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Abstract

We report the appearance of a novel self-assembling of a fraction of single-wall carbon nanotubes (SWCNT) within a SWCNT-polymer

nanocomposite subjected to flow fields upon injection molding processing. By combining X-ray diffraction and Raman spectroscopy techniques,

both working on a microfocus fashion, we probe that a fraction of the thinnest SWCNT self-assembles into a rectangular lattice in the sample

regions where the shear stress induces the highest levels of nanotube aggregation. Additionally, we demonstrate that a modest amount in weight of

nanotubes is enough to template the morphology of crystallization during flow providing a method to obtain a highly desirable fiber-like

morphology.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Single-wall carbon nanotubes (SWCNTs) exhibit a Young’s

modulus near the TeraPascal (TPa) range [1–3]. This makes

them ideal as the reinforcing elements in a new generation of

nanocomposite materials [1–3]. Such nanocomposites can be

defined as nanofilled systems in which the total interfacial

phase becomes the critical parameter, rather than the volume

fraction of the filler [3]. The high aspect ratio and nanoscopic

dimensions of carbon nanotubes (CNTs) give CNT-based

nanocomposites specific properties differing from those

achieved in classical composites [3,6]. A typical SWCNT

sample consists of micron-size aggregates, frequently referred

to as bundles or ropes, in which single nanotubes self-assemble

in a two-dimensional hexagonal lattice [7–9]. Upon mixing

with a polymeric matrix, nanometer-scale homogenization of
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the nanoparticles can be achieved by different methods

[3,4,10–13].

In general, typical polymer and polymer-nanocomposite

processing involves solidification from the molten state, either

by crystallization or by vitrification. A consequence of such

processing methods is the stresses induced by the combination

of shear and elongational flow fields [14,16]. For example,

polymer-nanocomposites have been studied by assessing the

Raman spectra obtained from embedded SWCNTs subjected to

strain and pressure [12,17]. Similarly, the effect of pressure on

the structural distortion of SWCNT bundles has been revealed

by X-ray scattering [8,9,17] and modeling has been reported

[18]. However, the effect of flow fields similar to those used in

industrial processing, both on the structure of a SWCNT within

a nanocomposite and on the structure of the polymer matrix

itself remain untreated until now. The influence of processing-

induced flow fields on the nanostructure of polymer-

nanocomposites is crucial because of the profound impact it

has on physical properties [5,6,19].

In this paper, we report the effect of a combination of shear

and elongational flow fields on the structure of nanoadditive

and matrix for an injection molded SWCNT-polymer
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Fig. 1. Scheme of the injection molded sample (left). WAXS and SAXS

patterns where taken along the dotted line in the middle of the sample in steps

of 0.05 mm. X-ray patterns for both the poly(butylene terephthalate) (PBT)

polymer and for the PBT-SWCNT nanocomposite with 0.2 wt% of SWCNT

are shown in the lower and upper part, respectively. The SAXS angular region,

closer to the center of the X-ray patterns, is shown magnified. The arrows

drawn into the X-ray pattern of PBT-SWCNT indicate the presence of two

extra reflections associated to a novel SWCNT self-assembly.
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nanocomposite. By combining microfocus X-ray diffraction

and Raman spectroscopy techniques we observe that the flow

field induces a novel self-assembling of SWCNT, not reported

to date. Additionally, we demonstrate that a modest amount of

SWCNTs is enough to template the crystalline morphology of

the nanocomposite.

2. Experimental section

2.1. Materials and sample preparation

Nanocomposites of poly(butylene terephthalate) (PBT)

(Mwz15,000 g/mol) and oxidized single-wall carbon nano-

tubes (CNI Technology Co., Texas, USA, synthesized by using

the HIPCO method) were prepared as previously described

[20]. The nanocomposite was extruded from the reactor,

pelletized and injection molded into long pieces with a

rectangular cross section of 2!4 mm2 (Fig. 1). The injection

molding parameters were: injection pressure 25 bar, melt

temperature 240–250 8C, mold temperature 40 8C, holding

time 6 s and cooling time 20 s. The diameter of the SWCNTs,

as characterized by Raman spectroscopy, ranges from about

0.6 to 1.4 nm. A SWCNT weight concentration of 0.2% was

chosen because is the highest reachable by this method. As

PBT is a semicrystalline polymer its use as a matrix in the

nanocomposite allows the flow-field-induced structural

changes to be identified.

2.2. Techniques

X-ray scattering measurements were performed at the

European synchrotron radiation facility (ESRF) (Grenoble,

France) microfocus beamline (ID13) using wavelength of

0.1 nm. The beamline was configured with crossed-mirror

(KB) optics and collimator providing a 5 mm diameter beam

with a guard aperture between the sample and collimator to

reduce parasitic scattering [21]. It allows to record simul-

taneously WAXS and SAXS patterns when a sample-to-

detector distance DZ186.5 mm is used. Data were recorded by

a two dimensional MARCCD detector. The sample was

scanned along a direction perpendicular to the injection flow

(Fig. 1) in 50 mm steps. At every position a diffraction pattern

was recorded in transmission. For background correction a

pattern without sample contribution was recorded.

For Raman spectroscopy we used a Renishaw Microscope

System RM2000 equipped with a Leica microscope, an

electrically refrigerated CCD camera and a diode laser at

785 nm as exciting source. A beam size of 2 mm was used.

3. Results and discussion

3.1. Templating of crystallization

Fig. 1 shows X-ray scattering patterns from a PBT-SWCNT

nanocomposite (top) and a pure PBT reference sample

(bottom) prepared under identical conditions. The SAXS

region of the pattern has been enlarged and presented
separately. Patterns shown correspond to a position 0.8 mm

from the sample edge. The patterns corresponding to pure PBT

exhibit characteristic features of semicrystalline PBT [13]. The

observed reflections from WAXS correspond to the a crystal-

line phase. The strong scattering concentrated around the beam

center (SAXS region) corresponds to the long period related to

the nanostructure typical of semicrystalline polymers [14].

Similar patterns were obtained with the sample rotated by 908.

The low degree of orientation, present only in some of the

WAXS reflections [15], can be attributed to the moderate

injection pressure used in sample preparation (2.5 MPa) as

compared to those used in industrial processes (z70 MPa)

[16]. The situation is somewhat different for the nanocomposite

sample (Fig. 1, top). In this instance, SAXS patterns reveal
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Fig. 2. Diffractograms from WAXS patterns of nanocomposite recorded as

indicated in Fig. 1. Dotted lines indicate the position of the two extra reflections

associated to a novel SWCNT self-assembly (top). WAXS diffractogram

corresponding to the PBT-SWCNT at dZ0.05 mm from the wall side of the

sample. The arrows indicate the reflections associated to a novel SWCNT self-

assembly (middle). WAXS diffractogram from native SWCNT used in the

nanocomposite preparation (bottom).
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a clear orientation characterized by a concentration of the

scattered intensity on the meridian. The orientation is not

position dependent as identical SAXS patterns were recorded

in a perpendicular direction. Considering that pure PBT reveals

isotropic SAXS patterns then the orientation observed in the

nanocomposite can be thought to be induced by the presence of

SWCNT in the sample.

In a polymer, the chains in the melt extend in the direction

of the flow field and tend to form extended threadlike

precursors [22–25]. These precursors facilitate the epitaxial

growth of folded chain lamellae filling the space perpendicular

to the fibrillar precursor rendering to a characteristic oriented

crystalline morphology [23]. The stability, after flow cessation,

of the oriented morphology is a compromise between crystal-

lization and chain relaxation [25]. In our case, for pure PBT the

flow conditions are not enough to produce oriented mor-

phology as derived from the SAXS ring patterns. However, for

the nanocomposite, the existence of oriented crystallization

morphology is evident as revealed by the oriented SAXS

patterns.

To obtain oriented materials is a technological goal because

of the significant improvements of their mechanical properties

such as Young’s modulus. In our case, an increment of about an

18% in the Young’s modulus from 2.24 GPa for PBT to

2.65 GPa for the 0.2% nanocomposite has been measured from

stress–strain experiments [26]. Of course, this improvement is

not necessarily attributed solely to greater crystalline orien-

tation, but may also be related to the inherent reinforcement

properties of SWCNT. However, experiments performed on

nanocomposite fibers made from SWCNT and poly(methyl

methacrylate), which is an amorphous polymer, have shown no

significant effect on the elastic modulus [27] even for 1% in

weight of SWCNT. In addition, for the PBT-SWCNT

nanocomposite, the presence of only 0.2% in weight of

SWCNTs is enough to template the morphology of crystal-

lization during flow.

3.2. Self-assembly of SWCNT

Even more striking is the information obtained from WAXS

patterns (Fig. 1). As mentioned above, PBT exhibits the

characteristic Bragg reflections of the a crystalline phase. In

the nanocomposite, additionally to the structural features of the

PBT matrix, there appear additional rings (two of them

indicated by black arrows in Fig. 1) at q-values of z10 and

13 nmK1, respectively. These reflections are position depen-

dent as it is revealed by the sequence of diffractograms shown

in Fig. 2 (top). Here, it can be seen that the extra reflections

(indicated by the dashed lines) are detectable at positions

starting from the edge until about 1 mm towards the center of

the sample. One diffractrogram containing the extra reflections

(signed by arrows) has been also presented in Fig. 2 (middle).

In addition, we have included the diffractogram corresponding

to the nanoadditive SWCNT (Fig. 2, bottom).

As mentioned before, native SWCNTs tend to organize

themselves into bundles in which single nanotubes self-

assemble in a two-dimensional hexagonal lattice exhibiting
the characteristic 10 reflection at qz4–4.5 nmK1 along with

several maxima at higher q-values corresponding to the

different diffraction orders. In our case, the SWCNT sample

exhibits this characteristic pattern (Fig. 2, bottom) in

agreement with literature [8,9,17]. The 10 peak, appearing as

a shoulder in the raw data, is affected by a strong continuous

scattering due to the contribution of nanoparticles of different

carboneous species and of nanovoids. The 10 reflection is

absent in our WAXS patterns for the nanocomposite (Fig. 2,

top) indicating a significant dispersion of the SWCNTs within

the polymeric matrix. A deeper inspection of the diffraction

patterns close to the edge (Fig. 2, middle) reveals that the two
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extra reflections visualized in Fig. 1 (top) are accompanied by

other two weak reflections which are absent in the PBT pattern.

These four extra reflections can be indexed according to a

rectangular centered two-dimensional crystal lattice with

parameters: aZ0.94 nm, bZ0.85 nm. Since, there are two

scattering objects in the unit cell the calculated molecular cross

section is 0.3995 nm2 what would define an object of 0.71 nm

diameter.

A small fraction of SWCNTs of a similar diameter in size

seems to be present in the nanoadditive according to the Raman

spectrum of Fig. 3. Accordingly, it seems evident that, in the

nanocomposite subjected to an elongational flow field, a

fraction of the SWCNTs tends to self-assemble into a

rectangular lattice which is not the expected hexagonal one

for native SWCNTs. Considering that this unexpected packing

of SWCNT appears in the regions close to the walls of the

sample it seems plausible to attribute it to the shear stress

which reaches a maximum in these regions and tends to zero in

the center of the sample [16]. The question which immediately

arises is: why only a fraction of the SWCNTs, that with smaller

diameter, self-assembles. One possible explanation may come

from the mechanical properties of SWCNTs. In particular,

recent molecular dynamics simulations have shown that the

collapse of SWCNTs is diameter dependent [18]. The collapse

pressure of SWCNT increases linearly with increasing

reciprocal diameter. We can hypothesize that, after the

complete processing procedure, thinner SWCNT could be
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Fig. 3. Raman spectra in the region of the characteristic radial breathing modes

(RBM) for pure SWCNT, and for the PBT-SWCNT nanocomposite at dZ
0.65 mm and dZ1.9 mm from the wall side of the sample.
statistically longer and may, therefore, be more susceptible to

alignment under the flow field than thicker ones. The maximum

shear stress close to the wall may induce aggregation of the

SWCNTs and a fraction of them, those of thinner diameter,

may self-assemble into the rectangular lattice.

In order to further probe this hypothesis we performed

Raman spectroscopy experiments in the spectral region

covered by the characteristic radial breathing modes (RBM)

of SWCNTs [12,17,28]. RBM appear due to vibrational modes

of SWCNT and provide useful information about tube diameter

but also about deformation [12] and aggregation [29]. In

particular, it has been recently shown that the intensity of the

band centered around 269 cmK1 can be used to probe nanotube

aggregation. This characteristic band is almost absent for

dispersed SWCNTs and increases, in relation to those

appearing at lower frequency values, when the aggregation

level increases [29]. Fig. 3 shows two selected Raman spectra,

taken at different distances from the edge of the sample, in

comparison with that of the pure SWCNTs, which exhibit a

prominent band around 269 cmK1 indicating a high degree of

aggregation [29]. In the nanocomposite, this band tends to

decrease at expenses of those appearing at lower Raman

frequency values, indicating a certain level of nanotube

dispersion achieved in the nanocomposite preparation pro-

cedure [20]. It is clear that the band at 269 cmK1 from a

spectrum taken closer to the sample center exhibits smaller

intensity than that taken closer to the edge, indicating a higher

level of nanotube aggregation closer to the sample wall.

Fig. 4 (top) shows the normalized area of the 237 cmK1

band in the nanocomposite as a function of the distance from

the lateral sample surface. The dashed line indicates the level

for SWCNT. Here, three regions can be differentiated. Firstly,

close to the wall, d!0.4 mm, an increase of the area is

observed indicating a decrease of the aggregation in relation to

native SWCNT. In this region there is a characteristic skin

effect induced by the metallic walls of the mold where the shear

stress is disturbed by wall imperfections [30] and stresses that

contribute to the intensity of the RBM and a shift in the position

of the G 0 band [12]. Secondly, for 0.4!d (mm)!1 there is a

stable zone in which the aggregation level is larger than in the

previous region. This region can be associated with that where

shear stress is more effective. Finally, for dO1 mm the

aggregation level tends to decrease towards the center of the

sample. In this region shear stress is expected to diminish

towards the center of the sample and elongation flow becomes

dominant. In the last two regions the G 0 band is constant at

about 2570 cmK1 indicating no stresses and constrains on the

SWCNT as in the first region [15]. As mentioned above, we

propose that the self-assembly into a rectangular lattice of

thinner SWCNT appear in the regions where the shear stress

induces aggregation of the SWCNTs. Fig. 4 (bottom) shows the

integrated intensity of the X-ray reflection identified as the 11

of a rectangular crystal lattice, as a function of the distance

from the lateral sample surface. Here, the existence of the three

regions can also be identified. Closer to the wall the intensity of

the 11 reflection decreases parallel to the decrease in the

aggregation level revealed by the Raman experiments.
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assembly of SWCNT identified as a rectangular crystal lattice (bottom).
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In the intermediate zone, where aggregation according to the

Raman measurements is higher, the intensity of the reflection

reaches its maximum. Finally, in the third region the intensity

vanishes coinciding with the increment of the nanotube

dispersion towards the center of the sample.
4. Conclusions

In conclusion, we have demonstrated that flow fields,

mimicking those used in industrial processing, have a strong

impact on the bundle structure of SWCNT within a

nanocomposite and on the structure of the polymer matrix. A

combination of X-ray and Raman spectroscopy, both working

on microfocus fashion, have proven that shear stresses tend to

self-assemble the nanotubes into a novel lattice, different from

that of native SWCNTs. Additionally, we have shown that the

presence of only 0.2% in weight of SWCNTs is enough to

template the morphology of crystallization during flow,

providing a method to obtain a highly desirable fiber-like

morphology.
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