate
throughout the whole nanocomposites, which may provide a
path where plastic deformation propagates and absorbs frac-
ture energy (Fig. 9d). Overlap of crystalline entities around
neighbouring CNTs induces preferred orientation of crystalline
layers with non-covalently bonded planes, or in other words,
carbonyl–carbonyl dipolar attraction planes as shown sche-
matically in Fig. 10. The carbonyl–carbonyl dipolar attraction
planes are reported to be parallel to the polymer–nanotube
interface.29,30 Morphological changes of the fracture surface
with respect to the CNT amounts in Fig. 7 also suggest that the
failure mode of CNT/PI nanocomposites is transferred from
cohesive/adhesive to adhesive mode. It is reported that non-
covalently bonded planes such as the dipole–dipole interaction
plane in polyimide or the hydrogen bonded planes in rubber-
modied polyamides have the low slip resistance.31 Therefore,
the CNT/PI nanocomposites display sharp increase in plastic
deformation when the preferred orientation of crystalline
lamellae percolates throughout the whole nanocomposites
(Fig. 11).

The morphological transformation induced by nanotubes
gradually changes the failure behavior of CNT/PI nano-
composites from cohesive/adhesive mode to adhesive mode.
Fig. 10 Schematic diagram of PI chain–chain interaction in the
crystalline entities.

This journal is © The Royal Society of Chemistry 2014
The change of failure mode attributes the key factors which
inuence strengthening and toughening semi-crystalline PI.
The simultaneous strengthening and toughening of semi-crys-
talline PI can be attributed to high strength and toughness of
CNTs, homogeneous dispersion of isolated nanotubes and
accompanying nanotubes-induced homogeneous distribution
of crystallites. Additionally, it is also attributed to the increased
crystallinity in PI matrix, strong interfacial interaction between
nanotubes and PI chains, and epitaxial formation of crystalline
polymer coating on the nanotube surface. Most of all, the
preferred orientation of crystalline lamellae induced by the
overlap of these crystalline entities, which percolates
throughout the whole nanocomposites, might play the most
signicant role.

4. Conclusions

In this research, an approach to explore novel CNT/PI nano-
composites with enhanced strength and toughness was devel-
oped. The isolated nanotubes and their homogeneous
dispersion in the PI matrix volume can act as a nucleation site
giving rise to the formation of homogeneous crystalline PI
regions with improved crystallinity in the nanocomposite
volume. The strong interfacial interactions between PI back-
bone and CNTs contribute to the effective load transfer from the
PI matrix to nanotubes. The maximum strength and toughness
of nanocomposites were obtained at the concentrations of 0.5
and 0.75 wt% CNT, respectively. The well-dispersed nanotubes
and preferentially oriented local lamellae in the inter-nano-
tubes region are mainly ascribed to the dramatic increase in
toughness. It is believed that there exists a percolation
threshold of nanotube concentration between 0.5 and 0.75 wt%,
at which the oriented crystalline lamellae percolate throughout
the whole nanocomposites. The morphological transformation
induced by carbon nanotubes has a signicant impact on the
failure mode transition of semi-crystalline PI, from cohesive/
adhesive mode to adhesive mode, which consequently results in
dramatic improvements in toughness. Further research should
RSC Adv., 2014, 4, 14024–14030 | 14029
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be carried on the effect of nanotubes size and PI conformation
on the thickness of crystalline entities around the CNTs to
optimize nanostructure for strengthening and toughening
semi-crystalline PI. These ndings are, however, of signicance
to design the macroscopic nanocomposites of novel and
signicant performance with controlled morphological trans-
formation at a nano scale.
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