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ABSTRACT: The effects of the incorporation of multiwalled carbon nanotubes (MWNT) with a diameter range
of 10—30 nm on the shear-induced crystallization behavior of poly(butylene terephthalate) (PBT) were investigated
under myriad shearing and loading conditions employing principally the small-amplitude oscillatory shear flow.
Upon shearing, the presence of MWNTs leads to the crystallization of the PBT nanocomposites at temperatures
that are higher than the crystallization temperature of unfilled PBT. The Avrami analysis of the shear-induced
crystallization data of PBT nanocomposite samples indicated that the kinetics of the crystallization depend on
both the temperature and the concentration of the MWNTs. When the MWNTSs were replaced with ~70 um
graphite particles at similar volume loading levels the crystallization behavior of the PBT/graphite suspension
samples did not differ from that of pure PBT. These findings emphasize that one primary mechanism associated
with the significant changes in the mechanical properties observed upon the compounding of nanoparticles into
various semicrystalline polymers is the change in the crystallization behavior of the polymer as affected by the
presence and the concentration of the nanoparticles and the associated changes in the microstructural distributions

of the nanocomposite.
1. Introduction

Poly(butylene terephthalate) (PBT) is a semicrystalline
thermoplastic that is widely used in various applications
including those in electronics and telecommunication equipment,
computers, electrical connectors and automotive parts in both
“under the hood” and exterior applications. PBT has a glass
transition temperature of around 45 °C and exhibits a relatively
fast crystallization rate. Since it is considered to have a relatively
broad processing window (i.e., PBT can be shaped using
extrusion or molding processes over a wide range of geometries
and operating conditions), it is an important candidate for being
compounded with various nanoparticles to further broaden its
utility. Significant improvements in ultimate properties have
been observed to occur upon the incorporation of various types
of nanoparticles into commodity and engineering polymers.' ®
In particular, multiwalled carbon nanotubes (MWNTs) have
stimulated great interest in the nanocomposites field due to their
relatively high surface to volume and aspect ratios, and their
relatively low density, high tensile modulus, and high electrical
conductivity.’

A number of advances have recently been made in the
solvent-based or solution-based processing of polymer nano-
composites. However, such processing methods are not eco-
friendly and generally require the use of expensive and toxic
solvents. The solventless compounding of nanoparticles directly
into a polymer melt removes the negative environmental impact
associated with solvent based processing and reduces the cost
of manufacturing. Such melt compounding requires the applica-
tion of relatively high shearing stresses repeatedly to disperse
particles and to generate composition uniformity and is ac-
complished using twin screw extruders, kneaders, intensive batch
mixers and shear roll mills.'*~"°
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The ultimate properties of processed articles are intimately
linked to the microstructural distributions that are generated
during the processing and shaping stages. The thermo-mechan-
ical history associated with the crystallization process during
solidification has a particularly significant effect on the develop-
ment of crystallinity and density distributions observed upon
solidification.>®*! To gain insight into the development of
crystallinity under quiescent conditions, differential scanning
calorimetry is generally used in conjunction with Avrami
analysis to characterize the crystallization kinetics of various
semicrystalline polymers, including PBT,** PEEK,**** PE,*
and s-PP.*¢

In earlier studies of the development of the mechanical and
other ultimate properties of nanocomposites, the primary focus
was on the “reinforcement” aspect of the nanoparticles associ-
ated with their very high surface to volume and aspect ratios.>”
However, it is also clear that the presence of the nanoparticles
can alter the development of crystallinity within the nanocom-
posite, since the nanoparticles can act as heterogeneous nuclei
to increase the nucleation rate, leading to an increase of
crystallinity and decrease of crystallite sizes. Such changes in
crystallinity as well as changes in the dynamics of the crystal-
lization process have been observed with MWNTS, typically
with the crystallization occurring under quiescent condi-
tions.?® 73! However, realistic nanocomposites are not manu-
factured under quiescent conditions but rather are derived from
a complex thermo-mechanical history during which the mac-
romolecules undergo relatively high rates of shear and extension
followed by rapid quenching. The complexities of the thermo-
mechanical histories experienced by unfilled macromol-
ecules®> % and macromolecules filled with micrometer-sized
particles during their processing, and the resulting changes in
structure and ultimate properties, are well documented and
suggest the need to consider the effects of the thermal and
deformation history on the development of various microstruc-
tural distributions within polymer nanocomposites as well.'' '

Detailed studies which link the crystallization kinetics of the
polymeric binders of nanocomposites to their rheological
behavior on one hand and to their processability on the other
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Figure 1. Multiwalled carbon nanotubes: (a) SEM image; (b) TEM
image.

are currently lacking. For example, it is known that the
application of a shear stress to a polymer melt at temperatures
which are in the vicinity of the crystallization temperature leads
to the shear-induced orientation of the macromolecules, thus
reducing the entropy of the melt and leading to flow-induced
crystallization.‘“)_46 However, it is not clear what role the
presence of the nanoparticles would play during such shear-
induced crystallization. Development of rheological character-
ization-based methods to analyze shear-induced crystallization
and the application of such methods would serve to elucidate
the role that the nanoparticle phase would play during shear-
induced crystallization. In this study, the time, temperature and
deformation rate dependencies of the dynamic properties, i.e.,
moduli collected using oscillatory-shear in the linear viscoelastic
range, were used to shed light on the shear-induced crystalliza-
tion of MWNT-PBT nanocomposites, with both pure PBT
samples and PBT reinforced with micrometer-sized graphite
particles used as control samples. The surface to volume ratio
of the rigid particles (MWNTs in the 10—30 nm range and 70
um sized graphite) and their concentrations were employed as
the major parameters of the study.

2. Experimental Section

2.1. Materials. The PBT used as the binder was obtained as
pellets (trade name: Celanex-2001 EF-NAT) from Ticona Polymers
(North Carolina), with a density of 1.31 g/cc and melt index of 7.2
¢/10 min. PBT pellets were dried in a vacuum oven at 125 °C for
4 h to reduce their moisture content prior to use. The zero shear
viscosity of PBT was determined to be 680 Pa.s at 245 °C
(frequency sweep experiments conducted at 245 °C and 10% strain).
The MWNTs (trade name: MWNT-A-P) were purchased from
Sunnano (China). The diameter and the length ranges of the
MWNTs were reported by the manufacturer to be 10—30 nm and
1—10 um, respectively. To examine the size and shape distributions
of the MWNTs a LEO 1550 scanning electron microscope (SEM)
operated at 15kV was used. Figure 1a shows a scanning electron
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micrograph of the as-received MWNTSs. Transmission Electron
Microscope (TEM) analysis of MWNTSs was carried out using a
JEOL1010. Figure 1b shows a TEM micrograph of the MWNTs.
To study the state of the dispersion of the MWNTs in the PBT
matrix, thin sections (90 nm thickness) were microtomed using an
LKB ultramicrotome and analyzed via TEM. Graphite powder
(grade: A-60) was obtained from Asbury Mills, NJ, and was used
as a control to probe the effects of the very high surface to volume
ratio of the nanotubes versus the larger graphite particles. The
graphite powder exhibited an average particle size of 70 um, surface
area of 3 m%g and density of 2.5 g/cm? (information available from
Asbury Mills, NJ).

2.2. Melt Compounding of Nanocomposite Samples. MWNT-
PBT nanocomposites were melt-compounded in batch using a
Haake torque rheometer with a 300 mL intensive mixing head. The
torque rheometer is an intensive mixer (a mini-Banbury mixer) with
two counter-rotating and fully intermeshing rotors. It has the
capability of measuring the time-dependent torque and hence the
specific energy input during the mixing process. Mixing of MWNTs
with PBT was carried at 245 °C for 8 min at 32 rpm at a degree of
fill of about 70% (the ratio of the volume of the mixture over the
volume of the mixing head available for flow). The mixing time
was selected on the basis of the observed variation of the torque
imposed on the rotating blades of the mixer versus time. The mixing
was stopped at the point where a steady value of the torque could
be obtained. This corresponds to about 8§ min. The temperature and
the blade rotational speed were selected on the basis of the typical
processing conditions (temperature and shear rates) used in the
industrial compounding of PBT. The loading levels of the nano-
composites were 0.5, 1 and 2.0% (by volume) of MWNTs. The
corresponding wt % loadings of MWNTSs are 0.57, 1.14 and 2.28%.
Graphite powder was also melt-mixed with PBT under the similar
conditions to provide 0.5, 1, and 2.0% (by volume) composites
(hereafter called as 0.5% GR-PBT, 1% GR-PBT and 2% GR-PBT).
Furthermore, sample of pure PBT was also subjected to a similar
processing history. After mixing the samples were removed and
sealed within two polyethylene bags. Specimens were compression
molded using a Carver hot press at 245 °C for 5 min, followed by
rheological characterization.

To analyze the dispersion of MWNTs within the PBT nano-
composites, samples were submerged in liquid N, for 3—4 min
followed by fracturing, upon which the fractured surfaces were
analyzed using SEM. Figure 2 shows SEM micrographs of the
fracture surfaces obtained upon cryofracturing. Such images of the
nanocomposite fracture surfaces indicate a relatively homogeneous
dispersion of the MWNTs in the PBT nanocomposites. To further
confirm acceptable dispersion of the MWNTs within the PBT
matrix, TEM imaging was also conducted (see representative image
in Figure 3). In such TEM images a number of MWNTs of varying
length can be observed. The varying lengths are attributed to both
the breaking/curling of MWNTs during the microtoming process
as well as the distortion of the projected nanotube image as observed
in TEM due to the orientation of the nanotube within the
nanocomposite with respect to the electron beam. Noteworthy in
such images is the general lack of visible large clusters or bundles
of MWNTs within the sample, further suggesting adequate disper-
sion of the MWNTSs within the nanocomposites.

For further microstructural analysis the PBT and nanocomposite
samples were also studied using polarized light microscopy with
thin microtomed slices (cut thickness: 2—4 um) placed between
two glass slides, and examined using a Nikon Optiphot 2-POL
microscope. In addition, nanocomposite samples were etched in
fuming nitric acid for 30 min at room temperature to enable the
observation of the crystalline morphology of the sample under SEM.
After etching the nanocomposite samples were washed with
deionized water followed by drying in a vacuum oven for 24 h at
room temperature prior to optical microscopy and scanning electron
microscopy.

2.3. Rheological Characterization. The linear viscoelastic
material functions of PBT, MWNT-PBT and graphite-PBT nano-
composites were characterized by employing small-amplitude
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Figure 3. Representative TEM image of 2% MWNT-PBT nanocom-
posite sample.

oscillatory shear using an ARES (Advanced Rheometric Expansion
System) rheometer with a force rebalance transducer (2K-FRTN1)
available from TA Instruments. The actuator of the ARES is a dc
servomotor with a shaft supported by an air bearing with an angular
displacement range of 0.05—500 mrad. The temperature of the
environmental chamber of the rheometer is controllable within =+
0.1 °C. The test fixtures consisted of stainless steel disks with a
diameter of 25 mm. Prior to the oscillatory shear, the samples were
heated to 245 °C after which the final gap between the two disks
was set followed by the trimming of the excess specimen protruding
out of the gap. During the preliminary stages of the investigation
various gaps in the 0.5 to 1.5 mm range were used. Generally, the
gap thickness selected becomes very important under conditions
in which the wall slip of the suspension sample is appreciable, since
the wall slip behavior of a suspension would be a function of the
surface to volume ratio of the rheometer, i.e., would be a function
of the reciprocal gap thickness.*” 2 All of the experiments reported
here were carried out at a constant gap thickness of 0.7 mm. Upon
loading and temperature equilibration, the specimens were al-
lowed to relax for 5 min, upon which they were cooled to the
targeted test temperature at which the dynamic properties were
characterized as a function of time. The magnitude of the strain
amplitude and the frequency were altered systematically in different
runs. For each condition tested confidence intervals, determined
according to Student’s z-distribution obtained on the basis of at
least four samples per condition, are reported. A fresh sample was
used for each experiment. The samples were collected after shearing
so that their degree of crystallinity as a function of time during the
shear-induced crystallization process could be determined via
differential scanning calorimetry as outlined in section 2.5.

2.4. Tensile Properties. To evaluate the effect of crystallinity
on mechanical properties, tensile properties of the PBT and 2%
MWNT-PBT nanocomposite samples were characterized. Pure PBT
samples were annealed in a vacuum oven at 200 °C for 2 and 5 h,
to obtain samples with different degrees of crystallinity. The tensile
properties were characterized using a Rheometric System Analyzer
(RSA-III, TA Instruments), at a constant extension rate of 0.001
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Figure 4. Typical DSC scans of pure PBT upon (a) heating and (b)
cooling at 10 °C/min.

mm/s at room temperature. The rectangular sample dimensions were
25 x 5 x 0.7 mm. A new sample was used for each tensile test.

2.5. Thermal Analysis. Differential scanning calorimetry (DSC)
studies were conducted using a TA Instruments (New Castle, DE)
DSC model Q1000 focusing on the specimens of pure PBT and
PBT nanocomposites. During differential scanning calorimetry the
specimens (sample size was around 10 mg) were ramped from 25
to 255 °C and kept at 255 °C for ten minutes and were then cooled
back down to 25 °C. The heating and cooling rates were 10 °C/
min. Typical DSC scans of pure PBT obtained upon heating and
cooling are shown in Figure 4. The temperatures associated with
the onset of the melting, 7, ,, the melting temperature 7y, (defined
as the highest temperature at which the last trace of crystallinity
disappears during heating), and the crystallization onset temperature,
T, (the highest temperature at which the crystallization process is
onset, while the sample is being cooled down from 255 °C) are
shown in the Figure 4. The nominal melting temperature (7y, ) was
defined as the peak of the melting endotherm during heating from
25 to 255 °C, and the nominal crystallization temperature (7t p)
was defined as the peak of the crystallization exotherm upon cooling
from 255 to 25 °C. The degree of crystallinity, X, (i.e., the weight
fraction crystallinity), was determined as the ratio of the integrated
heat of fusion value of the sample over the heat of fusion of purely
crystalline PBT, i.e., 140 J/g:*
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3. Results and Discussion

3.1. Thermal Characterization of PBT and PBT
Nanocomposites. The effects of MWNTSs on the crystallization
behavior of PBT and nanocomposites of PBT under quiescent
conditions were analyzed via nonisothermal DSC experiments
as reported in Table 1. The results of crystallization under
quiescent conditions obtained with DSC suggest that even in
the absence of shear and at relatively minor concentrations of
MWNTs, there are noteworthy changes in the dynamics of the
crystallization process and the ultimate crystallinity values
attained for PBT upon the incorporation of the MWNTs. Overall,
there are only modest reductions, i.e., 2—6 °C in the melting
temperatures with 0.5 to 2% by volume MWNTs. On the other
hand, there are significant increases in the crystallinity upon
the incorporation of the MWNTs; for example, the degree of
crystallinity under constant cooling rate increases from 20.7%
for pure PBT to 24.5% for PBT incorporated with 2% by volume
MWNTs.

The significant increase in crystallinity is accompanied by
major increases in the crystallization temperatures of PBT
observed upon the incorporation of the MWNTSs. For example,
the temperature at which crystallization is onset, T, increases
by about 22 °C and the peak crystallization temperature, T p,
increases by 29.4 °C with only 0.5% by volume of MWNTs
(Table 1). Additional increases in the concentration of the
MWNTs generate only modest additional increases in the
crystallization temperature.

These DSC results obtained for crystallization under quiescent
conditions that suggest that the crystallization temperature of
the polymer is significantly affected upon the incorporation of
the nanoparticles are in agreement with the quiescent crystal-
lization results obtained for polypropylene (PP) incorporated
with SWNTs.>* Similar changes in melting behavior under
quiescent conditions have also been observed for PP incorpo-
rated with MWNTs>> and PLLA compounded with nanoclays.”®
The observed increase of the crystallinity of the PBT upon the
incorporation of the MWNTs observed here is again in agree-
ment with the increase of crystallinity of other polymers
incorporated with nanoparticles i.e., poly(etheretherketone)-
(PEEK) with carbon nanofibers®” and poly(vinyl alcohol)’® and
poly(ethylene-2,6-naphthalate) with MWNTSs.>® The significant
increases in various ultimate properties, including the enhance-
ment of mechanical and permeability properties, are generally
considered to be linked to the very high surface to volume ratios
of nanoparticles in general®?’and MWNTSs in particular.?®-*°
However, the significant increases of crystallinity upon the
incorporation of relatively modest concentrations of MWNTSs
(as low as 0.5% by volume) could be an additional major
contributing factor giving rise to the significant property
enhancements of polymeric nanocomposites. Further support
to this hypothesis is provided below in the discussion of the
shear-induced crystallization behavior of PBT and its nano-
composites, where it will be shown that additional significant
gains in crystallinity are obtained upon the shear-induced
crystallization of the PBT in the presence of carbon nanotubes.
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3.2. Effect of MWNTSs on Shear-Induced Crystallization
Behavior of PBT. Linear viscoelastic material functions are very
sensitive to structural changes in the polymer melt and can
provide information on changes in the physicochemical proper-
ties of the polymer during deformation. For example, for
thermally sensitive polymer melts, an irreversible decrease in
viscosity with time at a constant shear rate suggests the
possibility of thermal degradation of polymer molecules,
whereas an irreversible increase in viscosity with time suggests
the possibility of chemical cross-linking between polymer
molecules. Both thermal degradation and chemical cross-linking
are irreversible in the rheological responses they generate. On
the other hand, sudden increases in the linear viscoelastic
properties with time during shearing under constant deformation
conditions at temperatures which are greater than the quiescent
crystallization temperature of the pure melt suggest the flow-
induced crystallization of the polymer melt upon shearing. Thus,
upon shear-induced crystallization unbounded monotonic in-
creases in the storage moduli (G'), loss moduli (G"), and
magnitude of complex viscosity ly*| with time are ob-
served.®' % Pennings and co-workers have documented that
the morphology of such crystals formed upon shearing is
typically of the “shish kebab” type and is thus very different
than the typical row-nucleated and spherulitic morphologies that
are generally observed under quiescent crystallization from the
melt.**~¢7

Figure 5 shows the typical shear-induced crystallization results
obtained for the dynamic properties versus time for PBT,
MWNT-PBT nanocomposites and graphite-PBT composite
samples collected at a constant frequency of 5 rps and 1% strain
amplitude at 215 °C. As shown in Figure 5a, an increase in G'
with time was observed for MWNT-PBT nanocomposites that
was not observed for pure PBT and graphite-PBT under similar
conditions. This indicates a sharp increase in the crystallization
rate due to the incorporation of MWNTs into PBT. Furthermore,
the crystallization rate under shear increases with increasing
concentration of the MWNTs and the induction time for
crystallization (defined as time at which the linear-viscoelastic
properties commence to increase during a time sweep experi-
ment) decreases with the increase of the concentration of
MWNTs.

Further, no crystallization was observed with PBT nanocom-
posites samples containing graphite, sheared under similar
conditions (Figure 5). This suggests that the crystallization
kinetics and nucleating sites depend on the particle geometry
and the corresponding surface/volume ratio. (For example,
Byelov et al. have recently shown that particle shape can alter
the flow field around the inclusion and lead to extra nucleating
sites.®®) The shear-induced crystallization from the melt should
lead to increases in the number of affine junction points in the
entangled polymer melt, to render the relaxation of the polymer
segments and the backbone more difficult, thus increasing both
the elasticity and the viscosity of the melt. The magnitude of
the complex viscosity values of MWNT-PBT nanocomposites
are orders of magnitude higher than those of the pure PBT and
PBT suspensions containing graphite, indicating that the crystal-
linity that is induced due the presence of the MWNTs is
significant (Figure 5). To gain insight to the effect of crystal-
lization on changes in rheological behavior of the nanocomposite

Table 1. Melting Temperatures, Degree of Crystallinity, X., and Crystallization Temperatures of PBT and PBT Nanocomposites from
DSC Analysis

sample Tino (°C) Tnp (°C) T (°C) Xe (%) Teo (°C) Tep (°C)
pure PBT 208.6 227.2 238.4 20.7 191.3 173.3
0.5% MWNT-PBT 205.8 225.6 236 22.1 213.2 202.7
1% MWNT-PBT 205 228.6 235.8 22.9 214.2 204.4
2% MWNT-PBT 202.3 224.7 236.3 24.5 214.5 205.5
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samples one can use the Krieger—Dougherty equation (eq 2)
to represent the relative viscosity of a suspension, 7, defined
as the ratio of the shear viscosity of the suspension to the shear
viscosity of the binder as a function of the volume fraction of
rigid particles to account for the fraction of the volume
immobilized due to crystallization over the maximum packing
fraction ¢, (assumed to be 0.74 for face centered cubic):

_ ]—ﬂ —2.0 2
7, ( %) (2

Figure 6 shows the ratio of magnitude of complex viscosity
of the nanosuspension over that of pure PBT versus shearing
time for different loadings of MWNTs. The relative viscosity
values reach 400—450 in 1325—1350 s of shearing. This
suggests that on the basis of eq 2, the volume fraction of
crystallites ¢ reaches about 0.7 in the same time period. This
volume fraction approaches the maximum packing fraction, to
give rise to crystalline morphologies that span the entire body
of the nanosuspension constituting a gel-like or a solid-like
structure. The absence of such shear-induced crystallization with
the larger graphite particles (average particle size of graphite is
70 um versus 10—30 nm for MWNTs) indicates that the change
in the crystallization dynamics is significantly altered due to
the availability of the very high surface area of MWNTs
(90—350 m%g) to promote the crystallization of the polymer
chains.
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Figure 6. Ratio of the magnitude of complex viscosity of the
nanosuspension over that of the pure polymeric binder versus shearing
time for different loadings of MWNTSs (at 1% strain, 5 rps, and 215
°C).

The mechanism for the crystallization of the nanocomposite
at a temperature which is above the crystallization temperature
of PBT should be associated with the nanoparticles serving as
heterogeneous nucleating sites.”>*°~’> During heterogeneous
nucleation the rate of nucleation is controlled by the availability
and the concentration of the heterogeneous nuclei. Thus, the
decrease of the induction time for shear-induced crystallization
(as well as the noted crystallization under quiescent conditions
discussed in section 3.1 with increased nanotube concentration)
should be associated with an increase of the nucleation rate.
Since such crystallization does not occur in the presence of
larger carbon (graphite) particles, the observed changes in the
crystallization behavior can be linked to the availability of
the high surface area of the MWNTs to significantly increase
the nucleation rate of PBT, as also noted earlier for the
crystallization of MWNT incorporated PP under quiescent
conditions.?®* Industrially, it has been known for some time
that the compounding of particles with relatively small particle
size into polymeric resins at relatively small concentrations
changes the crystallization dynamics and the ensuing ultimate
crystallinity/density distributions as well as altering the crystallite
size and subsequently the mechanical properties of the poly-
mer.?’

From the results given in Figure 6, the significant level of
crystallinity achieved upon shearing can be obtained at shorter
durations by increasing the concentration of the MWNTs. For
example, after approximately 1350s of shearing a relative
viscosity of 9.5 is obtained for 0.5% by volume MWNTs, versus
46.7 for 1% by volume MWNTs and 445.2 for 2% by volume
MWNTs. The reduced induction time with increasing concen-
tration of MWNTs is again indicative of the important linkage
between the initial concentration of the MWNTs acting as
nucleating agents and the resulting nucleation/crystallization rate.

3.3. Effect of Applied Shear on PBT Nanocomposite
Crystallization Rate. Figure 7 shows the time-dependent
evolution of G, Iy*|, G", and tan 6 = G"/G' of the 2% MWNT-
PBT nanocomposite samples subjected to small-amplitude
oscillatory shear at 215 °C and 1% strain amplitude at
frequencies of 1, 3 and 5 rps. Consistent with the results shown
in Figure 5, the pure PBT and the graphite-reinforced PBT
samples did not show signs of shear-induced crystallization
under these conditions (and thus were not included in Figure 7
for clarity). For the nanocomposite samples it is clearly observed
that the crystallization rate increased and the induction time for
crystallization decreased with increasing frequency. The work
of de Gennes in dilute solutions of polymers has revealed that
during flow the polymer chains undergo a step change from a
random coil to a fully extended chain conformation at a critical
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strain rate, without any intermediate stable chain conforma-
tions.”* The subsequent studies of Keller et al. have provided
experimental evidence to the occurrence of such a coil-stretch
transition in macromolecules subject to crystallization under
shear and extension on the basis of birefringence measurements,
which exhibit an abrupt change as the strain rate is increased
which is indicative of the formation of a fully extended chain
conformation at the critical strain rate.***' There is continuous
stretching and relaxation of the macromolecules during shearing
and the effect of nanotubes could be the prevention of the
relaxation of the macromolecules.**”> Upon shear-induced
crystallization the storage modulus, G', increases at a greater
rate in comparison to the rate of increase of the loss modulus,
G", as a network structure associated with crystallization is
developed (Figure 7d).

In our experiments, means to determine the degree of
crystallinity as a function of time during the shear-induced
crystallization process were not available. Instead, upon shearing
at different durations of time the samples could be quenched at
a constant rate of cooling to ambient temperature, followed by
the determination of their degree of crystallinity to gain insight
into the crystalline state formed during shear-induced crystal-
lization. The percent crystallinity data associated with the
samples sheared for different durations of time in the rheometer,
followed by cooling under a constant cooling rate of 60 °C/
min, are shown in Figure 8 for the 2% MWNT-PBT nanocom-
posite samples.

Figure 8 indicates that shearing the nanosuspensions at a
relatively small deformation rate in the linear viscoelastic region
is sufficient to increase the degree of crystallinity of PBT by
about 33% (the degree of crystallinity of 2% MWNT-PBT
increases from 24% to 32% upon shearing during crystallization
versus crystallization under quiescent conditions). These results
emphasize the important role played by the shearing process
on the development of the crystallinity of the polymeric bind-
er of the nanocomposite. They further suggest that the full
potential of the MWNTs in altering/controlling the crystalline
morphology of the polymer that they are incorporated into can
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Figure 8. Effect of the duration of shearing on the degree of crystallinity
values of 2% MWNT-PBT nanocomposites (following small-amplitude
oscillatory shear at 1% strain, 5 rps, and 215 °C).

only be achieved upon subjecting the suspension to deformation
during crystallization. Overall, the final morphology and crystal-
linity (and hence ultimate properties) of articles processed
(molded/extruded) from nanocomposites are expected to be
significantly affected by the thermo-mechanical history that the
nanocomposite experiences during the processing operation. This
is an important finding and could serve as the basis of new
technologies associated with further enhancing/optimization of
the properties of nanocomposites. Nanocomposite structures with
significantly enhanced mechanical properties can be obtained
by imposing high rates of shearing on the suspension during
processing/shaping followed by rates of cooling which would
prevent the relaxation of the macromolecules.

Figure 9 shows the typical results associated with shear-
induced crystallization behavior of 2% MWNT-PBT nanocom-
posite samples characterized under differing strain amplitudes
in the 1—5% range. The independence of the shear-induced
crystallization behavior from the strain amplitude could have
been anticipated, considering that these strain amplitudes are
all in the linear viscoelastic range in which the structure of the
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Figure 10. Variation of (a) storage modulus, (b) magnitude of complex viscosity, (c) loss modulus, and (d) tan 6 with time for 2% MWNT-PBT

at 1% strain, and 5 rps at different temperatures.

polymer melt is not far removed from its equilibrium entangle-
ment state.

3.4. Effect of Temperature on Isothermal Crystallization
Behavior of PBT Nanocomposites. Figure 10 shows the effects
of temperature on the shear-induced crystallization behavior of
2% MWNT-PBT nanocomposites, subjected to oscillatory shear

at 1% strain amplitude and 5 rps as a function of temperature.
It can clearly be seen that the kinetics of the shear-induced
crystallization process is affected by temperature.®'*? Similar
effects of temperature on crystallization kinetics have been
observed under quiescent crystallization conditions.”®”® Figure
10a indicates that the induction time for the onset of crystal-
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Table 2. Young’s Modulus and Crystallinity of PBT and PBT
Nanocomposites Samples
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Table 3. Kinetic Parameters of the Avrami Equation for
Different Loadings of MWNTs in PBT Nanocomposites Sheared
at 1% Strain and 5 rps at 215°C

crystallinity Young’s
sample conditions (%) modulus (GPa) MWNT loading (vol %) Avrami constant, K (s~') Avrami exponent, n
pure PBT no annealing 20.2 1.3 0
pure PBT 2 h annealed 27.3 1.7 0.5 0.00062 8.0
pure PBT 5 h annealed 29.3 24 1.0 0.00078 7.4
2% MWNT-PBT  no annealing 24.3 1.5 2.0 0.0012 6.5
2% MWNT-PBT  sheared for 1365s 27.6 1.8

lization increases significantly with increasing temperature; for
example, as the temperature is increased from 212 to 218 °C
the induction time increases from 20 s to 2600 s. At the highest
temperature imposed (218 °C), the rate of shear-induced
crystallization is very slow and significant time needs to elapse
for the crystallization process to initiate. Parts b and c of Figure
10 show the corresponding concomitant changes in the time-
dependence of magnitude of complex viscosity and loss modulus
with temperature. Overall, the rate of increase of the storage
modulus with time is greater than that of the rate of increase of
the loss modulus and eventually the tan delta values decrease
to about one, suggesting again that a gel-like network, with the
crystallites acting as network junction points, is formed.

3.5. Mechanical Properties. To understand the effect of
polymer crystallinity on mechanical properties, pure PBT
samples were annealed in a vacuum oven at 200 °C for periods
of 2 and Shrs, respectively. An increase in polymer crystallinity
with annealing can be seen from Table 2. The results obtained
for the pure PBT samples after annealing have been compared
with both unsheared 2% MWNT-PBT and sheared 2% MWNT-
PBT (sheared at 1% strain, 5 rps and 215 °C for 1365s) samples
(see section 3.3 for details regarding collection of sheared and
unsheared samples from ARES). As shown in Table 2, the
presence of MWNTs as well as shearing increased the crystal-
linity of the PBT samples. It is well-known that changes in
crystallinity affect the mechanical properties and permeability
of the semicrystalline polymers.>**”-"7~7° It can be seen from
Table 2 that the Young’s modulus of pure PBT increased from
1.3 to 2.4 GPa as the crystallinity increased from 20.2 to 29.3%
upon the annealing of the samples. Previous studies on PEEK
and PBT have shown that the tensile strength at yield values
increase and elongation at break values decrease with increasing
crystallinity.**®' Overall, Table 2 suggests that the PBT samples
with similar degrees of crystallinity also exhibit similar modulus
values, indicating that annealing is as effective as the incorpora-
tion of 2% MWNTs in enhancing the modulus. The control of
the modulus of the sheared samples should be affected by the
preferred orientation of the MWNTSs, a subject that is currently
under investigation.

3.6. Avrami Equation and Crystallization Kinetics
under Shear. The rate of crystallization data surmised from
the monotonic increases of the dynamic properties with time
during oscillatory shearing were used to analyze the kinetics of
shearing under shear. Under quiescent conditions the kinetics
of isothermal crystallization can be characterized using the
Avrami equation®

X, =1—exp(—ki") 3)

where X, is the weight fraction crystallized at time ¢, k is the
Avrami rate constant and 7 is the Avrami exponent. The Avrami
exponent provides information on the nature of nucleation and
growth processes during crystallization.>>?° Note that in Eq 3
the parameters k and n are coupled. Thus a modified Avrami
equation was used to remove this coupling®**

X, =1—exp(—KD)" C))

where K is the composite Avrami rate constant, such that k =

Table 4. Kinetic Parameters of the Avrami Equation as a
Function of Temperature for 2% MWNT-PBT Sheared at 1%
Strain and 5 rps

Temperature (°C) Avrami constant, K (s7!) Avrami exponent, n

212 0.0085 6.1
215 0.0012 6.5
218 0.0002 6.7

K". Using the modified Avrami equation the value of K (with
units of inverse time) obtained using of eq 4 is independent of
n.338% A higher value of the Avrami exponent is indicative of
the state of preferred orientation of the polymer chains during
the crystallization process and the resulting increase in the
nucleation and growth rates.

Flory theory suggests that the storage modulus would be
proportional to the degree of cross-linking,®* and hence crystal-
lization from the melt can be considered to be akin to the
development of a network structure with the crystallites acting
as cross-links/junction points. Thus the change in the storage
modulus during the shear-induced crystallization process can
be taken to be indicative of the rate of crystallization on the
basis of a normalized modulus, G,(7):

G'(n-G'(0
G'(0)=G'(0)
where G'(1) is the storage modulus at time ¢, G'(0) is the storage
modulus at /=0 and the G'() is the storage modulus value at
the conclusion of the shearing process.*® In our rheometry
experiments the time during shear-induced crystallization at
which the torque and normal force transducers are overloaded
(i.e., the torque and normal force values surpass the maximum
allowable limits of the force and torque transducers, ap-
proximately 1000 g-cm) is the point that the shear-induced
crystallization experiment is terminated. It is assumed that this
state of torque/normal force overload represents the ultimate
G'(o0) value. Using this normalized modulus, an Avrami-type
equation for the normalized storage modulus can be written as

G (= (5)

G, (1) =1—exp(—Kp)" (6)

From eqs 5 and 6, the kinetic parameters of the Avrami
equation (the exponent n and the crystallization rate constant
K) can be obtained from the slope and the intercept of a plot of
log [— In(1 — G,(1))] versus log t, respectively.

As shown in Tables 3 and 4, the value of K increases upon
the incorporation of MWNTSs and upon the decrease of the
temperature at which shearing occurs, reflecting the faster rate
of PBT crystallization in the presence of MWNTs and with
decreasing temperature. Such increases in the value of K were
also observed upon the incorporation of glass fibers to PBT*
as well as upon decreasing the temperature employed during
quiescent crystallization conditions for nanocomposites of
poly(propylene)®**® and high density polyethylene.”® Tables 3
and 4 show that the values of the Avrami exponent n are
significantly higher (6.5—8.0) than those encountered during
crystallization of macromolecular melts under quiescent condi-
tions, where n typically lies between 2 and 4. The higher values
of the Avrami exponent can be considered to be a reflection of
the different mechanism of crystallization associated with shear-
induced crystallization versus crystallization under quiescent
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Figure 11. Polarized light microscopy images of (a) pure PBT and (b) 0.5% MWNT-PBT nanocomposite samples crystallized under quiescent (no

shear) conditions.

conditions.®” ® Under flow-induced conditions, the polymer
chains orient (and stretch) in the direction of shear, with
concomitant crystallization of the macromolecules occurring on
the surfaces of the nanotubes to accelerate the crystallization
process. This we believe is the underlying reason for the higher
values of the Avrami exponent associated with shear-induced
crystallization versus those determined under quiescent condi-
tions. While the Avrami exponent slightly decreases with the
increase of the MWNT concentration and decrease of the
temperature, the fact that the values of n remain in a narrow
range suggests that the mechanism of shear-induced crystal-
lization remains the same regardless of the concentration of the
MWNTs and the temperature.

3.7. Morphology of PBT and PBT Nanocomposites.
Specimens of pure PBT and melt-mixed nanocomposite samples
of PBT with 0.5% (by volume) of MWNT crystallized under
quiescent conditions were subjected to additional microstructural
analysis employing polarized microscopy. The effect of the
incorporation of the MWNTs on PBT spherulite size for samples
crystallized under quiescent conditions can be seen very clearly
from the images shown in Figure 11. Upon the incorporation
of MWNTs the spherulite sizes of PBT decreased from
approximately 20—50 um to around 1—5 um. The crystallite
size is controlled by the number of nuclei present, since the
spherulites only continue to grow until they impinge on each
other. With a greater number of nuclei present due to the
MWNTs acting as heterogeneous nuclei, the eventual diameters
of the spherulites should decrease as indeed shown in Figure
11.

To elucidate the effects of shearing on the development of
the crystalline morphology, sheared nanocomposite samples
(0.5% MWNT-PBT) were also analyzed using polarized mi-
croscopy (not shown). The sizes of spherulites of specimens
obtained upon shear-induced crystallization appeared to be even
smaller than those crystallized under quiescent conditions. This
suggests that shearing further increases the rate of nucleation,
possibly by increasing the frequency of the contacts between
the macromolecules and the nanotubes on one hand and
preventing the relaxation of stretched macromolecules on the
other. These results also contribute to the body of evidence
indicating that the significant changes in mechanical properties
observed when relatively small concentrations of nanoparticles
are compounded into polymeric resins are linked to the effects
of the incorporation of nanoparticles on the dynamics of the
nucleation and growth rates during crystallization. Generally,
the decrease of the crystallite size (as noted here due to the
effect of shearing on the crystallization process) is expected to
lead to superior mechanical properties as noted earlier for
injection moldings of polyethylene resins.*’

To gain further insight into the structure of the shear-induced
crystallites, fuming nitric acid was used to etch the amorphous

Figure 12. SEM images showing the effect of shearing on the
morphology of 0.5% MWNT-PBT nanocomposites sheared at 1% strain
amplitude, 5 rps, and 215 °C: (a) low magnification; (b) high
magnification. Arrows indicate the approximate flow direction.

phase of the sheared 0.5% MWNT-PBT nanocomposite samples
for subsequent SEM analysis, following the procedures sug-
gested in earlier studies.”’"® Figure 12 shows the crystal
structure of the 0.5% MWNT-PBT sample (sheared for 2800 s
at 1% strain amplitude and Srps at a temperature of 215 °C).
The spherulites of PBT appear to have a fairly uniform size of
around 1.5—3 um upon shearing and are smaller than the
spherulites that form upon crystallization from quiescent condi-
tions (4—5 um) (Figure 11(b)). It is likely that the PBT
spherulites are clustered along the length of MWNTSs, which
themselves could be flocculated to some degree and preferen-
tially oriented along the flow streamlines during simple shearing.

The orientation direction of the crystal clusters (the typical
lengths of the MWNTS are in the range of 1—10 um) appears
to coincide with the flow direction as shown in Figure 12a. The
clustering of the spherulitic morphologies are better seen in
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Figure 12b with some degree of preferred orientation of the
clusters along the direction of the oriented backbones of MWNT
(single or floccules of MWNTSs). For various types of semi-
crystalline polymers, including polyethylene and polyamide 6,6,
it is documented that crystals indeed start growing perpendicular
to the surfaces of the nanotubes resulting in nanohybrid shish-
kebab (NHSK) structures.****~%% Here upon the nucleation of
multiple polymer chains on any nanotube surface, spherulitic
morphologies that cover the surface of the nanotube appear to
have developed. The nanotubes are not visible upon etching,
presumably upon their coverage with the PBT crystals. The
formation of crystalline layering on the surfaces of nanotubes
has been observed by others.”’

4. Conclusions

This study further adds to the body of evidence that suggests
that the significant changes in ultimate properties (mechanical,
permeability, etc.) of multiwalled carbon nanotube-incorporated
polymers can be to some degree associated with the changes in
the degree of crystallinity and the crystalline morphologies
induced by the presence of MWNTs, occurring on the basis of
the high surface to volume ratios of MWNTs. Shearing promotes
the crystallization of the PBT in the presence of MWNTSs giving
rise to a significant increase of the degree of crystallinity. These
results further suggest that the thermo-mechanical history that
the nanocomposite is exposed to during processing is a key
determinant in the development of the structure and the ultimate
properties of the nanocomposite. Thus conditions that promote
shear-induced crystallization (deformation rate, time, temper-
ature, etc) can provide the means to increase the overall
crystallinity, decrease the crystallite sizes and alter the crystalline
morphology within the nanocomposite samples, all of which
could be exploited as a means to tailor the properties of
processed nanocomposite samples.
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