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ABSTRACT: The templating effect due to single wall carbon nanotubes (SWCNT) and shear on polymer
crystallization has been studied in films of nanocomposites based on poly(butylene terephthalate) (PBT). With
the use of a rheometer, a step shear was applied to the molten polymer. After shear cessation, the sample was
immediately cooled down to the crystallization temperature. Crystalline development, in real time, was investigated
by small-angle X-ray scattering (SAXS) with a synchrotron radiation beam parallel to the film. SWCNT bundles
template polymer lamellae to grow perpendicular to the SWCNT surfaces in a shish-kebab fashion even under
quiescent conditions. Because of the power of SWCNT as nucleating agents, the shear rate has a minor effect on
the crystallization kinetics. However, the fraction of oriented material increases significantly with shear rate. The
results indicate that SWCNT act as nuclei stabilizers, providing surfaces which favor polymer crystallization.

1. Introduction a rheometer or a shear cell, thermal and flow effects can be

Since the discovery of carbon nanotubes by lijima in the early Separated. This can be accomplished by choosing the appropriate
ninetiest the scientific activities in this field have followed an ~ combination of shear strain, shear rate, and temperététe.
exponential increase due to the remarkable physical propertiesUntil now, as far as X-ray scattering is concerned, most of the
of this novel form of carboA=® Single wall carbon nanotubes shear-induced crystallization studies have been carried out by
(SWCNT) are shown to be promising reinforcing elements, with means of rotating parallel plate equipment. Here, the X-ray beam
Young's moduli in the TeraPascal (TPa) range, for a new reaches the sample perpendicular to the flat surface of the
generation of nanocomposite materi&i$.A typical SWCNT rotating plate$:11 This disposition is quite appropriate because
sample consists of micrometer-size aggregates, frequen“yit guarantees a nearly constant shear rate on the explored sample
referred to as bundles or ropes. Within the ropes, single vVolume. However, upon dealing with SWCNT/polymer nano-
nanotubes self-assemble into a two-dimensional hexagonalCOmposites, the nanotubes may tend to adopt orientations in
close-packed latticeA homogenization of the nanotubes down which their main axes are located preferentially parallel to the
to the nanometer level is required upon mixing with a polymeric Surface plates. This effect is mainly due to the high aspect ratio
matrix. This can be attempted by using different procedures 0f SWCNT. In this case, an X-ray beam parallel to the flat
including compounding, sonication, and shear among othérs.  surface of the rotating plates can be advantageous because
In general, typical polymeric nanocomposite processing involves Ofientations parallel to the rotating plates can be probed. The
solidification, either by crystallization or by vitrification, from  @im of this work is to study the crystallization of nanocomposites
a molten state which is distorted by a combination of shear and based on SWCNT under the controlled shear fields provided
elongational flow fields. The effect of processing induced flow DY & rheometé? in which the X-ray beam reaches the sample
fields on the nanostructure of polymers and nanocomposites isholder parallel to the film (Figure 1). Our main objective is to
crucial because of the profound impact on their physical a@dvance in answering two basic questions: (1) Under which
propertiest58-11 The effect of shear fields, mimicking those conditions do SWCNT template an oriented crystallization? and
used in industrial processing on the structure of SWCNT (2) How can shear rate be used to control templating?. In order
polymer nanocomposites remains almost untreated until now. to accomplish both tasks, a matrix of poly(butylene terephtha-
Recent experiments have shown that, additionally to the late) (PBT) was selected due to the extensive body of previous
nucleating effect of SWCNT2this type of carbon nanotube is ~ shear-induced crystallization on this polyriém addition, PBT/
very efficient in templating oriented polymer crystal growght” SWCNT nanocomposites can be prepared by “in situ” polym-
In these studies, different processing routes have been exploredization rendering rather good SWCNT dispersiths.
including injection moulding®7 fiber spinning!® and crystal- . )
lization from solutiont3 In these works it has been shown that 2- Experimental Section
the SWCNT surface imposes to polymer crystals a growth 1 polymer SamplesFor this study, several nanocomposite
direction perpendicular to the nanotube longitudinal main axis. samples of poly(butylene terephthalate) (PBWI),(~ 15 000 g/mol,

It is known that both injection moulding and fiber spinning melting temperaturd;,, = 225.3°C) with different amounts of
involve a complex thermal and flow history to the sample. Thus, oxidized single wall carbon nanotubes (SWCNT) (from CNI
it is difficult to separate the effect of flow field from thermal  Technology Co., Texas, synthesized by using the HiPco method)

gradients on polymer crystallization. However, by using either Were prepared. The Raman spectra show that the investigated
SWCNT consist of different diameter populatihsanging from

*To whom correspondence should be addressed. about0.6to 1.4 nm. The E’BT/SWCNT nanocomposite preparation
T Instituto de Estructura de la Materia, CSIC. scheme follows an “in situ” polymerization stratetjyThe SWCNT
* European Synchrotron Radiation Facility (ESRF). were first dispersed by ultrasonication and high-speed stirring in
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Figure 2. Schematic description of the step shear experiments. After
reaching a temperature higher than the melting temperatutethe
sample is subjected to a step shear for a certain time. After shear

. . cessation, the sample is cooled down to the crystallization temperature,
Figure 1. (a) Scheme of the sample holder: the sample (consisting of T

stacked films) fills the gap of heigfit, between a truncated cone of

radiusr, and the substrate plate. The cone rotates with an angular speedb . ADi . .
Q. (b) Schematic view of the experimental setup for Rheo-SAXS Pe effectively separated.Different maximum shear rateg,,, of
experiments. @ is the scattering angle. 0, 5, 10, and 20§ were applied for different times in order to

obtain a maximum constant strain of 2000%. Two-dimensional
1,4-butanediol (BASF, Germany). Polycondensation was then SAXS images were taken immediately after the polymer reached
accomplished by transesterification with dimethyl terephthalate T, The data acquisition time for each 2D scattering pattern was
(Elana S.A., Torun, Poland) in an acid-resistant steel re&tiire typically 0.1 s. The time between two consecutive patterns was
nanocomposite was extruded from the reactor by compressedfixed to be 10 s. An air scattering pattern was also collected. The
nitrogen. Subsequently, it was pelletized and injection molded with air scattering pattern was used for background correction of the
a Baby Plast, model 6/10 (Cronoplast S.L. Comp.) machine into scattering data. Additionally, a normalization of the scattered

Rheometer interface
SAXS interface

!o_ng pieces w_ith a rectangular cross segtion ok 2 mn?. The intensity was accomplished considering the intensity of the primary
injection molding parameters were injection pressure _25 bar, melt beam. Subsequent analysis of the X-ray data was carried out using
temperature 246250 °C, mold temperature 40C, hold time 6 s, the corrected and normalized scattering patterns. The crystallization

and cool time 20 s. Nanocomposite films of about 0.1 mm thickness temperature was chosen on the basis of previous shear-induced
were obtained by compression molding at 24D for 2 min and crystallization experiments in PBP Here it was shown that, under
subsequently quenched under constant pressure at a cooling ratemall supercooling conditions, shear flow accelerates crystallization
of ~300°C min . kinetics but leads to little preferred crystal orientation. The small
2.2. Rheo-SAXS MeasurementsSmall-angle X-ray scattering  supercooling temperature region was reported to staffar 203
(SAXS) measurements were performed at the ID2 beam line of °C. Therefore, in this study, & = 208°C was chosen, well located
the European Synchrotron Radiation Facility (ESRF) in Grenoble, within the small supercooling region. In this way, the possible
France. Shear was applied to the sample by using a modified RS30Gemplating effect of SWCNT in PBT crystallization can be better
(HAAKE) rheometert® The commercial rheometer was modified  investigated.
to accommodate a truncated conergf 3 mm in diameter at the 2.3. Atomic Force Microscopy (AFM). Atomic force micros-
end of the inner cylinder, as schematically depicted in Figure 1a. copy (AFM) was used to visualize the microstructure and morphol-
The gap set th = 0.6 mm was filled with about six films piled up  ogy of PBT/SWCNT nanocomposites. We used a Nanoscope IlIA
and parallel to the incident X-ray beam. Under these conditions, Multimode from Vecco operating in the tapping mode. The surface

the maximum shear rate applied to the sample is givem;byt of the sheared samples was examined ex situ. Additional samples
(r/h)Q, whereQ is the angular speed. The overall setup provides were prepared by spin coating on a silicon wafer (100) (Wafer
a temperature stability of the sample better than OG5 The World Inc.) from a trifluoracetic acid solution (20 g'b). A precise

rheometer was located in the X-ray beam path, as schematicallyvolume of 0.1 mL of the polymer solution was instantly dropped
illustrated in Figure 1b. The synchrotron radiation was monochro- by a syringe on a rectangular (abouk2.5 cn¥) silicon substrate
matized to provide an X-ray wavelength £f= 0.1 nm. SAXS centered on a rotating plate at 2380 rpm for 30 s. Samples were
intensity was recorded by a two-dimensional CCD camera (FReLoN stored at room temperature preventing them from acquiring dust.
Kodak CCD, with an input area of 100 100 mn¥%). The sample 2.4. Data Analysis.The 2D SAXS patterns were analyzed in
to detector distance was fixed to 2640 mm. Typical beam size at order to obtain different magnitudes including the oriented fraction,
the sample position is 0. 0.1 mn?. An initial data reduction is the Hermans orientation function, and the integrated intensity.
accomplished in order to correct for detector distortion and to  2.4.1. Oriented Fraction. The oriented fraction was obtained
normalize to the intensity of the primary beam. Figure 2 describes empirically on the basis of an experimental strategy developed for
schematically the type of shear experiments we accomplished in PBT ! which is schematically described in Figure 3. Basically, a
this study. A step shear was applied to the molten polymer for a 2D SAXS pattern (Figure 3a) is divided into two quadrants chosen
certain time at a temperature higher than its melting temperature.to represent the scattering and centered along the merigian (

In the present study, we select&d= 240 °C which is well above 0—18C) and the equator¢g( = 90—27(), respectively. A cake,

the melting temperature of PBT. After cessation of the shear, the represented by the continuous lines in Figure 3a, is defined in each
sample was immediately cooled down to the crystallization tem- quadrant with a width ofA\q = 20 nnT?, whereq is the scattering
perature,T;, at a cooling rate of 10C/min. Crystallization was vectorq = 4n4~1 sin 0, and 2 is the scattering angle. The cakes
followed by measuring the SAXS patterns as a function of time. are centered at thgvalues corresponding to the maximum scattered
By this procedure, the flow and the crystallization processes can intensity. The scattered intensity is radial integrated within the cakes
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0 60 120 180 240 300 360 function of theg-vector during a crystallization experiment &f =
0 208°C for: (a) PBT and (b) PBT/0.1 wt % SWCNT nanocomposite

(P ( ) after the application of a step shear (shear rate of 1pat T = 240

Figure 3. Example of the data analysis strategy used to extract an
empirical oriented fraction®, from the two-dimensional SAXS

patterns. (a) Two cakes, represented by the continuous lines, are definedVhere
in two quadrants centered at the meridign< 18C°) and at the equator

(¢ = 90°), respectively. The width of the cakes A8y = 20 nnT?, 9

whereq is the scattering vectar= 474 sin6, and 2 is the scattering Zo I sing; co¢ @;

angle. The cakes are centered at thealues corresponding to the &=

maximum scattered intensity. (b) The scattered intensity is first radial o o= T 3)

integrated within the cakes and represented as a function of the o
azimuthal anglep. The shadowed regions represent the magnitudes 20 l; sin g
Imer @and leq for the meridian and equator contributions, respectively. =

An empirical oriented fraction paramet@rcan be defined from these

magnitudes by means of eq 1. with I; being the scattered intensity at thh azimuthal anglep;.

In our case, this calculation was done by azimuthal cake integrations
with three cake sizes in order to have an estimation of the error in
the values of,. The zero position fop was set at the meridian of
he pattern an@ runs anticlockwise (see Figure 3a). Meanwhile,
he initial and final angles for the integration were chosen tgbe
= 90° andg = 180, in order to avoid the shadow of the beam-
stop. Thef, function was normalized by shifting the background
to zero. In this case, the orientation function takes the vglue
I 1 when the scattered intensity concentrates on the meridiafy and
¢ =" (1) = —0.5 when the scattered intensity concentrates on the equator.
Imer + leq For an isotropic pattern, a value Bf= 0 is expected.
. ) . . ) ) 2.4.3. Integrated Intensity. The scattering patterns can be
_2.4.2. Orientation Function. The Hermans orientation function  azimuythally integrated in order to obtain the one-dimensional (1D)
is commonly used to estimate the orientation of a sample from the scattering intensity as a function of the scattering veqtaks an
analysis of wide-angle X-ray scattering data. In addition, it has been example, Figure 4 shows the time evolution of the azimuthally
demonstrated that it is also useful to evaluate the orientation of integrated intensity as a function of tevector during a crystal-

and represented as a function of the azimuthal apdlegure 3b).
A second integration inp can be done in order to define the
magnitudesl e, and leq for the meridian and equator regions,
respectively. These two quantities have been represented in Figur
3b by the shadowed regions.

Subsequently, an empirical oriented fraction paraméteran
be defined by means of

crystalline lamellae from a SAXS patteff.in this case, the jization experiment al, = 208°C for PBT (Figure 4a) and for a
Hermans orientation functiofy is given by PBT/0.1 wt % SWCNT nanocomposite (Figure 4b) after the
application of a step shear (shear rate of 1 at T = 240°C. It
¢ — 36os -1 @) is clear that the appearance during crystallization of a peak in
2 2 intensity whose positiongmax, can be used to define the charac-
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time (s) Figure 6a represents the half time of crystallization as a function

Figure 5. Crystallization of PBT afl. = 208 °C after the application O_f Sh_ear rate al.= 208°C. As expected for PBT' CrySta”i_Zation

of a step shear &t = 240°C (shear rate of 10°3). (a) SAXS patterns kinetics tends to become faster as shear rate incrédaesight

as a function of time. (b) Relative integrated SAXS intensity during increase of the half time is observed for a shear rate of 20 s
crystallization as a function of time for different shear rates. (c) Oriented Thjs effect can be due to a possible chain scission mechanism
fraction as a function of crystallization time at different shear rates. under the present experimental conditions. In qualitative agree-
ment with previous result®, long spacing values tend to
decrease with increasing shear rate (see Figure 6b, PBT data).

curves in order to obtain an accurate valueggfx A further For pomparative pUrposes, Figure 6 also includes the r_esults
integration in theg-range of the scattered intensity allows one to OPt&ined for the nanocomposites to be commented on in the

define the total integrated intensity. This magnitude, represented "Xt paragraphs.
as a function of time, can be used to characterize the crystallization 3.2. Crystallization of PBT/SWCNT Nanocomposites
kinetics. In order to compare different crystallization kinetics, the under Quiescent Conditions.Figure 7a shows the relative
value at the initial time can be subtracted and the resulting data integrated SAXS intensity as a function of crystallization time
can be normalized to the value at the end of the crystallization for PBT and for a PBT/0.1 wt % SWCNT nanocomposite under
process. The resulting magnitude is sometimes referred to as thequjescent conditions af. = 208 °C. As previously reported,
rele}tlve |ntegrat(?d intensity. The half time of crystalllzatlo.n IS even a modest amount of carbon nanotubes produces a strong
?;2253 iﬁfe;ztgén?mfﬁ;;;ed to reach one-half of the maximum ¢nancement of the crystallization kinetics of the polymer
: matrix. Carbon nanotubes provide nucleation surfaces over
which polymer crystals can easily gréw® However, it is more
striking that, as shown in Figure 7b, a significant orientation
3.1. Shear-Induced Crystallization of the PBT Matrix. appears for the nanocomposite even under quiescent conditions.
Figure 5a shows a series of 2D SAXS patterns for PBT taken This is revealed by the strongly anisotropic SAXS pattern
at T, = 208°C after the application of a step shear (shear rate obtained at the end of the crystallization experiment, as shown
of 10 s'1) atT = 240°C > Tn,. With a start from an amorphous in the inserts of Figure 7a. Figure 8 presents in the two first
supercooled melt at = 0 s, crystallization takes place with  columns the initialfo, and final,t;, SAXS patterns obtained for
time as revealed by the appearance of an essentially isotropicPBT and for the PBT/0.1 wt % SWCNT nanocomposite. While
ring associated to the characteristic long spacing of the lamellar PBT exhibits almost no orientation features at the end of the
stackst® The appearance of the long spacing is evidenced in crystallization process, the pattern of the nanocomposite shows
the 1D plots shown in Figure 4a. Figure 5b shows the relative a significant orientation. For the nanocomposite, the initial
integrated SAXS intensity as a function of time for different pattern atty shows an excess of scattering in the equatorial
shear rates. Figure 5c¢ represents the oriented fraction, calculatedegion. This is characteristic of scatterers oriented parallel to
as described above, as a function of time for the different shearthe film surface. However, for the final pattern the scattered
rates investigated. Only for the higher shear rate (pasmall intensity concentrates in the meridian region. This indicates the
level of orientation is observed at the end of the crystallization existence of scatterers perpendicular to the film surface. At this
process. The initial negative value @fin this case indicates a  point, it is worth mentioning the importance of the film position
preferential orientation of the scatterers along the meridional in the experimental setup (Figure 1). This fact was revealed by
direction. The amount of oriented fraction tends to zero at SAXS experiments performed in the A2 beam line at Hasylab,
intermediate times and finally reaches a small positive value. Hamburg. Here, a classical geometry was used with the X-ray
A qualitatively similar behavior has been previously reported beam reaching the sample perpendicular to the film (see cartoon
for PBT under shear conditiod8Here, Li et al. attributed this ~ on top of Figure 8). Thus, the SAXS pattern of a PBT/0.1 wt
effect to the initial formation of row nuclei parallel to the flow % SWCNT nanocomposite obtained with this geometry shows

teristic long periodl, of the crystalline lamellar stacks by means
of the equatiorL = 27/gmax. The peaks were fitted to Gaussian

3. Results
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Figure 7. Time dependence of (a) the relative integrated SAXS Figure 9. Series of two-dimensional SAXS patterns at specific
intensity, (b) the oriented fraction, and (c) the Hermans orientation crystallization times for PBT and the PBT/SWCNT nanocomposites
function for PBT and a PBT/0.1 wt % SWCNT nanocomposite under atTc = 208°C after the application of a shear rate of 3 at T = 240
quiescent conditions dt. = 208 °C. The two images inserted in part C.

a correspond to the SAXS patterns at the end of the crystallization

process. nanocomposite starts with negative valueioéndf, to end up
with positive ones. This indicates an initial contribution from
scatterers oriented parallel to the film surface. SWCNT bundles
PBT PBT/0.1 lying essentially parallel to the flat surface of the sample may
- - @ - be the origin of this first contribution. It is worth mentioning
X-ray X-ray X-ray that the initial values of® andf; for the nanocomposite are

very different from those of the homopoymer(see Figure 7b,c).
The final positive values of boti® andf, indicate a contribution
from scatterers perpendicularly oriented, which we attribute to
@ : the structure of the semicrystalline polymer.
3.3. Crystallization of PBT/SWCNT Nanocomposites after
Step Shear.Figure 9 exhibits a series of SAXS patterns taken
at specific crystallization times for PBT and the PBT/SWCNT
nanocomposites a; = 208 °C after the application of a step
shear aflT = 240 °C (shear rate of 578). The long spacing
@ > associated with the maximum in scattering intensity are smaller
than those observed under quiescent conditions, as shown in
Figure 6b.L values do not vary significantly with nanotube
concentration but tend to decrease for low shear rates (Figure
Figure 8. SAXS patterns of PBT and of PBT/0.1 wt % SWCNT  6b). While PBT does not exhibit significant orientation features
nanocomposite for initialto, and final, t;, times under quiescent during crystallization, the sample with SWCNT shows a strong

crystallization aff. = 208°C. From left to right, the first two columns . . . . .
show the patterns when the film is parallel to the X-ray beam. The last CONcentration of the SAXS intensity on the meridian. This is

column shows the patterns for the nanocomposite when the film is the case for all the nanocomposites investigated. Figure 10a
perpendicular to the X-ray beam. The scheme on top shows the film shows the relative integrated intensity for a series of PBT/

(disclike motive) location relative to the X-ray beam (arrows). In both  SWCNT nanocomposites during crystallizatiorTat 208°C,
cases the detector was placed as described in Figure 1b. after the application of a shear rate of 8.sParts b and ¢ of

no signs of significant orientation (last column of Figure 8). Figures 10 show the oriented fraction and Hermans orientation
These facts must be considered in order to interpret the valuesfunction, respectively, as a function of crystallization time. It
of the oriented fraction and of the Hermans orientation function is clear that the final oriented fraction increases with the amount
represented in parts b and c of Figure 7, respectively. Here, it of SWCNT. The development and evolution of the oriented
is detected that during crystallization the orientation in PBT fraction during the crystallization process appears to be complex
tends to remain close to the zero level. The small initial value and requires a deep examination of the Hermans orientation
of the orientation function can be attributed to anisotropic function (Figure 10c). The behavior of PBT does not differ
microvoids oriented parallel to the flat surface. In spite of this significantly from that described under quiescent conditions. The
initial orientation, the crystallization of the homopolymer sample with 0.01 wt % of SWCNT starts with negative values
proceeds isotropically as indicated by the valuesbo&ndf, of the orientation function but soon evolves toward positive
(see Figure 7b,c). On the contrary, the PBT/0.1 wt % SWCNT values for timeg > 50 s. For the samples with higher SWCNT

€
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after the application of a shear rate of 8 at T = 240°C.
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Shear rate (s") ) )
Figure 11. (a) Oriented fraction and (b) Hermans orientation function 4. Discussion
at the end of the crystallization process for the different samples and  The shear-induced crystallization of PBT has previously been
shear rates investigated. described as being dominated by point nuéleAs compared
with polyolefins, polycondensation polymers like PBT do not
concentration, positivé; values are always found along the reach the critical molecular weight above which, for a certain
crystallization process. In these cases, the orientation functionshear rate, molecular segments remain oriented long enough to
does not vary during crystallization. These effects can be template anisotropic crystallizatié®3 Therefore, for crystal-
visualized by focusing on the initial and final SAXS patterns lization at small supercooling conditions, the initial rodlike
shown in Figure 9 for the different nanocomposites. Samples nuclei, which may appear as a consequence of shear, tend to
with 0 and 0.01 wt % of SWCNT exhibit, at the initial time, relax, breaking into point nuclei. Because of this fact, little
SAXS patterns with an excess of scattered intensity in the orientation is observed at the end of the crystallization pro€ess.
equatorial region, indicating an orientation of the scatterers in In our case, this effect is exemplified by the experiments
the direction of the shear. However, at the final crystallization performed at a shear rate of 10'gFigure 5). Here, it is seen
times, the scattered intensity concentrates in the meridian part,that the oriented factor initially takes negative values tending
indicating a predominant orientation of the scatterers perpen- at the end of crystallization to small and positive ones. The small
dicular to the shear direction. Parts a and b of Figures 11 showand negative values of the initial Hermans orientation function
the oriented fraction and tHg values, respectively, at the end can be interpreted as due to an initial orientation parallel to the
of the crystallization process as a function of the shear rate for shear of the polymer chains constituting the nuclei. Our results
the different samples. Here, one sees that the oriented fractionare in qualitative agreement with those ones reported for PBT.
achieved at the end of the crystallization process increases withLi et al. proposed a model like the one schematically represented
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Figure 13. AFM phase image of the surface of a PBT/0.1 wt %
SWCNT nanocomposite crystallizedTat= 208°C after the application
of a shear rate of 107$at T = 240°C. The arrows indicate probable
shish-kebab-like motives.
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by the addition of modest quantities of SWCNT. Even under
quiescent crystallization, the SWCNT template rather effectively
oriented crystallization as revealed by the data presented in
Figures 7 and 8. From the initial anisotropic SAXS pattern for
the PBT/0.1 wt % SWCNT nanocomposite (Figure 8), a negative
value of the Hermans orientation factor can be estimated (Figure
7). This fact can be attributed to the scattering of SWCNT
located preferentially with their main axis parallel to the surface
of the film. As crystallization proceeds, the Hermans factor
evolves toward positive values because the scattered intensity
tends to concentrate in the meridian. The oriented SAXS pattern
for the same sample at the end of the quiescent crystallization
(Figure 8) indicates that a certain amount of crystalline lamellae
have grown perpendicular to the surface of the film. Accord-
ingly, it is evident that SWCNT act as heterogeneous nuclei,
providing surfaces over which oriented PBT crystals can grow.
We can interpret that SWCNT bundles act as shish units in such
a way that the nanocomposite structure resembles that of a shish
kebab. As crystallization proceeds, those polymer crystals which
are not in contact with the SWCNT surfaces exhibit little
preference to remain oriented. As shown in Figure 6, shear
affects significantly both the half time of crystallization and
the long spacing of PBT. However, it has a minor effect on
these two magnitudes in the case of the nanocomposites.
Moreover, for the nanocomposites, the Hermans orientation
function results are practically unaffected by the shear conditions
investigated (Figure 11). This indicates that the presence of

in the top panel of Figure 12. Here, initial row nuclei formed SWCNT is the dominant factor in the final level of orientation
after shear application evolved, due to relaxation, to point nuclei rather than the shearing conditions. Nevertheless, the final
rendering to an essentially isotropic crystallization. This scenario fraction of oriented crystalline material in the PBT/SWCNT
for a poor oriented crystallization of PBT changes dramatically nanocomposites increases significantly with the shear rate

200 nm

—

Figure 14. AFM images of a spin-coated PBT/0.2 wt % SWCNT nanocomposite. Upper and lower panels are different magnifications indicated
by the scale bars. Left and right pictures correspond to the height and phase images, respectively.
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