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In this paper, the structural orientation and tensile properties were investigated on the extrusion-
elongated sheets of polypropylene (PP)/multi-walled carbon nanotubes’ (MWCNTs) composites. The
MW(CNTs were modified via reactive grafting with octadecylamine to enhance the capability of disper-
sion in PP matrix. The orientation level of composite sheets was adjusted through adopting various
drawn speeds after extrusion, and the structure-property relation was inspected systematically through
the combination of two-dimensional wide-angle X-ray scattering, polarized light microscopy and tensile
mechanical testing. The tensile behavior of the extrusion-drawn sheet was significantly impacted by both
adding MWCNTs and increase of drawn speed. An optimization for simultaneously strengthening and
toughening was achieved in the sample with relatively high content MWCNTs prepared upon fast drawn
speed. Incorporation of nanotubes didn’t alter the orientation degree of crystalline lamellae obviously,
but the oriented nanotubes could act as the nucleating templates for the growth of oriented crystalline
superstructure. Combined with the present morphological characterizations and the results in other
published papers, it was postulated that the oriented superstructure of cylindrulites composed of rigid
CNTs as nucleus and PP lamellae as kebabs might be generated in the extrusion-elongated sheets of PP/
MWCNTs, which was regarded as the morphological reason for a reinforcing effect on tensile
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performances.
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1. Introduction

Recently, carbon nanotubes (CNTs), including single-walled
CNTs (SWCNTs) and multi-walled CNTs (MWCNTs), extensively
served as effective reinforcement filler to enhance the mechanical
[1-3], thermal [4,5], and electronic [6] properties of polymer ma-
terials, due to its unusual characters, such as high mechanical
strength/modulus, large ratio surface area, abundant conjugated C-
C 7 bonds and easily generated reactive sites. However, carbon
nanotube is strongly affected by Van der Waal’s attraction just due
to its small diameter and large ratio surface area. These forces give
rise to the formation of aggregates, which in turn, make dispersion
of CNTs in polymers difficult, resulting in rather poor mechanical
and electro-conductive properties. The methods commonly used to
incorporate CNTs into thermoplastic polymers can be roughly
classified into four strategies: (1) melt compounding of CNTs with
polymers [7,8]; (2) solution mixing or film casting of suspensions of
CNTs in dissolved polymer [9,10]; (3) in situ polymerization of
CNTs-polymer-monomer mixture [11,12] and (4) directly mixing
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dispersed CNTs with water-dispersible polymer latex in aqueous
suspension [13,14].

Among the three strategies for fabrication of polymer/CNTs’
nanocomposites, melt compounding seems to be the most conve-
nient, efficient one. At this time, some polymer/CNTs’ nano-
composites with excellent properties have been prepared
successfully through this approach. Zhang et al. [15] validated that
grafted-reaction might occur easily between polystyrene and
pristine CNTs’ surface upon dynamic melt mixing condition,
resulting in CNTs covered by polystyrene shell. Simple melt com-
pounding induced a fine dispersion of CNTs in polyamide 6 and
a strong interfacial adhesion between CNTs and polymer matrix
was responsible for the remarkable enhancement in mechanical
properties [16,17]. In the research by Yang et al. [18], the well
dispersion of CNTs and the strong filler/matrix adhesion were
achieved via melt compounding of polyethylene (PE) and PE-
functionalized CNTs though the matrix was a nonpolar polyolefin,
and more importantly, the significant toughening and strength-
ening could be simultaneously obtained in the as-prepared CNTs-
reinforced nanocomposites.

Tensile performance is an important criterion for practical ap-
plication of polymer products. In order to achieve excellent tensile
properties, main attentions were devoted to improve CNTSs’
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dispersion and interfacial interaction of CNTs/matrix. A well dis-
persion of CNTs in polymer is benefit for eliminating stress con-
centration (defeats of consistent system), while a strong interfacial
adhesion is favorable to stress transfer from CNTs to basal polymer.
These two issues could be resolved effectively via functionalized
modification of CNTs that grafting special groups onto CNTs’ surface
[19,20]. Unfortunately, in many cases, although the tensile strength,
modulus and stiffness were improved significantly, the toughness
and flexibility (ductility) were frequently unchanged or obviously
decreased [12,21,22]. The key points that predominate the tough-
ness and ductility in nanocomposites should be well understood.
Some new mechanisms or knowledge about nanoparticles tough-
ening of polymer matrix during stretching deformation has been
proposed in the past literature. In a research concerned carbon
nanofiber enhanced ultrahigh molecular weight polyethylene [23],
Chen et al. explained the toughening mechanism of prominent
improvement in elongation at break as: the tiny nanofibers grafted
with alkyl chains played a lubrication role to aid the surrounding
polymer chains moving, induced interfacial flow under stretching.
Molecular-dynamics studies have suggested that the mobility of
the nanoparticles in the polymer might be crucial for introducing
new energy-dissipation mechanism that leads to enhanced
toughness in the nanocomposites [24]. And Shah et al. [25] pre-
sented experimental evidence that nanoparticle orientation and
alignment under tensile stress were responsible for this energy-
dissipation mechanism, and the mobility of polymer matrix was
a precondition for this mechanism to be effective. A logical de-
duction from the mechanism by Shah et al. was that the pre-ori-
entation of polymer matrix and nanoparticles along tensile
deformation direction could remarkably increase the mobility of
both, therefore resulting in an improvement in toughness and
ductility. This deduction has been approved in our recent study
[26], in which excellent ductility was achieved in the oriented in-
jection-molded bars of polypropylene (PP)/MWCNTSs’ composite.

Another attractive topic about polymer/CNTs’ nanocomposite is
the anisotropic structure and morphology induced by the in-
corporation of CNTs with high aspect ratio. Especially, for the
practical dynamic processing of semicrystalline polymers con-
cerned shear flow field, when thread-like nanotubes took prefer-
ential alignment along shear or stretching direction, they could be
regarded as the nucleating templates for the growth of oriented
crystallites or typically called ‘shish-kebab’ superstructure. Such
oriented crystalline structures have been found in the stretching of
poly(ethylene terephthalate)/CNTs’ bars [27], the poly(vinyl alco-
hol)/CNTs’ fibers [28], the drawing HDPE/CNTs’ films [29] and the
injection-molded bars of poly(butylene terephthalate)/CNTs
[30,31] and PP/CNTs’ [32] composites. To these oriented semi-
crystalline polymer/CNTs’ systems, oriented crystalline structure
and morphology should impact substantially the tensile behavior.
However, a distinct demonstration of the relation between struc-
tural orientation and tensile properties is by far unavailable or in-
volved seldom in the literature.

In this paper, a succession of our previous research about the
toughening mechanism and the structure-property correlation in
the oriented PP/MWCNTSs’ composites [26] was performed on the
extrusion-elongated sheets. For tailoring the compatibility be-
tween polyolefin matrix and CNTs, a chemically modified method
has been developed to successfully produce the nanotubes with
branching alkyl chains upon thermally molten reactive conditions
[23,33,34]. On the other hand, it has been well proved that the
maleic anhydride grafted polyolefin could be used as the compa-
tibilizer for improving dispersion of inorganic nanofillers in poly-
olefin matrix [35,36]. Interestingly, Yang et al. [18] have found that
grafting reaction could take place between maleic anhydride graf-
ted PE and SWCNTs during molten extrusion process, resulted in
PE-grafted CNTs. So, in our study, two means were used to ensure

a well dispersion of MWCNTs within PP matrix, as that: (1) modi-
fication of raw MWCNTSs through grafting C18 alkyl chains on the
backbones of nanotubes; (2) incorporation of 10 wt% maleic an-
hydride-grafted PP (PP-g-MA) acted as compatibilizer. It should be
clarified that a PP/PP-g-MA (90/10 wt%) blend was used as the basal
polymer (regarded as the pure PP), because (1) the good compati-
bility between PP and PP-g-MA guarantees no obvious phase sep-
aration emerges even in the cold solid state; (2) the estimation of
the MWCNTSs’ effect on properties and morphology will be drawn
exactly, based on the basal polymer with the same composition. To
estimate clearly the effect of structural orientation on the tensile
properties, the orientation level of composite sheets was adjusted
through adopting various drawn speeds after extrusion, and thus
the evolution of tensile behaviors with changed orientation was
inspected systematically through combination of two-dimensional
wide-angle X-ray scattering, polarized light microscopy and tensile
mechanical testing.

2. Experimental
2.1. Materials

A commercially available isotactic polypropylene (trade marked
as T30S, Yan Shan Petroleum, China) with My, =39.9 x 10* g/mol
and My/Mp=4.6, and a maleic anhydride-grafted PP (PP-g-MA)
with MA content=0.9 wt%, My=211x10%g/mol and M,/
Mp=3.2 were used as matrix polymer and compatibilizer, re-
spectively. The raw MWCNTSs possess a diameter about 10-20 nm
and length about 5-15 um, and its purity is larger than 95%. Before
molten compounding with PP, the pristine MWCNTSs were executed
grafting reaction with octadecylamine according to the method
suggested by Qin et al. [37]. The grafting modification of MWCNTSs
was elucidated briefly as follows. Pristine MWNTs (50 g) were
refluxed 24 h in 800 mL of concentrated nitric acid. The excess
concentrated nitric acid was removed by centrifuging. The resulting
black solid was washed thoroughly with deionized water until the
pH value of the water was about 5-6. The purified MWNTs were
dried at 50 °C in a vacuum overnight, and then the purified MWNTs
were stirred in 500 mL of fresh distilled thionyl chloride at 70 °C for
24 h to convert the surface-bound carboxylic acid groups into acyl
chloride groups. After centrifugation, the remaining solid was
washed with anhydrous tetrahydrofuran (THF) and then dried at
room temperature under vacuum. A mixture of the resulting solid
and 30 g of octadecylamine (ODA) was stirred under N, atmo-
sphere at 80 °C for 96 h. After cooling to room temperature, the
resulting solid mixture was placed in a Soxhlet extractor. A 300 mL
of ethanol was employed as extraction solvent to remove the excess
amine. After 24 h, the ethanol solution was discarded, and 300 mL
of chloroform was used as extraction solvent to remove the
excess amine. After another 24h, the resulting black solid
(CNT(CONHC3gH37),) in the Soxhlet extractor was obtained and
dried at room temperature under vacuum. And the weight percent
of ODA grafted on nanotubes was about 3% calculated from thermal
gravimetric analyses (TGA).

2.2. Preparation of PP/MWCNTs’ sheets

A series of nanocomposites consisted of PP/PP-g-MA/MWCNTs
(90/10/x wt%; x =0, 0.1, 0.3) were melt-mixed in a TSSJ-2S co-ro-
tating twin-screw extruder. The temperatures were maintained at
160 °C, 175 °C, 190 °C, 200 °C, 200 °C and 195 °C from the hopper to
the die and the screw speed was about 120 rpm. Extruded strands
of the molten composite were then pelletized. The extruded pellets
were secondly extruded into sheets using a Haak single screw ex-
truder (Rheocord System 40) fitted with a slit die of 1.5 mm
thickness x 50 mm width. For preparing sheets with different
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levels of orientation, several relative drawn speeds were selected as
1,2, 3,5 and 7. In the case of 1-folded drawn speed, the rotating rate
of the roll is about 0.6 rpm to produce a sheet with a draw ratio
(area of extrusion die vs. section area of elongated sheet) of 1. In
a convenient manner, the extrusion-elongated sample is thereafter
labeled as PPCNTx-y, where x represents the mass percentage
content of CNTs multiplied by 10 and y is the relative drawn speed.
For an instance, PPCNT3-7 indicates a sample with 0.3 wt%
MW(CNTs prepared upon 7-folded drawn speed.

2.3. Characterizations and mechanical testing

2.3.1. Tensile testing

The tensile experiments were carried out with aid of Shimadzu
AG-10TA Universal Testing Machine. The stretching direction of
sheets is same as the tensile deformation direction. The moving
speed of crosshead was 50 mm/min, and the distance interval for
collecting data was 0.25 mm. The measure temperature was about
25 °C. Tensile strength and elongation at break could be directly
obtained from the stress—strain curves. The reported values were
calculated as averages over five specimens for each composition.

2.3.2. Two-dimensional wide-angle X-ray scattering

The 2D wide-angle X-ray scattering (2D WAXS) experiments
were conducted on a SEIFERT (DX-Mo8%*0.4s) diffractometer
equipped with a 2D Mar345 CCD X-ray detector. The wavelength of
the monochromatic X-ray from Mo radiation was 0.71 nm and the
sample-to-detector distance was 324 mm. The samples were
placed with the orientation (flow direction) perpendicular to the
projection beams. The backgrounds of all the 2D WAXS patterns
had been extracted thus allowed a qualitative comparison between
various samples.

2.3.3. Polarized light microscopy

Morphological observations of PP crystallites’ growth were
performed on a Leica DMIP polarizing light microscopy (PLM)
equipped with a Linkam THMS 600 hot stage under crossed
polarizers. The thin slices were cut from the stretching sheets,
inserted between two microscopic cover glasses, melted at 180 °C
and squeezed to obtain thin films. Then, the slices were held at
180 °C for 2 min to achieve thermal equilibrium. In subsequence,
the molten slices were cooled to 120 °C with a rate of —3 °C/min,
and then in situ observations of crystallites’ growth were imple-
mented during nonisothermal process.

2.3.4. Scanning electron microscopy

To understand the toughening mechanism, a JEOL JSM-5900LV
SEM instrument was used to inspect the tensile fractured surface of
the as-prepared PP/MWCNTs’ composite. The tensile fractured
surface was etched chemically by alkyl solvent to expose the
MWNTs in PP matrix and then gold-coated and observed under an
acceleration voltage of 20 kV.

2.3.5. Differential scanning calorimetry

The thermal analysis of the samples was conducted using
a Perkin-Elmer pyris-1 DSC, calibrated by indium. The mass of
testing sample was about 5 mg. The sample was first heated to
a moderate temperature (180 °C) at a rate of 100 °C/min, holding
for 2 min under nitrogen flow; then the melt was cooled down to
140 °C with a cooling rate of —100 °C/min, and isothermal crys-
tallization implemented at 140 °C for 60 min; after isothermal
crystallization, the samples were heated to 200 °C and held for
5 min for erasing crystalline structure, then cooled down to room
temperature upon a rate of —3 °C/min. In order to obtain the
crystallinity in various extrusion-drawn sheets, the samples of as-
prepared sheets were directly heated from 20 °C to 220 °C with

a rate of 10 °C/min, and then the endothermic enthalpy of melting
crystals was gained through integrating area of the melting peak.
The calculated endothermic enthalpy vs. the molten enthalpy cor-
responding to the 100% crystalline PP (taken as 177 J/g [38]), is the
crystallinity.

3. Results and discussion
3.1. Tensile behaviors of the stretching sheets

Increasing drawn speed means improvement of extended level
of composite sheet, thus induces anisotropic crystalline structure,
which can impact the tensile properties substantially. The stress—
strain curves, representing the development of tensile behavior
with increase of drawn speed, are shown in Fig. 1 for the composite
sheets containing different CNTs’ loadings. For the pure PP samples
of PPCNTO-y, as shown in Fig. 1(a), the ductility is inversely pro-
portional to drawn speed. The elongation at break gradually de-
creases with increasing drawn speed, simultaneously, a moderate
increment in tensile strength from 35 MPa for PPCNT0-1 to 44 MPa
for PPCNTO-7 is found, indicating a ductile-to-brittle transform in
the tensile behavior. As to the samples with 0.1% MWCNTs
(Fig. 1(b)), increase of drawn speed also induces enhancement of
tensile strength and decrease of ductility. Whereas, compared to
the pure PP samples, the decreased amplitude in ductility is
somewhat depressed by adding 0.1% MWCNTs. An optimization in
both strength and ductility is achieved when increasing the
MWCNTSs’ content to 0.3%, as shown in Fig. 1(c). Unlike to PPCNTO-y
and PPCNT1-y, improvement of extended level of composite sheets
does not induce a prominent decrease in elongation at break for the
samples of PPCNT3-y. Especially for the sample prepared upon the
fastest drawn speed, PPCNT3-7 possesses the highest tensile
strength and an elongation comparable to that of the sample pre-
pared upon the slow drawn speed. Obviously, incorporation of
MWCNTs may influence the development trend of tensile behavior
with increase of drawn speed. To demonstrate the effect of adding
CNTs on the tensile behavior clearly, some stress-strain curves are
picked out from Fig. 1 and plotted as changing CNTs’ loading in
Fig. 2(a)-(c) for the relative drawn speeds of 1, 5 and 7, respectively.
When the drawn speed is slow, adding MWCNTs can enhance the
tensile strength, but the elongation at break is somewhat de-
creased. Improving the relative drawn speed to 5, the ductility is
proportional to the loading of CNTs, but the improvement ampli-
tude is limited. For the fastest drawn speed, a significant increase in
elongation at break is found when 0.3% MWCNTs was incorporated
into PP matrix. While in the following sections the structural ori-
entation and thermal analysis of crystallization will be investigated
in detail for the samples of PPCNTx-1, PPCNTx-5 and PPCNTx-7.

3.2. Structural orientation in the stretching sheets

Combination of adding MWCNTSs and increase of drawn speed
has yielded the optimized tensile property for both strength and
ductility. It is expected that the internal structure of composite
sheet would be responsible to the excellent tensile performance.
Now a question is arising that whether a special crystalline struc-
ture has generated in the stretching of PP/MWCNTS’ sheets. Thus
2D WAXS measurement was carried out on the stretching sheets.
Extrusion-elongated processing has induced well-defined oriented
structure in the pure PP or the PP/MWCNTSs’ composites, as shown
in Fig. 3. The effect of MWCNTSs’ content on structural orientation
can be estimated via comparing the left images to the right image.
But no obvious changes on the WAXS patterns can be found by
altering MWCNTS’ content. On the other hand, it can be seen that
increasing drawn speed, from the top images to the bottom images,
enhances the anisotropic extent of scattering arcs for the crystalline



Z. Hou et al. / Polymer 49 (2008) 3582-3589 3585

a
50
40
©
o
= 30
(7]
(7]
e
s
» 204
—m— PPCNTO-1
—O— PPCNTO0-2
10 & —A— PPCNTO0-3
—v— PPCNTO-5
—&— PPCNTO-7
0 T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7
Strain (mm/mm)
50
40
©
o
= 30
(7]
(7]
5
0 204
—m—PPCNT1-1
—O—PPCNT1-2
104 4 —A—PPCNT1-3
) —v—PPCNT1-5
—&—PPCNT1-7
ot
0 1 2 3 4 5 6 7
C 60 -]
50
40

Stress (MPa)
8
1

20

—m— PPCNT3-1

% —O— PPCNT3-2

1041 —A— PPCNT3-3

—v— PPCNT3-5

1 —&— PPCNT3-7

o

0 1 2 3 4 5 6 7

Strain (mm/mm)

Fig. 1. Stress-strain curves of the PP/MWCNTS' sheets prepared upon different drawn
speeds: (a) pure PP, (b) with 0.1% MWCNTs and (c) with 0.3% MWCNTs.

planes of PPa-modification, whatever the sample is with or without
MWCNTs. The 5-folded and 7-folded drawn speed has induced
remarkably a biaxial orientation of a-crystal in the as-prepared
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Fig. 2. Stress-strain curves of the PP/MWCNTSs’ sheets with different loadings of
MWCNTs prepared upon: (a) 1-folded, (b) 5-folded and (c) 7-folded drawn speed.

sheets, where both a*- and c-axis orientations along the shear de-
formation direction are observed. Pair intensive arcs for (040) plane
appear at the equator, indicating preferential orientation of
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Fig. 3. 2D WAXS patterns of the PP/MWCNTSs’ sheets with: (a) pure PP, (b) 0.1% MWCNTs and (c) 0.3% MWCNTs. (The stretching deformation direction is vertical and the drawn

speed is varied from 1-folded to 5-folded and 7-folded from top to bottom.)

lamellae perpendicular to the stretching deformation direction. In
order to estimate the orientation level between different
samples quantitatively, Herman’s orientation function is used to
calculate the orientation degree of (040) plane, which is defined as
follows:

2 _
fu(cos g) = X0 1 M)

where (cos? ¢) is an orientation factor defined as:

7z-“I 2 7
<c052 <p> _ IG5 ((g)cos ‘gosm(p do 2)
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where ¢ is an angle between the unit within a crystal of interest
(e.g., c-axis) and a reference direction (stretching deformation di-
rection in this work), and I(¢) is the scattering intensity at ¢. The
calculated orientation functions plotted against relative drawn
speed are shown in Fig. 4 for the samples containing 0%, 0.1% and
0.3% MWCNTs. Out our initial expectation, the quantitative esti-
mation of orientation indicates that the effect of adding CNTs on the
oriented degree of crystalline structure is inappreciable. For three

MWCNTSs’ contents 0%, 0.1% and 0.3%, the oriented degree of (040)
plane is around 0.75, 0.93 and 0.95 for the 1-folded, 5-folded and 7-
folded drawn speed, respectively.
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Fig. 4. Evolution of orientation degree with increasing relative drawn speed in various
PP/MWCNTSs’ sheets.
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Although the oriented degrees of crystalline structure in the
samples with different CNTs’ contents are almost identical, the
added MWCNTs may significantly impact the modes of nucleation
and crystallization of basal polymer. According to the past literature
[32,37,39] and our recent study [32], an interesting character of
polymer crystallization nucleated by oriented CNTs was that the
preferentially aligned CNTs could act as a template for generation of
oriented, anisotropic cylindrulites. In this work, the template effect

of MWCNTs for anisotropic crystalline superstructure could be also
effective for the stretched PP/MWCNTs’ composite sheets, which
can be evident through re-crystallization observation using PLM.
Some nonisothermal re-crystallization processes are shown in
Fig. 5. For the pure PP samples (Fig. 5(a) and (b)), only common
spherulites are found even extrusion-stretching proceeding under
7-folded drawn speed though a high level of lamellar orientation
was detected before melting. Otherwise, incorporation of MWCNTSs

Fig. 5. PLM micrographs of crystalline growth morphologies of re-crystallization for: (a) PPCNTO-1, (b) PPCNTO-7, (c) PPCNT1-1, (d) PPCNT1-7, (e) PPCNT3-1 and (f) PPCNT3-7.
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can remarkably alter the crystallization mode, resulted in the ori-
ented, anisotropic cylindrulites when the drawn speed is fast, as
shown in Fig. 5(d) and (f) for the CNTs’ loading of 0.1% and 0.3%,
respectively. Obviously, in these two samples, the oriented nano-
tubes act as the primary anisotropic nuclei of cylindrulite, namely
epitaxy of PP chains occurs on the nanotube surface and the growth
direction of lamellae is perpendicular to the surface of oriented
CNTs (the stretching deformation direction), resulting in highly
oriented crystalline superstructure. Thus it is reasonable to deduce
that the oriented crystalline superstructure of cylindrulites nucle-
ated by oriented CNTs could also exist in the composite sheets after
extruded-elongation, and is responsible for the observed tensile
behavior. Furthermore, an explanation about the term of “cylin-
drulite” should be defecated as follows. The formation mode of
cylindrulites observed in this study is somewhat similar to that of
shish-kebab superstructure that: the oriented MWCNTs play the
role of shish; the PP lamellae formed on the nanotubes act as kebab.
Nevertheless, a precise determination for approving the formation
of shish-kebab-like superstructure and the epitaxial crystallization
of PP lamellae on MWCNTSs are unavailable in the present study, and
it may be that the observed anisotropic crystalline superstructures
are the later species of shish-kebab subsequent growth, in which
radial growth of lamellae has taken place, induced by the second
nucleation effect of kebab surface. So we would like to take rather
“cylindrulite” than “shish-kebab” to represent the oriented crys-
talline superstructure observed in the PLM photographs. Another
important item for the formation of such oriented cylindrulite is
high-level orientation of macromolecular chains, because one can
merely find spherulitic structure in Fig. 5(c) and (e) in which the
drawn speed is slow, due to a low orientation degree and a fast
thermo-relaxation of stretched polymer chains during re-crystal-
lization process. Although the precise structure of MWCNTs/PP
co-crystallization was unavailable in our current study, the well-
defined “hybrid shish-kebab” crystalline structure, in which the
inorganic fibrils acted as shish while polymer lamellae as kebabs,
was observed in PE/CNT nanocomposite by Li et al. [40,41] and PE/
inorganic whisker nanocomposite by our group [42]. It provides the
possibility that the formation of PP/CNTs’ co-crystallized structure
similar to “hybrid shish-kebab”. In this way, an efficient stress
transfer is ensured from the nanotubes to the polymer matrix
analogous to the case that strong chemical bonding existed at
the polymer/nanotube interface [39]; on the other hand, self-
reinforcement effect is expected in the oriented crystalline super-
structure because rigid nanotubes acted as nuclei to reinforce the
whole anisotropic crystal. Consequently, the oriented crystalline
superstructure composed of rigid CNTs as nucleus and PP lamellae
as kebabs possesses better mechanical performances than the
oriented crystalline structure in the pure PP sheet.

3.3. Calorimetric analysis of crystallization

To further investigate the effect of the oriented structure on the
re-crystallization of PP, in this section, the crystalline behaviors of
extrusion-elongated sheets of composites were inspected using
DSC measurements. The thermograms of isothermal crystallization
process are shown in Fig. 6(a). For the case that structural orien-
tation could be reserved after the samples were melted at a relative
low temperature (180 °C), addition of MWCNTs and increase of
drawn speed play a positive influence on the crystallization kinetics
of PP, and can facilitate the process of PP crystallization completed
within a more shortened time. Obviously, the differences in crys-
tallization kinetics between different samples aren’t attributed
merely to a melting temperature effect. CNTs acting as nucleating
agent and elongated deformation causing stretched conformation
of PP chains, these two factors can all result in that crystallization
occurred at a higher temperature during the process of preparing

a

Heat Flow Endo Up (mW) ———

Time (min)

(o2

PP/G-MWCNTs

Heat Flow Endo Up (mW)

100 110 120 130 140
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Fig. 6. (a) The curves of isothermal crystallization at 140 °C for 60 min after melting
proceeded at 180°C for 2 min: (1) PPCNTO-1, (2) PPCNTO-7, (3) PPCNT1-1, (4)
PPCNT1-7, (5) PPCNT3-1 and (6) PPCNT3-7; (b) nonisothermal crystallization curves
after holding at 200 °C for 5 min then cooled down to room temperature upon a rate of
—3 °C/min, for the pure PP and the PP/MWCNTS’ composites.

the extrusion-elongated sheets, and then generating crystals with
thicker lamellae. When melting proceeded under a moderate
temperature of 180 °C, the high thermostability of thicker lamellae
can ensure more amounts of residual crystallites and preserve high
level of oriented conformation of PP chains, which induced faster
crystallization kinetics in the subsequent isothermal crystallization
performed at 140 °C. Therefore, higher CNTs’ loading and faster
drawn speed seem to be favorable for a more easy isothermal
crystallization. In order to further distinct the roles of nucleation of
MWCNTs and elongation-induced orientation on the PP crystalli-
zation, nonisothermal crystallization experiments were conducted
after erasing thermal history of crystal upon a relative high tem-
perature (200 °C). After melting performed at 200 °C, the positive
effect of CNTs’ content and drawn speed on the kinetics of non-
isothermal crystallization is weak. The corresponding thermo-
grams of nonisothermal crystallization process are shown in
Fig. 6(b). For the pure PP samples, the T is around at 117 °C
whatever the drawn speed is; a increment of 7 °C in the T¢ is ach-
ieved when adding 0.1% and 0.3% CNTs into PP matrix; while in-
creasing drawn speed does not vary T substantially. Deduced from
the DSC results, it can be suggested that the structural orientation is
not responsible for increasing crystallization kinetics, whereas the
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Fig. 7. Evolution of molten crystallinity with increasing relative drawn speed in vari-
ous PP/MWCNTS’ sheets.

nucleating effect of the nanotubes is the dominant issue, no matter
what the orientation situation is. Moreover, the roles of in-
corporation of CNTs and drawn speed (stretching deformation in-
tensity) on the crystalline degrees of various extrusion-drawn
sheets are shown in Fig. 7, in which the crystallinity is plotted as
a function of drawn speed upon different MWCNTS’ contents. Ob-
served from Fig. 7, it can be concluded roughly that the crystallinity
is proportional to MWCNTS’ contents and drawn speed. Increasing
CNTs’ content and drawn speed was favorable for generating more
amount of crystallites, thus might impact the stiffness and tensile
properties of extrusion-drawn sheets more or less. Moreover, one
may note that good linear relation of crystallinity vs. drawn speed is
found in the pure PP and the composite containing 0.3% MWCNTSs
whereas the linearity between crystallinity and draw speed is weak
in the composite containing 0.1% MWCNTSs. The reason is specu-
lated as that: in the pure PP and the 0.3% CNTs' composites, the
nucleation mode is uniform that the former is homogeneous nu-
cleation while the later is almost heterogeneous nucleation, thus
the crystallization ability is simply dependent on orientation level
(drawn ratio); for the relatively low MWCNTS’ content, the amount
of CNTs is not enough for 100% heterogeneous nucleation, it must
be homogeneous nucleation and heterogeneous nucleation coexist,
then the modulated effect of orientation on the crystallinity is
weak.

4. Conclusion

Highly oriented sheets of PP/MWCNTSs’ composites were pre-
pared through extrusion-stretched processing. The tensile behavior
of the as-prepared sheet was significantly impacted by both of
adding MWCNTs and increase of drawn speed. A balance between
strength and toughness was achieved in the sample with relatively
high content of MWCNTs prepared upon relative fast drawn speed.
Incorporation of nanotubes didn’t alter the orientation degree of
crystalline lamellae, but the oriented nanotubes could act as the
nucleating templates for the growth of oriented crystalline super-
structure. When combined the present morphological character-
izations and the results in other published papers, it was postulated

that the oriented crystalline superstructure composed of rigid
MWCNTs as nucleus and PP lamellae as kebab is responsible for the
enhanced tensile performance in the highly oriented PP/MWCNTSs’
sheet. In our current study, the MWCNTSs’ loading is limited to
0.3 wt% and the drawn speed is limited to 7-folded temporarily.
However, in the future work, an optimization of simultaneously
strengthening and toughening is expected when higher MWCNTS’
loading and drawn speed are used.
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