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The objectives of this article are to study the crystallisation behaviour and
morphology of melt compounded nanocomposites of poly(propylene) (PP) and
multi-walled carbon nanotubes (MWNTs). A PP matrix containing different
contents of 0, 1, 2, 4 and 8 wt% of the MWNTSs nanofiller was prepared for this
investigation. Studies using a differential scanning calorimetry and a wide angle
X-ray diffraction indicated that the MWNTSs promoted heterogeneous nuclea-
tion. The nucleant of the MWNTs affected the crystallisation of the PP, but was
not linearly dependent on the MWNT content which meant a saturation of the
nucleant effect at low carbon nanotube content. The relative amount, crystallite
size and distribution of different crystallites in the PP varied because of the
addition of the MWNTs, which affected the final properties of the nanocompo-
sites. Meanwhile, the degree of crystallinity of the PP exhibited an increasing
trend with the addition of MWNTs, followed by moderate decreases at higher
content. Continuous scanning electron microscopy observations indicate that the
nanotubes are well dispersed in the PP matrix at low content of MWNTs. Each

nanotube is covered by a layer of PP molecules.

Keywords: poly(propylene); multi-walled carbon nanotubes; crystallisation;

nanocomposites

1. Introduction

Since Ijiima discovered carbon nanotubes (CNTs) by arc discharge method in 1991 [1],
extensive studies have been devoted to the use of CNTs as nanofillers, because of
their unusual mechanical and electrical properties, to improve the performance of a matrix
or to achieve new properties [2,3]. One of the advantages of CNTs as a reinforcement is
their large surface area that can induce a better adhesion with the polymeric matrix, which
is an important factor for effective enhancement of the composite properties, such as
temperature, solvent resistance, crystallinity, microstructure, thermal expansion coeffi-

cient, dielectric constant, mechanical properties, and so on [4-17].
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Polyolefins, such as poly(propylene) (PP), are among the most versatile polymer
matrices, and are very widely used because of their good balance between properties
and cost, as well as their nice processability and low density. However, the mechanical
and thermal properties are not sufficient for applications as engineering plastics.
Therefore, PP is generally modified by melt mixing with nano-scaled clay [18-22] and
fibres. Recently, CNTs were also used as special nanofiller to prepare PP/CNT nano-
composites, which provide a new way to obtain high-performance PP engineering plastics.
Many physical properties, such as crystallisation behaviour, mechanical properties,
morphology, thermal behaviour, and conductivity of PP/CNT nanocomposites were hence
studied extensively [23-30].

Some common methods for the preparation of polymer/CNT nanocomposites
include: in-situ polymerisation [31,32], solution mixing [33-34] and melt blending
[35-37]. The composite prepared by the first two methods may result in contamina-
tion because of the residual monomer or solvent. However, those prepared by melt
blending are essentially free of such contamination. In addition, the tendency of CNTs
to form aggregates may be minimised by appropriate application of shear during melt
mixing [38,39].

The crystallisation behaviour and morphology development under isothermal
and nonisothermal conditions of PP reinforced with single-walled carbon
nanotubes (SWNTs) have been reported by Valentini et al. [25,26], Bhattacharyya
et al. [27], and Leelapornpisit et al. [28], and PP reinforced with multi-walled
carbon nanotubes (MWNTs) has been researched by Assouline et al. [7,24], and
Seo et al. [30], and etc.

In PP matrix nanocomposites, the presence of reinforcements influences the crystalline
morphology of PP as they act as nucleating agents. Because the crystalline morphology
will affect the mechanical properties of PP nanocomposites, an investigation of
crystallisation phenomena is of great importance. Compared with the traditional inor-
ganic fillers, CNTs have a unique atomic structure and a very high aspect ratio, which
can act as a strong nucleation agent for PP matrix.

In this work, we investigated the effects of different concentrations of MWNTSs on
the crystalline kinetics and morphology of PP matrix nanocomposites. The thermal
characterisation was performed by differential scanning calorimetry (DSC). The struc-
tural properties of the nanocomposites at several MWNTSs concentrations have been
studied by scanning electron microscopy (SEM).

2. Experimental
2.1. Materials

The PP used in this study was of extrusion grade PIO800 (melt flow index (MFI)
7-10g/10min at 190°C under 2.16 Kg), obtained from Bandar Imam Petrochemical Co.
(Iran). MWNTs were prepared by chemical vapour deposition (provided by Research
Institute of Petroleum Industry, RIPI) with diameters ranging from 10 to 50 nm, lengths
varying from 1 to 3 pum and purity of 96%. The TEM of MWNT used for nanocomposites
preparation is shown in Figure 1. The MWNTSs were dispersed on 2-propanol and then the
product was examined by a transmission electron microscope (TEM on a CM 120 Philips
with a tension voltage of 120kV).
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Figure 1. TEM image of MWNT.

Table 1. Compositions of PP/MWNT nanocomposites.

Sample code PP (wt%) MWNT (wt%)
NCO0 100 0
NC1 99 1
NC2 98 2
NC3 96 4
NC4 92 8

2.2. Preparation of MWNT|PP nanocomposites

The PP/MWNT nanocomposites having various MWNT content are listed in Table 1.
These nanocomposites were prepared by melt blending of MWNT and PP pellets in
a Brabender internal mixer with roller-type rotors operating at 190°C and 60 rpm.
As shown in Table 1, the minor phase content (MWNT) was varied between 0 and 8%.
Compounds were carried out by first feeding PP into the mixer and, after 3 min mixing
and melting of PP pellets, charging a specified amount of MWNTs into the mixer.
Mixing was continued for 12min. When the torque of the mixer became constant, the
composite was deemed complete. The maximum duration of the mixing period
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would be 15min. 2 and 3mm sheets were prepared by compression molding under a
pressure of about 150 bar at 200°C for 5min using a hydraulic press.

2.3. Scanning electron microscopy (SEM)

Morphologies of the nanocomposites were studied using a SEM (SEM XL 30; Philips
Instruments). SEM micrographs were taken from cryogenically fractured surfaces of
compression-molded specimens. The sheets were fractured manually after immersion in
liquid nitrogen and were then coated with a thin layer of gold prior to SEM investigation.

2.4. Differential scanning calorimetry (DSC)

Crystallisation behaviour was studied using a DSC model Stanton Redcraft STA-780
(London, UK). Indium was used for temperature calibration (7,,=156.6°C,
AH,,=284Tg 1. All the samples were dried prior to the measurements and analyses
were done in a nitrogen atmosphere using standard aluminum pans. Calorimetric
measurements were done while the samples (4-5mg) were exposed to the following tem-
perature scans: heating at a rate of 10°Cmin~" to 240°C, holding for 10min to erase
thermal history effects and then cooling to —30°C at a rate of 10°Cmin~" during which
the peak of crystallisation exotherm was taken as the crystallisation temperature, Tc. Then
the samples were reheated to 240°C at a rate of 10°Cmin~" to observe the subsequent
melting behaviour. The heat of fusion (AH,,) and the heat of crystallisation (AH,.) were
determined from the areas of the melting and crystallisation peaks, respectively.

2.5. Wide angle X-ray diffraction (WXRD)

To evaluate the average crystal size of the PP nanocomposites, WXRD was performed
with a Philips Analytical X-ray using nickel-filtered Cu-Ka radiation (A =0.15406 nm)
under a voltage of 40kV and a current of 25mA. The WXRD patterns were recorded with
a step size of 0.05° from 26 = 1-40°.

3. Results and discussion
3.1. Morphology of PP nanocomposites

In Figure 2, the fracture surface morphology of 1, 2, 4 and 8 wt% PP/MWNTs
nanocomposites, investigated by SEM analysis, are shown. The white spots indicate
MWNT’s ends that were pulled out of the polymer matrix. Although we observed
small quantity of aggregates at the concentration of 1wt% MWNT’s, a more uniform
distribution of the bundles was taken in nanocomposites with a low amount of MWNTs
(Figure 2(b)).

As can be seen in Figures 2(e) and (f), the propensity of aggregation of MWNTSs grows
with the increasing MWNT content. For the concentration of 8% we can see an aggregate
in which we observe a large amount of MWNTs self-organised in bundles. At high
MWNT content it is clear from the micrographs that the dispersion of MWNTs in the
PP matrix is not perfect and more agglomerates of MWNTSs form in PP matrix and many
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Figure 2. SEM images of cryogenically fractured surfaces of compression molded sheets: (a) NCO,
(b) NC1, (c) NC2, (d) NC3 and (e) and (f) NC4. (a), (b), (c), (d), (f) in 15,000X, (e) in 7500X
magnification.

defects are introduced into polymer matrix. In some areas the concentration of MWNTs is
high, but none of MWNTs can be found in some other areas. It can be found that
approximately micrometre diameter clusters of MWNTs appear in partial areas. Though
high shear force and mixing energy are produced during melt mixing, MWNTs
agglomerates can still withstand high shear force and remain entangled. This can be
ascribed to the strong intermolecular Van-der Waal’s interactions among the nanotubes
and the poor interfacial interactions between MWNTs and PP matrix result in the poor
dispersion of MWNTs in PP matrix. When the MWNT content reaches 8§ wt% compared
with the 1wt% PP/MWNTs nanocomposites, more MWNTs are entangled with each
other and the diameter of MWNT clusters is larger. These defects lead to a decrease in
tensile strength.
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3.2. Crystallisation characteristics

The effects of MWNTs on the crystallisation characteristics of melt compounded
PP/MWNTs nanocomposite samples were analysed first with non-isothermal DSC
experiments. From the DSC crystallisation exotherms recorded as the samples were
crystallised in the molten state at a given cooling rate, some useful parameters can be
obtained to describe the non-isothermal crystallisation. These parameters are defined
below and illustrated in Figure 3.

T,: The peak temperature of crystallisation exotherm.

Tc:  is the temperature at the intercept of the tangents at the baseline and
the high-temperature side of the exotherm.
Tc—Ty:  The inverse measure of the overall rate of crystallisation. The smaller
the Tc—T,, the greater the rate of crystallisation is.

Si: Slope of initial portion of the exotherm, which is a measure of the rate
of nucleation. The greater the initial slope, the faster the nucleation
rate is.

AW: The width at half-height of the exotherm peak determined after
normalisation of the peak to a constant mass of the samples, which is a
measure of the crystallite size distribution. The narrower the crystallite
size distribution, the smaller will be AW.

Tp, Te, Tc — T, AH and AW were obtained and are listed in Table 2.

An increase in the crystallisation temperature of the PP with the addition of MWNTs
was indicated (Table 3 and Figure 4). All the T}, values of the nanocomposite samples are
higher than that of pure PP (109°C) and T}, increases with increasing MWNTs weight. At
low MWNT content (1 wt%), T}, increases dramatically. However, after MWNTs loading
reaches 2wt%, T}, values of the PP nanocomposite samples increase slightly. At a MWNT
content of 1wt%, Ty, is increased by 12.3°C with respect to that of PP. This phenomenon

d(AH)/dt, (Exo up)

SESsssessssmsramEnEEEE
-

Temperature (°C)

Figure 3. Schematic representation of the non-isothermal crystallisation parameters determined
from DSC crystallisation exotherm.
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is attributed to the fact that MWNTSs act as a nucleating agent to promote faster crystal
growth and the creation of a large number of smaller spherulites in a heterogeneous
nucleation process. When the loading of MWNTSs is increased, there is a saturation of
the nucleant effect at low MWNT concentrations, resulting in diminishing dependence
on the increasing MWNTs-induced nucleation, possibly because of the large surface area
and good dispersion of MWNTSs. As a result, the crystallisation temperature increases
by the addition of MWNTs. All the Tc — Tp values of the nanocomposite samples are
smaller than that of pure PP, indicating that the addition of MWNTs into PP increased the
overall rate of crystallisation of PP.

The parameters of the rate of nucleation (S;) and the width at half-height of the
exotherm peak (AW) are also listed in Table 2. The S; of all PP nanocomposite samples

Table 2. Non-isothermal crystallisation parameters of PP and PP/MWNT
nanocomposites in the cooling process.

Sample T, (°C) T.(°C) Te—T, AH.(W/g') S  AW(CC)

NCO 109 116.2 7.2 97.39 6.31 8.55
NCl1 121.3 125.6 4.3 101.9 14.3 5.26
NC2 122.1 128.3 6.2 95.25 7.12 5.92
NC3 123.5 130.1 6.6 94.09 8.14 5.96
NC4 126.5 131.9 5.4 90.31 8.14 6.58

NC4

N
: ,;,/Z& :
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Normalised Heat Flow (W/g) (Exo Up)
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NCO

;BB

T T T T T T T T
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Figure 4. DSC cooling scans (10°Cmin~' from 240°C melt) of PP/MWNT nanocomposites
samples.
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Figure 5. DSC heating scans of PP/MWNT nanocomposites samples.

are greater than that of pure PP, implying that the PP nanocomposites have higher
rate of nucleation. When MWNT content reaches 1wt%, the S; of PP attains the
greatest value.

AW of all PP/MWNTSs nanocomposites are smaller than that of neat PP, implying that
the PP/MWNTs nanocomposites have more uniform crystallite size distribution. AW of
1 wt% MWNTs-filled PP dramatically decreases with respect to that of PP. Increasing
MWNT content results in the slight increase of AW, indicating that the crystallite
size distribution in the PP nanocomposites is narrower than that of neat PP. However,
a limiting effect of crystallisation nuclei may be reached after the addition of 1wt% of
MWNTs.

Analysis of the data in Table 2 shows that MWNTSs can act as effective nucleating
agents, increasing the peak temperature and the overall rate of the crystallisation of PP.
The rate of nucleation and narrow crystallite size distribution of PP increased with the
addition of MWNTs.

The DSC thermogram for the second heating process is shown in Figure 5. The peak
temperature of crystallisation melting (7},) and the melting heat of crystallisation (A H,,)
are listed in Table 3. The crystalline fraction of the composites, X, was calculated from:

_ AH,
T AH,

Where the melting enthalpy of a 100% crystalline PP, AH,=207.1W g~ .

From these results, the degree of supercooling (the difference in the melting peak
temperature and crystallisation peak temperature) was obtained.

As can be seen, the peak temperature of crystallisation melting, 7;,, was almost
independent of MWNTs loading. The degree of supercooling of specimens decreased with

X, x 100 (1



11: 15 15 January 2011

Downl oaded At:

Journal of Experimental Nanoscience 29

Table 3. Non-isothermal crystallisation parameters of PP and PP/MWNT
nanocomposites in the heating process.

Sample T (°C) Tu—T, AH, (Wg™h X, (%)
NCO 166.4 57.4 97.21 46.96
NCI 165.3 44 105.1 50.77
NC2 165.9 43.8 98.8 47.73
NC3 165.4 41.9 98.2 47 44
NC4 166.1 39.6 95.35 46.06
51

c

2 49

2

5

7]

2

Q

5

o 47

2

o

45 ; ; .

0 1 2 3 4 5 6 7 8

MWNTSs loading (%)

Figure 6. Degree of crystallisation versus weight fraction of MWNTs for PP nanocomposites.

increasing MWNTs loading in the matrix, which indicates more perfect crystallisation can
occur in PP nanocomposites.

The calculated degree of crystallinity of specimens exhibited an increased trend with
increasing content of MWNTs, followed by a moderate decrease at higher content.
As shown in Figure 5 and Table 3, the crystalline fraction increased from 47% for neat PP
matrix to 50.77% for 1wt% PP/MWNT nanocomposites and then in higher loading of
MWNTs, degree of crystallisation is decreased. This phenomenon implies that nanotubes
dispersed in the PP promoted heterogeneous nucleation as the MWNTs were added into
the PP matrix. On the other hand, when the loading of the nanotubes is small, the mobility
of the PP macromolecular chains can be enhanced. Thus, the crystallisation rate and
degree of crystallinity of the specimens increased.

When the content of nanotubes increased, the fillers started to block the mobilisation
of the PP macromolecular chains and prevent macromolecular segments from obtaining
order alignment of crystal lattices. As shown in Figure 6, the degree of crystallinity of
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Figure 7. WXRD patterns of PP/MWNTs nanocomposites.

specimens increased sharply in 1 wt% PP/MWNT nanocomposites and then decreased at
high MWNT content.

3.3. Crystal structure of PP nanocomposites

The WXRD has been used to investigate the crystalline structure of PP and PP/MWNTs
nanocomposite. Figure 7 shows the WXRD intensity profiles of PP and PP/MWNTs
nanocomposite. It is well known that the PP mainly exhibits three crystalline forms:
monoclinic «, trigonal B, and triclinic y, depending on the crystallisation conditions. Seven
strong peaks at 20=13.88, 16.68, 18.42, 21, 21.69, 25.19, and 28.36° corresponding,
respectively to [110], [040], [130], [111], [041], [060], and [220] planes can be seen in the
integrated XRD intensity of PP/MWNTs nanocomposite, indicating the existence of
typical a-form PP crystals and the absence of S-form crystals. This study shows only
the a-crystal formation in PP/MWNT nanocomposites, and it can be concluded that
MWNTs can not affect the crystalline polymorph of PP.

The space between the different diffraction planes of the a-form crystals (d),,) can be
obtained by the Bragg Equation:

nA
2sin ehkl

Ak = (2)
where 7 is the diffraction level, A is the wavelength of X-rays and 6,,, is the Bragg angle.
The crystallite size (L,;,) in the direction perpendicular to the set of lattice planes can
be obtained using the Scherrer Equation:
kA

Ly = ——— 3)
" Bt cosOm
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Table 4. Structural parameters of a-form crystals for PP nanocomposites.

20 i Ly
Sample Diffraction peak ° A Bkt nm
NCo 110 13.88 6.38 0.01 13.97
040 16.68 5.31 0.01136 12.34
130 18.42 4.81 0.01514 9.28
111 21 4.23 0.01388 10.16
041 21.69 4.09 0.01262 11.19
060 25.19 3.53 0.0096 14.8
220 28.36 3.14 0.0202 7.08
NCI 110 13.80 6.34 0.0103 13.56
040 16.63 5.31 0.00854 16.41
130 18.31 4.81 0.0123 11.42
111 21 4.23 0.0125 11.28
041 21.71 4.09 0.0120 11.77
060 25.29 3.52 0.01 14.21
220 28.27 3.13 0.0178 8.03
NC2 110 13.96 6.34 0.0103 13.56
040 16.83 5.27 0.00981 14.29
130 18.44 4.81 0.0125 11.23
111 21.02 4.22 0.0123 11.47
041 21.76 4.08 0.0120 11.77
060 25.36 3.51 0.0101 14.07
220 28.34 3.15 0.0158 9.05
NC3 110 14.07 6.29 0.01009 13.97
040 16.79 5.27 0.0096 14.6
130 18.38 4.82 0.0116 12.1
111 21.02 4.22 0.0111 12.7
041 21.78 4.08 0.0123 11.47
060 25.27 3.52 0.01034 13.8
220 28.45 3.14 0.0148 9.66
NC4 110 13.97 6.34 0.008834 15.81
040 16.76 5.29 0.00883 15.87
130 18.43 4.81 0.01136 12.36
111 21.02 4.22 0.0106 13.3
041 21.89 4.06 0.0123 11.48
060 25.27 3.52 0.0176 8.07
220 28.46 3.13 0.0151 9.47

where k is the shape factor of the crystallites (taken as 0.9 here), and B, is the broadening
of diffraction peaks, which is related to the width at half height of the diffraction peak
(unit of radians).

The structural parameters of a-form crystals in PP nanocomposites were obtained
from the WXRD patterns and are listed in Table 4. From the data shown in Table 4, it was
found that there was no obvious shift of all the diffraction peak positions. Therefore, the
addition of MWNTs had a negligible influence on the distance between the diffraction
planes of crystallites in the PP. Meanwhile, the intensity and width of some diffraction
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peaks changed, arising from the addition of MWNTSs. The relative amount of diffraction
peaks corresponding to the [110] and [111] crystal planes of the a-form decreased with
increasing MWNT loading, and the crystallite size in the direction perpendicular to the
set of lattice planes also reduced. At the same time, the intensity and relative amount of
diffraction peaks corresponding to the [040] and [060] crystal plane of the a-form was
enhanced with increased loading of MWNTs. The addition of MWNTs brought an
increase in crystallite size of the [040] crystal plane, but induced lessening of the crystallite
size of the [060] crystal plane.

4. Conclusions

This report describes the fabrication of a range of PP/MWNT nanocomposites and, in
particular, the impact of CNTs on the crystallisation and morphological behaviour of a PP
matrix. The crystallisation temperature of the PP matrix is increased with the addition of
MWNTs, while the melting temperature was independent of MWNT content. The degree
of crystallinity of PP exhibited an increased trend with enhanced content of MWNTs,
followed by a moderate decrease at higher content. MWNTSs can act as nucleating agents
using melt processing technique. MWNTs supplies heterogeneous nuclei and make the
process of nuclei formation rapidly finished, which suggested that MWNTs plays a role of
nucleating agent. The results show that the addition of CNTs accelerates the overall
non-isothermal crystallisation process of PP.

Also, the integrated WXRD intensity of the composites showed the typical a-form
PP crystals and exhibited complete absence of the S-crystal form.

Scanning electron micrographs shows that both individual MWNTs and agglomera-
tions of MWNTs can be observed even at the low content of 1 wt%. The tendency of
agglomeration of MWNTs is improved with the increasing MWNTs content. The
morphology observed by microscopy confirms the thermal analysis results concerning the
positive effects of low MWNTSs concentrations on nucleation and crystallisation kinetics.
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