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ABSTRACT: Nanocomposites of isotactic polypropylene
(iPP) and multiwalled carbon nanotubes (MWCNTs) with var-
ious contents of MWCNTs were fabricated by double molding
techniques. X-ray diffraction measurements reveal a develop-
ment of a-crystal with lamellar stacks having a long period of
150 Å in the neat iPP that increases to 165 Å in 2 wt %
MWCNTs-loaded composites, indicating that MWCNTs
enhance crystallization of iPP as a nucleating factor. Mechani-
cal properties, such as tensile strength, flexural strength,
Young’s modulus, tangent modulus, and microhardness are

found to increase with increasing MWCNTs content. Thermal
analyses represent an increase of crystallization and melting
temperatures and a decrease of thermal stability of the compo-
sites with increasing MWCNTs. Changes in structural, me-
chanical, and thermal properties of the composites due to the
addition of MWCNTs are elaborately discussed. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 118: 312–319, 2010
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INTRODUCTION

A wide choice of nanoscaled organic/inorganic fillers,
such as carbon nanotubes (CNTs), carbon nanofibers,
fullerenes, clay, talc, titanium dioxide, etc. are mixed up
with polymers to produce new substances with desired
properties. Among them, CNTs have stimulated much
interest recently as they have emerged as potentially
ideal reinforcement for producing nanocomposites with
unique physical properties.1–4 Owing to extraordinarily
high Young’s modulus, strength, and resilience of
CNTs, reports on the mechanical properties of poly-
mer/CNTs composites considerably increased in the
last 5 years.4–11 In addition, CNTs have a large aspect
ratio, low density, and are short enough to allow mold-
ings of complex shapes.12–14

Among the most versatile polymers, isotactic poly-
propylene (iPP) is very widely used in composite
fabrication because of their good balance between
properties and cost, as well as their nice processabil-

ity and low density. However, the mechanical and
thermal properties of iPP are sometimes not suffi-
cient for applications as engineering plastics. There-
fore, iPP is generally modified with nanoscaled clay
and fibers.13–16 Recently, CNTs are also used as spe-
cial nanofiller to prepare iPP/CNTs composites, pro-
viding a new avenue of fabricating high perform-
ance iPP engineering plastics.17–20

The structure of CNTs can be single walled
(SWCNTs) or multiwalled (MWCNTs) of which the
latter is simply composed of concentric single-walled
nanotubes having more rigid structure than the for-
mer one. The diameter of single-walled carbon nano-
tubes ranges from one up to a few nanometers and
their length is a few micrometer. The small size of
the nanotubes ensures a good surface finish and the
high aspect ratio allows electrical percolation at very
low loading of CNTs in polymers. Besides, the crys-
talline quality of the carbon results in a high conduc-
tivity and excellent mechanical properties as com-
pared with the conventional carbon black. Despite
the promising potential of CNTs, difficulties have
been encountered in exploiting many impressive
fundamental properties like temperature resistance,
crystallinity, nanostructure, thermal expansion coef-
ficient, dielectric constant, and so on due to the
irregular dispersal of the CNTs within polymer ma-
trix.12,21 On the other hand, outstanding mechanical
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properties of MWCNTs are of little value unless
they can be successfully incorporated into a matrix.

Considering the above facts, we prepared iPP/
MWCNTs composites by well mixing the MWCNTs
with the iPP matrix through multiple extrusions, fol-
lowed by injection molding. The aim of this work is
to study the effect of nanotube content on structural,
mechanical, and thermal properties of the compo-
sites of iPP and MWCNTs.

EXPERIMENTAL

Sample preparation

Composites were prepared from granular-shaped
iPP (molecular weight, Mw ¼ 184,700 g mol–1) with
MWCNTs. Commercial grade iPP was purchased
from BASF, Germany and MWCNTs powder was
collected from Shenzben Nanotech Port Co., China
(L.MWNTs-1030). The diameter and length of
MWCNTs have the range 10–30 nm and 5–15 lm,
respectively. MWCNTs powder was mixed in iPP
with appropriate ratios. A neat iPP sample and the
separate mixtures of iPP and MWCNTs with 0.01,
0.05, 0.10, 0.50, 1.0, and 2.0 wt % MWCNTs content
were molded thrice by an extruder machine (Axon
AB, Sweden). The extruder has five heating zones
with blending temperature profiles of 180, 185, 190,
195, and 200�C. During preparation of samples, the
screw rotating speed was 100 rpm. The molten
extrudates were pressed and cooled to obtain flat-
shaped solid sample. The solid samples were cut
into pieces, which were again molded in a dumb-
bell-shaped die by a locally fabricated injection
molding machine.

Figure 1 indicates a scheme of the sample die,
which is the same as that of the sample shape and
shows a mold line along which the molten extru-
dates were injected into the die. The flow direction
of the melt into the die is also indicated. On the
sample surface (Fig. 1), marks 1, 2, 3, 4, and 5 are
given from the mold line towards flow direction.
Each successive mark is 1 cm apart. The melt flow is
first disturbed at position 1 during injection and

again disturbed at positions 4 and 5 due to the wid-
ened width of the dumbbell. After the injection, the
molten extrudates are crystallized during cooling at
ambient condition. The crystallization of the sample
commences from both end of the dumbbell, follow-
ing the direction from positions 5 to 1. The solid
samples were subjected to measure structure and
properties by the following experiments.

X-ray diffraction measurements

Simultaneous wide-angle and small-angle X-ray scat-
tering (WAXS and SAXS) measurements of the sam-
ples were performed using a rotating anode type
high intensity Rotaflex, RU-300 X-ray generator (40
kV � 200 mA; Rigaku Corporation Tokyo, Japan).
The incident X-ray beam, monochromatized by a
graphite single crystal, had a wavelength of 1.54 Å.
The X-ray beam was passed through a collimation
system with a pinhole 100 lm in diameter. The cam-
era lengths for WAXS and SAXS were fixed at 46
and 460 mm, respectively. The diffraction intensity
was recorded by a Rigaku Display System imaging
plate (IP) (Rigaku Corporation, Tokyo, Japan). The
exposure time was set as 60 min in every X-ray
measurements.
Both the WAXS and SAXS measurements of the

neat iPP and 2.0 wt % MWCNTs-loaded iPP were
carried out at different positions 1–5 (Fig. 1) of the
sample. The WAXS and SAXS measurements were
also performed at position 2 of all 0–2.0 wt %
MWCNTs-loaded samples.

Mechanical testing

Tensile strength (TS), percentage of elongation-at-
break [EB(%)] and Young’s modulus (Y) of the sam-
ples were measured by a universal testing machine
[Hounsfield UTM 10KN; ASTM D-638�98] at a
crosshead speed of 0.001 m min�1, keeping a gauge
length of 0.06 m. Flexural strength, (FS), flexural
strain [FB(%)], and tangent modulus (G) were also
measured by the same apparatus, keeping a distance
of 0.064 m between two supports on which the sam-
ples were placed to employ load. Five samples of
each composition were used in the mechanical
testing.

Micromechanical testing

A software controlled Vicker’s square-based dia-
mond indenter (Shimadzu, Japan) was employed to
measure the microhardness (H) from the residual
impression on the sample surface after an indenta-
tion time of 6 s. Loads of 0.098, 0.245, 0.490, and
0.980 N were used to derive a load independent
value of H in MPa by the following relation:22

Figure 1 Schematic diagram of the sample–die or the
sample–shape. iPP-MWCNTs melt mixtures are injected
along the mold line, flowing along the indicated direction
into the die. Successive positions 1, 2, 3, 4, and 5 on the
sample are 1 cm apart.
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H ¼ K
P

d2
(1)

where d (m) is the length of indentation diagonal, P
(N) the applied load, and K a geometrical factor
equal to 1.854. Samples with flat and smooth surface
immediately after their preparation were used for
this measurement. At least eight imprints were taken
on the sample surface for each load, and the H was
evaluated from the average value of all impressions.

Indentations were also taken at different positions
from 1 to 4 (Fig. 1) on the sample surface at an inter-
val of 0.5 cm from the mold line down the flow
direction. To have an average position-dependent

hardness value, at least five indentations were taken
on a straight line along the width for each position.
From these indentations, average diagonal lengths,
dhor along the flow direction, and dper along the per-
pendicular to the flow direction, were also measured
for each position. From the values of dhor and dper,
Hhor and Hper were evaluated, respectively. Then the
indentation anisotropy (DH) was evaluated by the
following formula.22

DH ¼ 1� ðHhor=HperÞ (2)

Thermal measurements

Thermal properties of the samples were monitored
by a coupled differential thermal analyzer (DTA)
and thermogravimetric analyzer (TGA) [Seiko-Ex-
STAR-6300, Japan]. The measurements using DTA
and TGA were carried out from room temperature)
(37�C) to 600�C at a heating rate of 20�C min�1

under nitrogen gas flow. While the DTA traces give
the crystallization, melting, and degradation temper-
atures as determined from the exotherm versus tem-
perature curves, the TGA runs exhibit the weight
loss of the sample with temperature.

RESULTS AND DISCUSSION

Structural analysis

Figure 2 shows SAXS and WAXS photographs at posi-
tions 1–5 of the neat iPP sample. Here, the meridian is
parallel to the flow direction. Analysis of SAXS results
indicates that the long period of lamellar stacks is
about 150 Å in the neat iPP. WAXS reflections are
indexed as 110, 040, and 130, representing a-crystal of
iPP.23–25 At position 1, the SAXS two-point reflections
(indicated by arrows) are inclined at an angle of about
25� from the meridian, implying that the lamellae are
inclined due to disturbance of the melt flow. SAXS
reflections for positions 2 and 3 are strong on the me-
ridian. WAXS patterns of positions 2 and 3 also indi-
cate that 110 arc pattern is slightly stronger on the me-
ridian, whereas 040 arc is located around the equator.
For positions 4 and 5, two-point patterns of SAXS dis-
appear and the WAXS photograph does not show any
arc-like reflection. This result suggests that the crys-
talline and lamellar orientation disappear at positions
4 and 5.
Figure 3 illustrates SAXS and WAXS photographs

at positions 1–5 of the 2.0 wt % MWCNTs-loaded
iPP. For position 1, the SAXS reflection is inclined
by about 45� with the meridian due to the flow dis-
turbance. On the other hand, the SAXS peaks are
located on the meridian for positions 2 and 3. There-
fore lamellar and crystalline orientation is analyzed
to be nearly the same structure as that observed in

Figure 2 Simultaneous SAXS and WAXS photographs
taken at positions 1�5 of the neat iPP sample. Meridian is
parallel to the flow direction. White arrows indicate reflec-
tions from planes of the lamellae.
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the neat iPP. Comparing the SAXS patterns in Fig-
ures 2 and 3, the peak position is slightly shifted to
inner angle in Figure 3, indicating that the long pe-
riod of lamellar stacks increases to 165 Å. Besides,
new reflection also appears near the center of SAXS
photographs. This SAXS reflection can possibly be
attributed to the presence of MWCNTs aggregates.
The angle of this new reflection is about half of that
of the lamellar reflection. Thus, the average size of
the MWCNT aggregates is estimated to be larger
than 330 Å. For positions 4 and 5, both SAXS and
WAXS photographs show circular patterns indicat-

ing lack of orientation as that observed in the case of
the neat iPP.
MWCNTs have often been reported to have an

orienting effect on the polymer matrix.26,27 In this
study, however, no significant difference in orienta-
tion is found between iPP and the composites. This
lack of strong orientating effect is in agreement with
published report.28

Figure 4 represents SAXS and WAXS photographs
of the neat iPP and the composites taken at position
2. The SAXS intensity of the central reflection
increases with the addition of MWCNTs content.
The SAXS reflection on the meridian moves slightly
towards inner angle with loading of MWCNTs con-
tent, showing that the long period of lamellar stacks
increases from 150 to 165 Å. This fact strongly

Figure 3 Simultaneous SAXS and WAXS photographs
taken at positions 1�5 of the 2.0 wt % MWCNTs-loaded
composite.

Figure 4 Simultaneous SAXS and WAXS photographs of
the 0, 0.01, 0.5, 1.0, and 2.0 wt % MWCNTs-loaded sam-
ples taken at position 2.

DOUBLE-MOLDED ISOTACTIC POLYPROPYLENE NANOCOMPOSITES 315

Journal of Applied Polymer Science DOI 10.1002/app



indicates that the nanotube content enhances crystal-
lization of iPP. It is possible to consider that the
MWCNTs aggregates will contribute to act as a het-
erogeneous nucleating agent. On the other hand,
arc-like reflections of WAXS remain unchanged with
the increase of the filler content (Fig. 4), showing
that iPP crystal is unaffected by MWCNTs. A num-
ber of authors have reported that the influence of
nanofillers on the structure and morphology is
exerted at a lamellar level rather than at a crystalline
cell level.29–31 Therefore, SAXS is only sensitive to
the crystalline regions organized in lamellar stacks,
whereas WAXS allows detection of all regions con-
tributing to the semicrystalline framework, including
the amorphous phase located between the lamellar
stacks.

To analyze spherulitic crystallization, we define
A- or B-lamellae whose normals are respectively per-
pendicular or parallel to the growth direction as
shown in Figure 5(a). Here, the lamellar spacing
includes both crystalline and amorphous thickness.
In the a-spherulite, A-lamellae are first developed
along the growth direction, where the molecular
c-axis is oriented perpendicular to it and are known
to have a*-orientation.23–25 In this case, 110 reflection
appears near the meridian, whereas 040 reflection is
located on the equator as illustrated in Figure 5(b).

Due to the helical conformation of a-iPP molecule,
the crosshatched B-lamellae are epitaxially grown on
the (010) plane of A-lamellae.23–25 The c-axis of B-
lamellae is then oriented parallel to the growth
direction, where the (010) plane is parallel to that of
A-lamellae.
According to Figure 5(a), the SAXS reflections of

A- and B-lamellae will appear on the equator and
meridian, respectively. We define x, y, and z axes
parallel to the direction of thickness, width, and
flow direction of the dumbbell-shaped sample as
indicated in Figure 5(c). If we consider uniaxial
growth along z-axis (sharp orientation of the flow
direction), we have so-called four-point patterns,
where the reflection of A-lamellae will appear on the
equator, whereas that of B-lamellae will concentrate
on the meridian. In the case of fluctuation (disturb-
ance) of the flow direction, the equatorial (A-lamel-
lar) reflection is soon weakened and meridional (B-
lamellar) reflection remains by Lorentz’s factor.
In the WAXS patterns in Figure 4, the 040 reflec-

tion is oriented on the equator. This fact is explained
by the common (010) epitaxial plane in A- and
B-lamellae. The orientation of the common plane
is emphasized when the 110 and 130 reflections
are distributed due to the fluctuation of the flow
direction. Thus, the most probable structure of the
injected samples is a*-oriented A-lamellae grown
along the flow direction and epitaxial B-lamellae.
The crystallization is enhanced by the incorporation
of MWCNTs granules.

Mechanical and micromechanical properties

Figure 6 illustrates the variations of TS and EB (%)
with MWCNTs content. The TS value is lower and
the EB (%) value is higher for the neat iPP sample as
compared to that for the composites. Although the

Figure 5 (a) Schematic definitions of A- and B-lamellae,
(b) Reciprocal lattice points of the a-crystal on a*b*-plane
and (c) Description of expected SAXS reflections of A- and
B-lamellae, where x, y, and z axes are parallel to the direc-
tion of thickness, width and flow direction of the sample.

Figure 6 Variation of tensile strength (TS) and elonga-
tion-at-break [EB (%)] of the nanocomposites with various
content of MWCNTs.
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TS value is seen to increase with filler content, the
EB (%) shows rapid decrease with small content less
than 0.1 wt % of MWCNTs. Almost similar results
are observed in the findings of FS and FB(%) (Fig.
7). Y and G shows an increase with the increase of
filler content as presented in Figure 8.

These mechanical results indicate that stiffness of
the composite increases, while brittleness appears
with MWCNTs. Filler-loaded samples show increased
crystallinity, as obvious from the X-ray results. The
thicker lamellae promote TS, Y, and G values. On the
other hand, the neat iPP sample has more amorphous
regions. On the mechanical deformation, the long
polymer chain can easily be deformed in the amor-
phous regions. Thus, the neat iPP sample can show
higher EB(%) than the composites.

Figure 9 shows the variation of H with respect to
MWCNTs content. The H value of the neat iPP sample
is observed to be about 75 MPa. The H increases grad-
ually with the increase of MWCNTs content. In case

of indentation measurements, both elastic and plastic
deformations occur in the sample for the application
of a load. Removal of the load causes a residual
impression on the sample surface that exists due to
the plastic deformation in the material. Therefore, if
defects would grow in the samples, they would gen-
erally result in higher diagonal length that corre-
sponds to lower microhardness value. However,
observed results show a higher H value with the
increase of nanotube. This increase of H clarifies good
interfacial adhesion between filler and polymer.
Figure 10 represents the H and DH changes with

respect to distance of the 0.5 wt % MWCNTs-loaded
sample as measured from the mold line down the
flow direction. Here, 0, 1, 2, and 3 cm correspond to
the positions 1, 2, 3, and 4 of Figure 1. Two different
microhardness values, Hhor and Hper arise due to the

Figure 7 Variation of flexural strength (FS) and percent-
age of flexural strain [FB(%)] of the nanocomposites with
various content of MWCNTs.

Figure 8 Dependence of Young’s modulus (Y) and tan-
gent modulus (G) of the nanocomposites with various con-
tent of MWCNTs.

Figure 9 Change of microhardness with MWCNTs
concentrations.

Figure 10 Position-dependent microhardness (Hhor and
Hper) and hardness anisotropy (DH) measured from posi-
tions 1 to 4 at an interval of 0.5 cm. Hhor and Hper are
hardness values parallel and perpendicular to the flow
direction.
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anisotropy of indentation on sample surface. The
more the difference between the values of Hhor and
Hper, the greater is the anisotropy. Clearly, the hard-
ness anisotropy DH increases and becomes maxi-
mum at position 2 after which it decreases. These
results agree with the crystal structure obtained by
SAXS and WAXS at positions 2 and 3.

Thermal properties

The DTA thermograms of the iPP sample and the
composites containing various amounts of MWCNTs
are presented in Figure 11. Each DTA run of the
samples investigated shows two peaks that respec-
tively represent a sharp melting temperature (Tm) at
around 165�C and a sharp thermal degradation tem-
perature (Td) at around 450�C. The change of Tm for
various MWCNTs content is highlighted in Figure
12, showing an increase of Tm with the increase of

filler. To explain this result, we invoke the relation
of melting temperature, Tm, of a laterally grown
large lamellar crystal as described by the simplified
Thomson–Gibbs equation:32

Tm ¼ T0
m 1� 2c

lDh0f

8
>>>:

9
>>>; (3)

where T0
m is the melting temperature of the infinitely

large crystal, c the top and bottom specific surface
free energy, l the lamellar thickness and Dh0f the bulk
heat of fusion per cubic centimeter. Clearly, Tm

increases if the thickness of the lamella increases.
Thus, MWCNTs act as additional active substrates,
promoting thicker lamella of iPP matrix. This fact is
in good agreement with that of SAXS in Figure 3.
The TGA curves as shown in Figure 13 exhibit the

weight loss of the samples with increasing tempera-
ture. Solid-lines show the weight loss of the neat iPP
and MWCNTs, whereas the dashed-lines enclosed
by arrow-lines (a‘) indicate the weight loss by the
composites. The weight decrease basically starts
from 200�C and the actual onset of weight loss, i.e.
the sharp fall of TGA curve with respect to
MWCNTs content, is found to be decreasing with
the addition of filler. However, it is a common prac-
tice to consider the degradation temperature at 50%
weight loss of the sample as an indicator for struc-
tural destabilization.33,34 Analysis shows that the
neat iPP sample is seen to be thermally stable up to
445�C, whereas the 2.0 wt % MWCNTs-loaded sam-
ple shows the maximum thermal stability at about
424�C. In the composites, MWCNTs probably locate
in interfacial region between spherulite. In this case,
the filler makes brittleness as observed in the early
stage of EB(%) and enhances degradation during
heating. The high heat capacity and thermal

Figure 11 DTA thermograms of the neat iPP and nano-
composites of 0.01, 0.1, 1.0, and 2.0 wt % MWCNTs
content.

Figure 12 Enlarged DTA thermograms of Figure 11.

Figure 13 TGA thermograms of the neat iPP (solid line),
MWCNT (solid line) and nanocomposites of 0.01, 0.1, 1.0,
and 2.0 wt % MWCNTs (dashed curves in arrow lines: a ‘).
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conductivity of MWCNTs then causes them to
quickly reach a higher temperature than the sur-
rounding matrix. This will cause degradation of the
composites at a lower temperature.

However, considering the observed increase of TS,
FS, FB(%), Y, H, Tm, and Td with increasing filler along
with X-ray results, we suggest that the adhesion
between filler and matrix is good. A hypothesis can
be put forth regarding TS and EB(%) values for the
composites: Due to the restriction to chain mobility in
the composites, the stress may be concentrated at the
filler–polymer interface, which may develop local
crazes and cracks that quickly propagate in three
directions, resulting in sample’s fracture relatively at
high TS and low EB(%). In this investigation, a good
adhesion between filler and iPP is attained by fabri-
cating the composites through double molding meth-
ods using an extruder and an injection molding
machine, and the multiwalled carbon nanotubes have
a considerable influence on the structural, mechanical,
and thermal properties of the nanocomposites.

CONCLUSIONS

A good adhesion between multiwalled carbon nano-
tubes and polymer matrix in the iPP/MWCNTs com-
posites is achieved by double molding techniques
employed successively by an extrusion and an injec-
tion molding machines. Molecular orientation near
the mold line, change of lamellar period and
increased crystallinity with the inclusion of MWCNTs
contents in iPP are observed by X-ray diffraction stud-
ies. Improved tensile strength, flexural strength,
Young’s modulus, tangent modulus, and microhard-
ness values as well as enhanced melting temperatures
of composites with increasing MWCNTs contents are
also observed. These results indicate a good adhesion
between filler and polymer matrix, showing better
performances of the composites.
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