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Polymer transcrystallinity induced by carbon nanotubes
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Abstract
In this work, we provide the evidence of polymer transcrystallinity in the presence of carbon nanotubes (CNTs). The interfacial morphology
of carbon nanotube fiberepolypropylene matrix is investigated by means of polarized optical microscopy (POM), wide-angle X-ray diffraction
(WAXD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The supramolecular microstructures of polypro-
pylene transcrystals induced by the nanotube fiber are observed in the range of isothermal crystallization temperatures from 118 �C to 132 �C.
The dynamic process of transcrystallization is analyzed by using the theory of heterogeneous nucleation. Microstructure analysis shows that the
nanotubes can nucleate the growth of both a- and g-transcrystal, and a-transcrystals dominate the overall interfacial morphology. Close to the
nanotube fiber surface, a cross-hatched lamellar microstructure composed of mother lamellae and daughter lamellae is observed.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) have been considered as a highly
prospective reinforcing agent in the polymer matrix for future
structural materials as they have large aspect ratio, very high
strength, stiffness and flexibility [1e5]. However, their practi-
cal application as structural reinforcing fillers critically
depends on the effective interfacial load transfer from the
polymer matrix to the CNTs. It has been reported that the in-
terfacial morphology plays a crucial role in enhancing load
transfer [6e9]. Computer simulation and experimental obser-
vations have shown that strong interfacial strengths can be ob-
tained by introducing chemical or physical bonding between
CNTs and polymers [6e9].

Carbon fibers are used to reinforce polymers [10e16] and
act as heterogeneous nucleating agent for polymer crystallizing
along the interface with high nuclei density. These dense nuclei
force the crystal growth normal to the carbon fiber axis. The
resulting oriented crystalline layer is called transcrystalline
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layer [16]. Molecular orbital calculations show that helical
conformation of a-form polypropylene with a monoclinic crys-
tal lattice can be placed on a graphite lattice with all hydrogen
atoms on the graphite surfaces [12]. At the molecular level, the
polymer chains within the transcrystalline layer are parallel to
the fiber axis [12]. Single-fiber pull-out experiments have
shown that transcrystalline microstructures increase effective
adhesion and stress transfer across the interface [17e19].

CNT-induced polymer crystallization has been studied in
many polymers such as polypropylene, polyethylene, polyac-
rylonitrile and poly(vinyl alcohol) [20e24]. Periodic lamellar
crystals of polyethylene along CNTs have been reported and
the epitaxy between polyethylene and CNTs has been recog-
nized [22]. However, to the best of our knowledge, there are
no reports of polymer transcrystallization induced by CNTs
to date. In this work, we report polypropylene transcrystallin-
ity on the CNTs by controlled melt crystallization.
2. Experimental

Water-assisted CVD synthesis was performed in a horizon-
tal alumina tube (3.8 cm diameter; 92 cm long) housed in
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Fig. 1. One millimeter long multi-walled carbon nanotubes synthesized by

water-assisted CVD method: (a) side wall; TEM bright field images of (b)

nanotube arrays and (c) an individual nanotube.
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a Lindberg Blue furnace [25]. The substrates used in this study
were (001) silicon wafers coated with SiO2 (500 nm) by ther-
mal oxidation. The catalyst layers of Al2O3 (15 nm)/Fe (2 nm)
were formed on the silicon wafer by sequential e-beam evap-
oration. CVD growth of CNTs was carried out at 750 �C with
ethylene (150 sccm) as the carbon source, and hydrogen
(180 sccm) and argon (350 sccm) as carrier gases. The water
vapor concentration in the CVD chamber was controlled at
775 ppm by bubbling a small amount of argon gas through
water. The resultant carbon nanotubes were multi-walled
with an average 10 nm diameter and 1.0 mm length.

The as-produced CNTs were dispersed at a concentration of
0.5e1.0 wt% in polypropylene glycol by mechanical mixing.
This dispersion was loaded into a 50 mm long syringe and
subsequently ejected into a coagulation bath of diethyl ether
using a syringe pump. Polyglycol dissolved in ether rapidly,
leaving the formed nanotube fibers. The CNT fibers were col-
lected on a winder and allowed to dry in air. To remove dope
and coagulation solvents completely, the CNT fibers were
heat-treated at 900 �C under nitrogen without tension for 1 h
in a box furnace (Lindburg, 51668-HR Box Furnace 1200C,
Blue M. Electric). The average diameter of CNT fibers is
ca. 40 mm.

The matrix polymer used in this work was commercial
grade isotactic polypropylene, PH835, with a melt flow index
of 34.0 g/10 min and melting temperature of 165 �C, marketed
by Basell. Commercial isotactic polypropylene was about 96%
isotactic. The CNT fibers were placed between two polypro-
pylene thin films and hot pressed at 200 �C to form a sandwich
composite. The specimens were maintained at 200 �C for
5 min to erase thermal history of the sample and then cooled
at a rate of 20 �C/min to the desired isothermal crystallization
temperature. The resultant composite films had 50e100 mm
thickness. Isothermal crystallization kinetics was studied
under cross-polars in the temperature range from 118 �C
to 132 �C on a Leica DMRX optical microscope equipped
with a hot-stage (Linkam, THM-600). The Sony DKC-5000
video camera was used to record the images at regular time
intervals.

For scanning electron microscopic (SEM) observation, the
specimens were etched [26] for 1 h with a 1.0 wt% solution
of potassium permanganate in a 2:1 mixture of concentrated
sulphuric acid and phosphoric acid in an ultrasonic bath at
room temperature. After the etching, the specimens were se-
quentially washed in dilute sulphuric acid, distilled water
and acetone. The etched and washed specimens were dried
at room temperature and then coated with a fine gold layer
by ion-sputtering for examination in the SEM (LEO 1530) op-
erated at 5 kV. Transmission electron microscopy (TEM) was
done on Hitachi HF2000 operated at 120 kV.

Two-dimensional wide-angle X-ray diffraction (2-D
WAXD) patterns were obtained in a transmission mode on Ri-
gaku Micromax-002 (l¼ 0.15418 nm) using Rigaku R-axis
IV þþ detection system. All X-ray data were corrected for
background (air and instrument) scattering before analysis.
The diffraction patterns were analyzed using AreaMax V.1.00
and MDI Jade 6.1.
The mechanical properties of the specimens were deter-
mined using RSA III solids analyzer (Rheometric Scientific,
Co.) at room temperature. The thin films were cut to produce
rectangular geometry for mechanical measurements. The
displacement was determined by a controlled speed of
0.05 mm/min with a gauge length of 12.5 mm. For each experi-
ment, at least three samples were tested.



Fig. 2. (a) Low and (b) high magnification SEM images of a CNT fiber; (c) WAXD pattern with fiber axis vertical, and (d) (002) azimuthal intensity scan.
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3. Results and discussion

In this work, CNTs contain 5e7 walls, which have an av-
erage 10 nm diameter and 1.0 mm length based on the SEM
and TEM images (Fig. 1). The 2-D WAXD pattern of CNT fi-
bers shows Bragg diffraction on the equator at 2q¼ 25.7�, cor-
responding to the graphite (002) plane in the CNTs. The (002)
azimuthal intensity distribution gives carbon nanotube Her-
man’s orientation factor of 0.49 (Fig. 2).

Fig. 3 shows typical polypropylene morphologies around
the CNT fiber in the quiescent melt at 125 �C. The images
show oriented crystalline lamellae surrounding the CNT fiber.
This supramolecular structure is identified as the transcrystal-
line interphase [16]. Away from the CNT fiber, the polypropyl-
ene spherulites are observed. The impingement lines of the
transcrystalline interphase and bulk spherulites are also ob-
served. When two CNT fibers are close to each other, the
area between two CNT fibers consists almost exclusively of
transcrystalline interphases (Fig. 3b).

Fig. 4 shows a series of optical images taken at 122 �C
with different crystallization times. Polypropylene nucleation
first occurred at the surface of the CNT fiber within 30 s
(Fig. 4a). This uniform transcrystalline growth front indicates
the high nucleating ability of the CNT fiber toward the ma-
trix. When the crystallization time approached 1 min, the
spherulite nuclei in the polypropylene matrix were also ob-
served (Fig. 4b), which grew into bulk spherulites (Fig. 4ce
f). The growth direction of transcrystals is normal to the
CNT fiber axis. This growth is ultimately hindered by the im-
pingement with bulk spherulites or by another transcrystal
(Fig. 4cef).

Transcrystallization kinetics was studied in the 118e
132 �C temperature range. Fig. 5a shows the growth of the
transcrystals as a function of crystallization time at different
temperatures. Growth rates at different temperatures were ob-
tained from the slopes shown in Fig. 5a. According to the the-
ory of heterogeneous nucleation [27], the growth rate (G) is
expressed by Eq. (1).

G¼ G0expð�DU=kTÞexp
�
�Kg=ðTDTÞ

�
ð1Þ

where G0 is a constant, DU is the activation energy of chain
motion in the melt, k is Boltzmann’s constant, T is the crystal-
lization temperature, DT, T0

m � T, is the supercooling degree
(T0

m is the equilibrium melting temperature) and Kg is nucle-
ation parameter. This nucleation parameter Kg represents the



Fig. 3. Optical micrographs of transcrystalline interphases for polypropylene

surrounding the CNT fibers isothermally crystallized at 125 �C: (a) a single

CNT fiber and (b) two CNT fibers.

Fig. 4. Optical micrographs under cross-polars of transcrystal developments for poly

(b) 1 min, (c) 2 min, (d) 3 min, (e) 4 min, and (f) 8 min.
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probability that a nucleus will reach the critical size and is
determined by Eq. (2).

Kg ¼ 4b0ssseT
0
m=kDh ð2Þ

where b0 is a new crystal layer thickness, ss is the lateral sur-
face free energy, se is the fold surface free energy, and Dh is
the enthalpy of fusion.

For polymer transcrystallization at the fiber surfaces, the
second exponential term in Eq. (1) dominates over the first
one [27]. Therefore, the growth rate of transcrystals depends
on 1/(TDT ). Fig. 5b is the plot of log G against 1/(TDT ).
The linear function relationship was found. With a slope of
�1.29� 105, we obtained a Kg of 2.97� 105. For a-form crys-
tals of polypropylene [27], b0 is 0.626 nm, T0

m is 458 K, Dh is
209 J g�1. From these values and Eq. (2), the value of ssse was
estimated to be about 7.47� 10�4 J2 m�4. In a-form crystals
of polypropylene [27], a typical value of ss is
1.1� 10�2 J m�2. Thus, we obtained se of 6.8� 10�2 J m�2.
This is consistent with the values (4e11� 10�2 J m�2) ob-
tained for transcrystals of polypropylene induced by carbon
or Kevlar fibers [28].

Fig. 6 shows a typical 2-D WAXD pattern and its corre-
sponding integrated radial scan of the only transcrystalline in-
terphase. The intensities of rings in the 2-D WAXD pattern are
not circumferentially uniform, demonstrating some preferred
orientation. The main peaks of the radial scan located at
2q¼ 14.2�, 17.1�, 18.7�, 21.1� and 22.2� are indexed as
(110), (040), (130), (111) and (041) reflections, respectively,
which are based on the a-form monoclinic packing of polypro-
pylene [29,30]. There are additional WAXD reflections at
2q¼ 15.0� and 20.2�, unique to g-form crystals in polypropyl-
ene [31], and are indexed as (113) and (117), respectively. The
presence of g-form transcrystals in the CNT fiber/polypropyl-
ene composite under atmospheric pressure is very interesting,
propylene surrounding the CNT fiber at 122 �C for different times: (a) 0.5 min,



Fig. 5. Kinetics of transcrystallization for polypropylene surrounding the CNT

fiber at different isothermal crystallization temperatures: (a) plot of transcrys-

tal thickness against the crystallization time and (b) plot of growth rate of

transcrystals against 1/(TDT ). T is the crystallization temperature, and DT,

T0
m � T, is the supercooling degree, where T0

m is the equilibrium melting

temperature.

Fig. 6. Wide-angle X-ray diffractions of only transcrystalline interphase region

of polypropylene surrounding the CNT fiber: (a) 2-D WAXD pattern and (b)

integrated radial scan.
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as g-form crystals are generally observed under high pressure
crystallization [32] or under shear-controlled-orientation, for
example during injection moulding [33]. Because a-form crys-
tals grow much faster than g-ones [34,35], the former crystals
predominate the overall transcrystalline interphase.

The (110) reflection in our 2-D WAXD patterns consists of
four arcs: two equatorial arcs appear stronger than two merid-
ional ones (Fig. 6a). These results demonstrate that two popu-
lations of crystalline lamellae develop in the transcrystalline
interphase and are typically referred to as the mother and
daughter lamellae [29,30,36]. In general, the mother lamellae
grow radially outward from the fiber with the c-axis parallel to
the fiber axis while the daughter lamellae are able to grow on
the lateral ac-plane of the mother lamellae (Fig. 7) driven by
epitaxial matching [29,30,36e38]. The epitaxial angle is about
80� and the resultant microstructure is called cross-hatched
lamellar structure [36e38]. As a result, the b axes of both
mother and daughter lamellae close to the fiber are perpendic-
ular to the fiber (Fig. 7c), where the (040) reflection has two
equatorial arcs (Fig. 7a). Transcrystalline layers near and
away from the fiber axis were characterized by Marom et al.
using synchrotron microbeam X-ray [30]. Results indicated
that (040) reflection changed from equator to meridian as
one moved away (>50 mm) from the fiber (Fig. 7b). Based
on these results, they proposed that both mother and daughter
lamellae are away from the fiber twist at 90� around the initial
growth direction (Fig. 7d). Our observations on 80 mm thick
transcrystalline layers (Fig. 6a) show that (040) reflection is
predominantly on the meridian and is consistent with Marom
et al.’s observations [30].

Fig. 8 shows SEM images of transcrystalline interphases
surrounding the CNT fiber grown at 125 �C after chemical
etching. One can clearly see the transcrystalline layer sur-
rounding the CNT fiber and bulk spherulites (Fig. 8a). More
details of the lamellar architectures in both transcrystals and
bulk spherulites were revealed by higher magnification images
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Fig. 7. Schematic illustration of 2-D WAXD patterns of transcrystals and their

corresponding microstructure models: (a) and (c) adapted from Refs. [29,30];

(b) and (d) from this study.

Fig. 8. SEM images of etched transcrystalline interphase regions of polypropylen

around the single CNT fiber; (b) lamellar microstructure in the transcrystalline la

between transcrystals and spherulites. TC and S represent transcrystals and spheru
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(Fig. 8b and c). The lamellar crystals in the transcrystalline in-
terphase are mostly perpendicular to the CNT fiber axis while
the lamellae crystals in the bulk spherulites, as expected, grow
radially from the nuclei center. The impingement lines be-
tween the transcrystals and bulk spherulites were clearly
seen at their boundary (Fig. 8d).

Fig. 9a and b shows SEM images of the interfacial mor-
phology adjacent to the CNT fiber surface. The lamellar crys-
tals in the transcrystalline interphase appear as interwoven
microstructures. This interwoven morphology is identified as
a cross-hatched microstructure. The dominant cross-hatched
morphology consists of mother lamellae nucleated on the fiber
surface and daughter lamellae epitaxially crystallized on them.
This cross-hatched lamellar morphology dominates the whole
interfacial zone (about 3e4 mm wide) in the vicinity of the
CNT fiber surface. Far away from the CNT fiber, only mother
lamellae were observed. These observations indicate a compos-
ite microstructure of the transcrystalline interphase. These re-
sults are consistent with previous reports of the aramid fiber
induced transcrystalline interphase in polypropylene [39,40].

CNTs appear to be wetted by polypropylene (see arrows in
Fig. 9a), indicating good interaction between the two. In addi-
tion, during solidification, polypropylene matrix shrinks. This
results in large spacing between the transcrystalline layer con-
taining few CNTs and rest of the CNT fiber. This is quite ev-
ident from Fig. 9b. To further study the adhesive interaction
e surrounding the CNT fiber: (a) polypropylene transcrystalline morphology

yer; (c) lamellar microstructure in the bulk spherulite; and (d) the boundary

lites, respectively.



Fig. 9. Cross-hatched microstructures in the etched transcrystalline interphases

of polypropylene adjacent to the CNT fiber: (a) and (b) SEM images; (c) TEM

bright field image of the CNTs covered by polypropylene. Arrows show wetted

CNTs at the transcrystalline interfaces.

Fig. 10. Mechanical properties of the polypropylene specimens isothermally

crystallized at 130 �C overnight: (a) optical images of specimens of control

polypropylene (PP), transcrystallized polypropylene (TC-PP) and TC-PP

with CNTs (from top to bottom) and (b) stressestrain curves for the

specimens.
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between CNTs and polypropylene, a sample was prepared for
TEM observation. For this purpose, CNT fibers were sus-
pended in 1,2-dichrolobenzene solution of polypropylene
(0.1 wt%). This suspension was maintained at 90 �C for 12 h
in a quiescent state [41]. CNT fibers were then pulled out of
the solution and heated to 200 �C followed by isothermal crys-
tallization at 125 �C overnight. Finally, polypropylene coated
CNTs were removed from the surface of the CNT fibers using
tweezers and placed on the TEM grid. TEM examination
(Fig. 9c) confirms that CNTs are well coated with
polypropylene.

To study mechanical performance, the rectangular speci-
mens containing only transcrystalline layers with or without
the CNT fiber were cut from the films. For comparison, the
control polypropylene samples with the same geometry were
also prepared and isothermally crystallized under the same
conditions. All the samples were crystallized at 130 �C over-
night. The optical images of these specimens are shown in
Fig. 10a. Mechanical measurements were conducted along
the long axis of the rectangular specimens and the data are
reported in Fig. 10b and Table 1.



Table 1

Data of mechanical properties of the polypropylene samples isothermally

crystallized at 130 �C overnight

Samplesa Strength (MPa) Modulus (GPa) Elongation to break (%)

Control PP 18� 3 1.2� 0.1 3.0� 0.8

TC-PP 40� 2 1.6� 0.1 18� 3

TC-PP/CNT 60� 7 3.3� 0.3 7.0� 1.6

a PP represents polypropylene and TC represents transcrystals.
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The control polypropylene had an elongation to break of
3.0� 0.8% with a tensile strength of 18� 3 MPa and Young’s
modulus of 1.2� 0.1 GPa. There was no yield point and the
samples exhibited brittle fracture. These results are consistent
with the previous reports on the crystalline polypropylene with
high crystallinity [42e44]. However, transcrystallized poly-
propylene and transcrystallized polypropylene with CNTs
had elongation to break of 18� 3% and 7.0� 1.6%, respec-
tively, and the stretching was accompanied by the develop-
ment of opacity and necking. Such ductile deformation has
been reported for the transcrystalline interphase of polypropyl-
ene induced by carbon fibers [45]. It is assumed that the
daughter lamellae are being unfolded with stretching, which
contribute to the large elongation of the transcrystallized poly-
propylene film [45]. Transcrystallized polypropylene has a ten-
sile strength and modulus of 40� 2 MPa and 1.6� 0.1 GPa,
respectively. Higher modulus of transcrystallized polypropyl-
ene as compared to the control polypropylene is attributed to
somewhat higher orientation of polymer chains from mother
lamellae [16]. Whereas transcrystallized polypropylene with
CNTs exhibits further 100% increase in Young’s modulus
and 50% increase in tensile strength, compared to transcrystal-
lized polypropylene. Therefore, the strength and modulus of
transcrystallized polypropylene with CNTs (about 3 wt%)
are 200% higher than those of the control polypropylene crys-
tallized by itself (Table 1). The effective load transfer from
transcrystallized polypropylene layer to CNTs may contribute
to such an improvement.
4. Conclusions

In summary, carbon nanotubes have been shown to act as
heterogeneous nucleating agents for polypropylene transcrys-
tallization. Nucleation of polypropylene occurs first at the sur-
face of the carbon nanotube fiber and grows into transcrystals
perpendicular to the nanotube fiber axis. By analyzing kinetics
of the transcrystallization process using the theory of hetero-
geneous nucleation, the fold surface free energy of the trans-
crystals is deduced to be about 6.8� 10�2 J m�2. We have
observed that carbon nanotubes nucleate the growth of both
a- and g-transcrystal, and a-transcrystals dominate the inter-
phase region. Close to the nanotube fiber surface, the mother
and daughter lamellae of a-transcrystals form a cross-hatched
microstructure with an epitaxial angle of about 80�. Mechan-
ical properties of the transcrystalline layer and that of the
transcrystalenanotube composite are also reported and com-
pared to that of the normally crystallized polypropylene.
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