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’ INTRODUCTION

Carbon nanotubes (CNTs), which possess high flexibility, low
mass density, and large aspect ratio,1 have been well proved to
exhibit the potential to offer extraordinary mechanical, electrical
and thermal properties to polymeric materials.2�5 By providing
sufficient heterogeneous nucleation sites, CNTs could remark-
ably suppress the energy barrier for polymer crystallization,6 thus
acting as an effective nucleating agent for various semicrystalline
polymers such as polyethylene (PE), isotactic polypropylene
(iPP), and poly(ethylene terephthalate). The addition of CNTs
to polymers can considerably accelerate crystallization kinetics,7�11

and alter crystalline morphology.11�16 For instance, the poly-
(ethylene terephthalate) nanocomposites containing single wall
carbon nanotubes (SWNTs) at a concentration as low as 0.03 wt %
crystallized 10 �C earlier than the nascent poly(ethylene tere-
phthalate).10 The addition of 1 wt % SWNTs reduced the half

crystallization time (t1/2) to just 7% of t1/2 of the pure PE when
isothermally crystallized at 122 �C.11 On the other hand, CNTs
have been well accepted to be able to absorb polymer molecular
chains to their surface and subsequently template crystal growth,
resulting in special crystalline morphology through appropriate
lattice matching.13�16 A typical and delicate morphology is the
“nano-hybrid shish-kebabs” (NHSK) structure directly observed
by Li et al., where CNTs serve as shish and disk-shaped polymer
single crystals (kebabs) grow periodically epitaxially perpendi-
cular to the surface of CNTs, obeying “size-dependent soft epitaxy”
formation mechanism.13,14 The Avrami equation as a semiempi-
rical expression is widely applied to indirectly characterize the
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ABSTRACT:The crystallization of isotactic polypropylene (iPP) under the coexistence
of shear flow and carbon nanotubes (CNTs) was investigated by means of in situ
synchrotron X-ray scattering techniques, i.e. wide-angle X-ray diffraction (WAXD) and
small-angle X-ray scattering (SAXS). Compared to sheared pure iPP, the combined
effect of shear flow and CNTs endowed iPP crystals with weak degree of orientation at
the early stage of crystallization but high degree of orientation in the later period. This
was because the initial orientation of molecular chains induced by shear was suppressed
as a result of the increased viscoelasticity of iPP melt in the presence of CNTs, but
subsequently oriented molecular chains were stabilized by CNT surface absorption. The
crystallization kinetics of sheared CNTs/iPP nanocomposites was synergistically
promoted, where the crystallization rate was increased about 40 times in comparison
to that of quiescently crystallized pure iPP. The Avrami exponent of CNTs/iPP
nanocomposites and sheared iPP was around 2, indicating two-dimensional lamellar
growth. The Avrami exponent of sheared CNTs/iPP nanocomposites surprisingly appeared to be 2.52, suggestive of mixed two-
dimensional lamellar growth and three-dimensional sphrulitic growth geometries. Moreover, β-crystals were absent in sheared
CNTs/iPP nanocomposites in contrast to the normal observation that α-row nuclei induced by shear generated β-crystals. The
synergistic crystallization rate, the mixed crystal growth geometry as well as the absence of β-crystals in sheared CNTs/iPP
nanocomposites were in close relation with intense interaction between shear flow and CNTs, which gave rise to extra nuclei in
sheared CNTs/iPP melt. Apart from heterogeneous nucleating sites originated from CNTs and homogeneous nucleating sites
(row-nuclei) initiated by shear, extra nuclei were taken into account to contribute to the further accelerated crystallization kinetics.
The extra nuclei became active growth points of branching sites on the two-dimensional lamellae to generate three-dimensional
spherulitic growth, thus leading to mixed crystal growth geometry of sheared CNTs/iPP nanocomposites. Besides, extra nuclei as
well as α-nuclei derived from CNTs remarkably encouraged the formation of α-crystals, responsible for inexistence of β-crystals in
sheared CNTs/iPP nanocomposites.
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dimensionality of growth in CNTs-induced polymer crystal-
lization, where the Avrami exponent, n, ranges from 1 to 4 and
broadly describes dimensionality as the regions from 1 to 2, 2 to
3, and 3 to 4, corresponding to one-, two-, and three-dimensional
growth, respectively. Winey et al. indicated that SWNTs reduced
the crystal dimensionality from spherulitic to disk-shaped with
Avrami exponent n approximately equal to 1.6 for the HDPE
composites with 1 wt % SWNTs.11 Kaminsky et al. put forward
that the dimensionality of the Avrami parameter ranged from 2 to
2.8 changing from a disk-like growth with instantaneous nuclea-
tion to a random nucleation or from a rod-like to a more disk-like
growth (with random nucleation) in CNTs/iPP system.17 Others
argued that the Avrami exponent close to 3 implied a three-
dimensional heterogeneous crystal growth and was practically
unchanged with the addition of CNTs to iPP.7�9 The Avrami
exponent of CNTs-induced polymer crystallization has been dis-
cussed controversially since it is intimately related to the con-
centration, dispersion state and aspect ratio of CNTs, crystal-
lization and processing conditions, etc.

Analogous to CNTs-induced polymer crystallization, shear
flow, which inevitably exists in common polymer processing opera-
tions (e.g., extrusion, injection and blowing molding), has been
also well proved to drastically influence crystallization kinetics18�22

and crystalline morphology of semicrystalline polymers.23�27

Through reducing the entropy of polymer molecular chains,28

the shear flow induced oriented nuclei in a lower free energy, thus
enhancing the crystallization process.29,30 In general, polymer
molecular chains with a coiled conformation might undergo a
coil-to-stretch transition upon an extension/shear flow,31,32 where
those stretched polymer molecular chains higher than a critical
molecular weight (M*) aggregated to form extended chain fibrils,
and afterward the remaining coiled chains could crystallize upon
the fibrils in a folded periodic fashion,33 finally forming the shish-
kebab morphology, which can profoundly improve the ultimate
properties of shaped products.26,34�36 Avrami equation was also
employed to evaluate the crystal geometry, the nucleation type
and the nature of crystal growth in flow-induced polymer crys-
tallization system.37�41 Strictly speaking, Avrami equation used
in this way is only true for successive crystallization occurring under
isothermal condition after a brief shear pulse. Hsiao et al. strongly
supported that after step shear the growth of oriented PP crystals
belonged to a rod or disk-like crystal growth geometry with the
value of Avrami exponent, n, ranging from 1.8 to 2.8.38,39

It has to be noted that most of the studies on flow-induced
crystallization have been carried out on relatively neat polymers.
However, in reality, an additive package (nucleating agents, fibers,
particles, and CNTs etc.) was frequently added to polymers in
order to achieve high-performance and multifunctional poly-
mers.42�45 Under quiescent condition, the final crystalline struc-
ture and morphology are determined by the additive character-
istics (such as concentration, composition, additive size, and shape)
and by the interaction between the additives and the polymer.
When shear flow is present, the influencing effects extend to shear
rate, shear duration, the interaction between shear and additives,
etc. Since the coexistence of shear flow and additives makes the
crystallization process a little complicated, the combined effect of
both factors on the crystallization of polymers has not yet been
studied comprehensively so far. It is certain that a profound
influence of the coexistence of shear flow and additives on
structure evolution and final properties of products can be
expected. Both factors are prone to increase nucleation sites,
which in turn encourage the crystallization kinetics. Hence, the

contribution of both factors relative to each other is believed to
be of importance. Early study by Lagasse et al.,46 later study by
Naudy et al.,47 and recent study by D’Haese et al.48 reported that
the acceleration of the crystallization kinetics with the increasing
shear rate was less remarkable for polymers containing nucleating
agents or particles. These authors concluded that the contribu-
tion of nucleating agents or particles and shear flow to nucleation
density was additive: at low shear rates the contribution of nucleat-
ing agent or particles dominated; at higher shear rates the shear
flow became more significant. As investigated by other studies,
the relative contribution of shear flow and additives to the crys-
tallization process was considered differently to be resulted from
a specific interaction or synergy between the additives and the
surrounding polymer matrix. For example, Larin et al., through
comparing the combined contribution of aramid fibers and shear
flowwith individual contributions of aramid fibers and shear flow,
definitely believed that the combined effect was synergistic rather
than simple additive in sheared aramid fibers filled iPP system.49

Our recent study on graphene nanosheets and shear flow-induced
crystallization in iPP nanocomposites also suggested that the
presence of graphene nanosheets and shear flow exhibited a syn-
ergistic interaction on promoting crystallization kinetics of iPP,
although it was not markedly dependent on the concentration of
graphene nanosheets.50 Extra nucleation sites created by the
strong interaction between nucleating agents and flow fields were
proposed by Byelov et al.51 and our group,52 and the number was
further calculated in a semiquantitative way. Many authors have
contributed the synergy between additives and matrix to the
changes in the local stress levels and orientation of the polymer
molecular chains surrounding an additive upon the application of
shear.50,53,54 As for CNTs/polymer nanocomposites, it has not
been clear whether the combined effect of shear flow and CNTs
on crystallization kinetics is additive or synergistic.

The resultant crystal orientation is affected by the combined
effect of shear flow and additives as well. Janeschitz-Kriegl et al.
proposed a nucleation mechanism that additives served as point
nuclei on which polymermolecular chains could be absorbed and
subsequently be stretched along the flow fields to form thread-
like precursors.55,56 Additionally, due to the adsorption of additive
surfaces57,58 or the network interconnected by additives,59 the
precursors can be stabilized to form oriented structure rather
than relaxed. This is able to explain why in filled polymers crys-
tallized after duct flow orientation is enhanced as compared to
pure polymers. This enhanced orientation can be observed in
almost all studies concerning the effect of flow fields on filled
polymers,49,50,59�61 especially in the case of polymer nanocom-
posite system with well-dispersed, one-dimensional and aniso-
tropic CNTs.57,58,62,63 For example, García-Guti�errez et al. stated
that both poly(butylene terephthalate) chains and CNTs were
arranged in the flow direction, and CNTs bundles tended to
template polymer lamellae to grow perpendicularly to the CNTs
surfaces in a shish-kebab-like fashion.57 Moreover, they also pro-
posed that the effect of CNTs was to counterbalance nuclei
relaxation by providing surfaces. Systematic studies were per-
formed on sheared CNTs/PE nanocomposites by Rastogi
et al.58,62,63 They concluded that upon shear flow the presence
of CNTs was favorable for the increase of shish length and chain
orientation aswell as stabilization of shish, apart from the accelerated
polymer crystallization kinetics, due to the strong chain-nano-
tube interactions. Hence, the stabilization of CNTs to oriented
molecular chains was identified. However, when CNTs/polymer
melt suddenly encounters a shear flow, the initial response of the
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melt is still vague. As aforementioned, Avrami equation was ex-
tensively adopted to describe the dimensionality of crystal growth.
To our best of knowledge, Avrami equation was barely used in
sheared CNTs/polymer nanocomposites, except one case con-
ducted by Mago et al. that unexpectedly and significantly high
(6.5�8.0) values of n were calculated by an Avrami-type equation
for the normalized storage modulus in sheared CNTs/poly(butyl-
ene terephthalate) nanocomposites.64

iPP is one of the most important thermoplastic polymers in
industry, which is ascribed to its low manufacturing cost and ver-
satile properties. Meanwhile, iPP demonstrates interesting poly-
morphic behaviors, depending on the polymerization procedure,
thermal history, and use of different nucleating agents.42,52,65

Research on CNTs/iPP nanocomposites under shear flow are of
great importance. In this work, the crystallization behavior of
CNTs/iPP nanocomposites with a small amount of CNTs
( 0.1 wt %) after step shear was characterized by in situ syn-
chrotron wide-angle X-ray diffraction (WAXD) and small-angle
X-ray scattering (SAXS) techniques. The shear-induced crystal-
lization behavior and polymorphism of iPP nanocomposites have
been intensively investigated, which enables us to better under-
stand the combined effect of shear flow and CNTs on the crys-
tallization kinetics, crystal growth as well as evolution of crystal
orientation structure.

’EXPERIMENTAL SECTION

Materials. iPP, model T30S, was purchased from Dushanzi
Petroleum Chemical Co., China, with a melt flow rate (MFR) of
3 g/10 min (230 �C, 21.6 N), Mw = 39.9 � 104 g mol�1, and
Mw/Mn = 4.6. Multiwalled CNTs of outer diameter (o.d.)
30�50 nm and length 10�20μmwere purchased fromChengdu
Organic Chemicals Co., Ltd., the Chinese Academy of Sciences
R&DCenter for CarbonNanotubes. Anhydrous ethanol (AR grade)
and xylene (AR grade) were purchased from Chengdu Kelong
Chemical Reagent Factory (China) and were used as received.
Sample Preparation. Solution blending method was utilized

to prepare the iPP nanocomposite with 0.1 wt % CNT content.
The detailed preparation procedure was as follows: iPP (10 g)
was dissolved in xylene (100 mL) at 140 �C by continuous
stirring in an oil bath for 2 h. CNTs (10 mg) were dispersed in
anhydrous ethanol (100 mL) and sonicated for 15 min to obtain
a uniform dispersion. Then themixture was coagulated by adding
anhydrous ethanol/CNTs suspension into xylene/iPP hybrid
with continuous stirring. Thereafter, the mixture was transferred
to evaporating dishes, left overnight at room temperature, and
dried in a vacuum oven for 2 days at 80 �C to evaporate the
residual solvent. The films with 0.5 mm thick were obtained by
compression molding the mixture at 200 �C for 5 min under a
pressure of 10 MPa. Good dispersion of CNTs can be observed
in Supporting Information. For concision, iPP nanocomposite with
0.1 wt % CNTs was defined as iPP01, while neat iPP as iPP0.
X-rayMeasurements.WAXD and SAXSmeasurements were

carried out at the Advanced Polymers Beamline (X27C, λ =
0.1371 nm) in the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (BNL). A 2D MAR CCD X-ray
detector (MARUSA) was employed for detection of 2D-WXAD
and 2D-SAXS images, having a resolution of 1024� 1024 pixels
(pixel size =158.44 μm). The data acquisition time was 30 s for
each scattering pattern (image). The sample to detector distance
was 112.6 mm and 2330 mm for WAXD (calibrated by an
aluminum oxide (Al2O3) standard) and SAXS (calibrated by a

silver behenate (AgBe) standard), respectively. The scattered
intensities were registered in the range of scattering angles 2θ from
10 to 30�.
Linear WAXD profiles were obtained from circularly inte-

grated intensities of 2D-WAXD image patterns acquired, applied
to linear SAXS as well. The intensity was plotted as a function of
the scattering vector, q, where |q| = 4π(sin θ)/λ, λ is the wave-
length of the incident beam, and 2θ is the scattering angle.
Subsequently, through deconvoluting the peaks of linear WAXD
profiles, the overall crystallinity Xc was calculated by

Xc ¼ ∑Acryst

∑Acryst þ ∑Aamorp
ð1Þ

whereAcryst andAamorp are the fitted areas of crystal and amorphous,
separately. The normalized relative crystallinity (Xr) was used
to estimate crystallization kinetics of neat iPP and its nano-
composites, by means of the following equation:

Xr ¼ XcðtÞ
Xcð∞Þ ð2Þ

where Xr is normalized relative crystallinity of iPP, and Xc(t) and
Xc(∞) are the fitting crystallinity of iPP at holding time (t) and
completion of crystallization, respectively.
Herman’s method was used to determine the degree of orienta-

tion of lamellae crystals in the sheared melt.66 Accordingly, the
crystalline orientation can be characterized by the average orienta-
tion of the normal to the crystalline plane with respect to an
external reference frame. Here, the flow direction was taken as
the reference direction. For a set of hkl planes, the average
orientation, expressed as Æcos2 ϕæhkl, can be calculated mathema-
tically using the following equation:

cos2 ϕ
� �

hkl ¼

Z π=2

0
IðϕÞcos2 ϕ sin ϕ dϕ

Z π=2

0
IðϕÞ sinϕ dϕ

ð3Þ

where ϕ is the azimuthal angle and I(ϕ) is the scattered intensity
along the angleϕ. Herman’s orientation function, f, can be defined as

f ¼ 3 cos2 ϕh ihkl � 1

2
ð4Þ

where f has a value of�0.5 when the normal of the reflection plane
is perpendicular to the reference direction (ϕ = 90�), a value of
1 when normal of the reflection plane parallel is the reference
direction (ϕ=0�), and a value of 0when the orientation are random.
For evaluation of the degree of orientation, the azimuthal intensity
distribution I(ϕ) at q = 1.20 is analyzed. This peak represents the
(040) reflection of α-crystals in iPP, which only appears at the
equator in theWAXD patterns once oriented. The value of f ranges
from 0 to 1, due to the diffraction characteristics of (040) lattice
plane, where the value of f increases from 0 to 1, illustrating that
crystal reflection plane changes from random distribution to align-
ment along flow direction.
Experimental Procedures. A Linkam CSS-450 high-

temperature shearing stage modified for in situ synchrotron
X-ray scattering studies was used to precisely control shear flow
field and thermal history of the polymer samples. The temperature
protocol and shear conditions used during the WAXD and SAXS
experiments are shown in Figure 1. The experimental temperature
profiles of isothermal crystallization in Figure 1a were set as
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follows: (1) heating at a rate of 30 �C/min from room tempera-
ture to 200 �C; (2) holding the temperature at 200 �C for 5 min
to eliminate residual structure; (3) cooling at a rate of 30 �C/min
down to 145 �C; (4) holding the temperature at 145 �C for
enough time until the crystallization finished for X-ray measure-
ments. The experimental temperature profiles of nonisothermal
crystallization in Figure 1b were set as follows: (1) heating at a
rate of 30 �C/min from room temperature to 200 �C; (2) holding
the temperature at 200 �C for 5 min to eliminate residual structure;
(3) cooling at a rate of 30 �C/min down to 150 �C; (4) then,
cooling at a rate of 2 �C/min down to 90 �C, which took about
30 min for X-ray measurements. The applied shear rate was
20 s�1 with the duration of 5s.

’RESULTS

Isothermal Crystallization under Quiescent Conditions.
Some studies utilized a differential scanning calorimeter, a rhe-
ometer, etc. to reveal the high CNT nucleation efficiency in iPP
under quiescent condition.7�11 The CNT dosage normally ranged
from 0.03 to 30 wt %, but generally exceeded 0.1 wt %. To com-
pare with the results obtained by DSC, isothermal crystallization
of CNTs/iPP nanocomposites under quiescent condition was
probed by in situ synchrotron X-ray scattering. Here, a quite low
CNT loading, 0.1 wt %, was added. Figure 2 shows a representa-
tive series of 2D-WAXD images during isothermal crystallization
of iPP0 and iPP01 samples at 145 �C under quiescent condition.
No crystal reflections are observed in the first pattern (t = 0 min)
of iPP0 and iPP01, confirming that the crystal structure of iPP has
been completely erased off before cooled to crystallization tem-
perature. The characteristic lattice planes of α-crystals in both
samples, i.e. (110), (040), (130), (111), and (�131), from inner
to outer, are developing homogeneously (Figure 2b,c) until the
completion of crystallization (Figure 2d). The time evolution of
linearWAXD curves of iPP0 and iPP01 is then shown in Figure 3.
Both samples share the same crystal growth process: the appear-
ance and successive development of α-crystals, while the induc-
tion and completion time of iPP01 decreases from 23 and 248
min of iPP0 to 6 and 51 min, respectively. This indicates that the
small amount addition of CNTs (only 0.1 wt %) can accelerate
the crystallization rate remarkably. In the Supporting Information,
it can be found that 0.1 wt % CNT loading gives rise to 10 �C

increase of iPP peak crystallization temperature under nonisother-
mal crystallization process via DSC measurement, compared to
pure iPP. The same increase of crystallization temperature was
also observed by Miltner et al. But the CNT loading was
increased to 2 wt %.67 This illustrates the acceleration of the
crystallization saturates with the increasing of CNT content,
where 0.1 wt % CNT may be the saturated content.
Isothermal Crystallization under Shear. To reveal the

combined effect of shear and CNTs on the crystal evolution
during isothermal crystallization of iPP, selected 2D-WAXD
patterns of iPP0 and iPP01 isothermally crystallized at 145 �C
after step shear are shown in Figure 4. The initial images of both
samples in Figure 4 show diffuse scattering, even though the melt
may be oriented, possibly due to the detection limitation of the
WAXD technique.52 Surprisingly, there are no obvious arc-like
diffraction intensities appeared in the whole crystallization pro-
cess of sheared iPP0 (Figure 4b�d). In contrast to sheared iPP0,
obvious arc-like diffraction feature of α-crystal (040) crystal
plane along the meridian is clearly observed in sheared iPP01
(Figure 4b�d). These oriented crystals are formed under the
combined effect of shear and CNTs, in other words, crystal

Figure 1. Schematics of the temperature and shear conditions (step shear 20 s�1 for 5 s) as a function of time for WAXD and SAXS experiments:
(a) isothermal crystallization and (b) nonisothermal crystallization.

Figure 2. Selected 2D-WAXD patterns showing the crystal growth
process of pure iPP (iPP0) and iPP with 0.1 wt % CNTs (iPP01)
isothermally crystallized at 145 �C under quiescent condition.
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orientation is enhanced by the addition of CNTs under shear.
Generally, only polymermolecules above the “critical orientation
molecular weight” (M*) could remain oriented after shear at a
given shear rate ( _γ), following the relationshipM* � _γ�α where
α is a positive exponent.32 The memory of the flow field will be
erased if the sheared sample is kept quiescently at a high temperature
for a sufficient long time. This is because the shear-induced oriented
precursors are intrinsically unstable at high temperatures.40,68 Con-
sidering the case of sheared iPP0, after the relatively weak shear
flow (20 s�1 for 5 s) the sample was crystallized at a low degree of
supercooling (ΔT = 20 �C, as the normal melting temperature of
α-iPP is 165 �C), where the mobility of iPP molecular chains was
high. The shear-induced oriented precursors may break down
into point-like nuclei to induce homogeneous growth of iPP
crystals.40,50,60 While upon the shear flow field, polymer molec-
ular chains and the tubular CNTs with one-dimensional geome-
trical structure are inclined to align parallel along the flow direction
and then oriented polymer chains are absorbed on the surface of
CNTs rather than relaxed, where the motion of extended iPP
chains is restricted to form shish. As a consequence, CNTs display
an amplification effect of shear on the orientation of iPP crystals.

Figure 5 depicts linear WAXD intensity profiles of iPP0 and
iPP01 isothermally crystallized at 145 �C after step shear. Clearly,
it takes a quite shorter time for both samples to engender the
crystals compared with those two samples crystallized under
quiescent condition (Figure 3). The coexistence of shear and
CNTs takes the shortest time for inducing initial iPP crystallization,
indicating that the coexistence of shear and CNTs further accel-
erates crystallization kinetics of iPP.
It is worthwhile to note that only α-crystals emerge in both

sheared iPP0 and sheared iPP01 without any trace of β-crystals
(Figure 5). It is well-known that the shear flow induces the
oriented α-row-nuclei first, afterward β-crystals grow on the surface
of the oriented α-crystals.69,70 As mentioned above, α-row nuclei
in sheared iPP0 may rapidly relax to point-like nuclei at a low
degree of supercooling or at high Tc, thus losing the induction
ability to form β-crystals.69 In sheared iPP01, oriented crystals are
clearly observed, where β-crystals are logically supposed to be
present. Actually, β-crystals completely disappeared. It has been
reported that CNTs act as α-crystal nucleating agent of iPP to
induce the formation of α-crystals.8,12,71 This may decrease the
relative content of β-crystals at some extent. However, it seems
not enough to completely eliminate β-crystals, due to the existence
of oriented nuclei as well as the suitable temperature for β-crystal
growth.72 This will be further discussed later.
To get a comprehensive insight into the lamellar arrangement

evolution of iPP under the coexistence of shear and CNTs, in situ
SAXS measurement was carried out under the same thermo-
mechanical history as in situ WAXD measurement (Figure 1a).
Figure 6 presents a sequence of 2D-SAXS patterns of iPP0 and
iPP01 isothermally crystallized at 145 �C after step shear. A pair
of weak scattering maxima emerges immediately in the meridian
upon cessation of flow and becomes stronger with time in both
systems. There is no signal of equatorial streaks, which may be
due to the small size of shish or the detection limit of SAXS.32,66

For sheared iPP0, the 2D-SAXS patterns show obvious structural
anisotropy, indicative of the lamellar arrangement with some
preferred orientation, quite different from its 2D-WAXD result
that the crystal structure seems to be homogeneously arranged
(Figure 4 iPP0). This difference is attributed to the different
detecting scales of WAXD and SAXS measurements.73,74 Time-
resolved linear SAXS profiles of iPP0 and iPP01 isothermally

Figure 3. Linear WAXD intensity profiles of (a) iPP0 and (b) iPP01 quiescently crystallized at 145 �C as a function of scattering sector, q, of iPP melt,
obtained from circularly integrated intensities of 2D-WAXD patterns in Figure 2.

Figure 4. Selected 2D-WAXD patterns of iPP0 and iPP01 showing the
crystal growth process of iPP isothermally crystallized at 145 �C after
step shear. The shear direction is vertical.
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crystallized at 145 �C after step shear are illustrated in Figure 7. It
is observed that scattering intensity of both samples gradually
increases with time until it reaches a platform, corresponding to
the completion of crystallization. Observing their time scales, the
coexistence of shear and CNTs further enhance the crystallization
kinetics of iPP, in consistence with above WAXD result.
To further reveal the combined effect of shear and CNTs on

lamellar arrangement of iPP, the spacing between the adjacent
lamellae (long period, LB) in sheared iPP0 and sheared iPP01 is
estimated and displayed as a function of time in Figure 8. In both
sheared iPP0 and sheared iPP01, LB decreases dramatically at the
early stage of crystallization, indicating gradual generation of nuclea-
tion sites for new lamellar formation decreases the amorphous
layer thickness. As crystals are mainly rearranged and perfected in-
side the original lamellae and the number of newly formed lamellae
distinctly decreases during the progress of crystal growth, LB
gradually reaches a plateau value.75,76 The similar phenomenon
was observed by Fu et al. in iPP containing nanostructured poly-
hedral oligomeric silsesquioxane molecules (POSS) composites.76

It is worth noting that LB for sheared iPP01 is constantly less than

that for sheared iPP0. The final value of LB for sheared iPP01
(21.5 nm) is 3.1 nm low in comparisonwith sheared iPP0 (24.6 nm).
The decrease of LB is ascribed to the increased nucleation density
under the coexistence of shear and CNTs.
Crystallization Kinetics. To further elucidate the combined

effect of shear flow field and CNTs, we evaluated the crystal-
lization kinetics of iPP in a quantitative way. The normalized relative
crystallinity curves of quiescently crystallized and sheared iPP0
and iPP01 as a function of crystallization time are displayed in
Figure 9. A typical sigmoidal evolution is seen in all four samples.
Under the coexistence of shear and CNTs (Figure 9d), sheared
iPP01 yields the shortest induction time (1 min) and completion
time (51 min) among the four samples, while quiescently crys-
tallized iPP0 yields the longest induction time (23 min) and
completion time (248 min). The crystallization process of quies-
cently crystallized iPP01 (Figure 9b) seems to proceed constantly
faster than sheared iPP0 (Figure 9c). Carefully identifying the
inset picture in Figure 9, quiescently crystallized iPP01 displays a
time lag of the induction time (6 min) but an accelerated
crystallization rate compared to that of sheared iPP0 (5 min).
This phenomenon indicates more time is needed for the start of
CNTs-induced crystallization, but once crystallization starts, the
crystallization kinetics is remarkably enhanced in terms of the
great amount of CNT heterogeneous nuclei. The half crystal-
lization time (t1/2) of these four samples is listed in Table 1. t1/2
of sheared iPP0 (29.5min) is decreased to about 20% of the value
(150.3 min) for quiescently crystallized iPP0. In other words, the
crystallization rate of sheared iPP0 increases about 5 times of that
of quiescently crystallized iPP0 accordingly which is ascribed to
the increased homogeneous nuclei induced by shear. t1/2 (20.7min)
of quiescently crystallized iPP01 is decreased by approximately 86%
compared with that of quiescently crystallized iPP0 (150.3min), i.e.
the crystallization rate of quiescently crystallized iPP01 increases
about 7 times of that of quiescently crystallized iPP0, testifying
that CNTs are an effective nucleating agent for iPP crystal-
lization.7�11 CNTs, as a one-dimensional carbonaceous nano-
filler, are reminiscent of a two-dimensional carbonaceous nano-
filler, graphene nanosheet. It was found in our recent study that
graphene nanosheets could also act as a nucleating agent for iPP
crystallization as well, which reduced t1/2 of iPP with 0.05 and

Figure 5. Linear WAXD intensity profiles of (a) iPP0 and (b) iPP01 crystallized at 145 �C after step shear as a function of scattering sector, q, of iPP
melt, obtained from circularly integrated intensities of 2D-WAXD patterns in Figure 4.

Figure 6. Selected 2D-SAXS patterns of iPP0 and iPP01 isothermally
crystallized at 145 �C after step shear. The shear direction is vertical.
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0.1 wt % graphene nanosheets by just 50% compared with that of
quiescently crystallized pure iPP.50 It seems that CNTs are a kind
of more effective nucleating agent for semicrystalline polymers
than graphene nanosheets. This is also valid in the graphene
nanosheets and CNTs-induced isothermal crystallization of
strong polar semicrystalline polymer, poly(L-lactide) (PLLA).77

Compared to graphene nanosheets, CNTs consist of larger

surface curvatures and more growth spacing, which are more
favorable for nucleation and growth of semicrystalline polymers.50,77

Furthermore, the crystallization rate of sheared iPP01 (3.7 min)
increases over 40 times compared to quiescently crystallized iPP0
(150.3 min). This increment is far beyond the simple addition of
quiescently crystallized iPP01 and sheared iPP0 (just 35 times),
indicating that the coexistence of shear and CNTs synergistically
promotes the crystallization kinetics of iPP. It has been well
established that shear could speed up crystallization kinetics by
creating a quantity of oriented nuclei7�11 while CNTs encourage
crystallization kinetics by providing a great amount of nucleation
sites.18�22When shear and CNTs are both present, it is logical to
consider that the nuclei for growth of iPP crystals are additively
originated from heterogeneous nucleating sites supplied by CNTs
and oriented nuclei induced by shear. However, in the current
case, just the simple addition of above two nucleus sources can-
not reduce the t1/2 to such a low level (3.7 min). There must be
other nucleus sources for further enhanced crystallization kinetics.
This will be discussed later.
Crystal Growth. Typical crystallization is a two-step process:

(1) formation of stable nuclei (the nucleation stage) followed
by (2) crystal growth characterized by the crystal growth rate
(G).78,79 At a given pressure (atmospheric pressure in the present
case), G is set by the temperature. As the applied shear is quite
weak (20 s�1), the duration is short (5 s) and crystallization is
performed under isothermal condition in this work, the crystal
growth rate is fixed. The crystallization process is hence controlled
by the nucleation stage. The modality of the nucleation is of tech-
nological importance since it not only contributes to the global
crystallization rate, but also affects the crystal size distribution and
crystal morphology and thereby the solid state properties of poly-
mers. As aforementioned, the Avrami equation as a semiempirical

Figure 9. Normalized relative crystallinity in the iPP melt as a function
of crystallization time, obtained from their linear WAXD curves in
Figures 3 and 5. Key: (a) quiescently crystallized iPP0, (b) quiescently
crystallized iPP01, (c) sheared iPP0, and (d) sheared iPP01. The inset
picture magnifies the time axis at the beginning of crystallization.

Table 1. Half Crystallization Time (t1/2) of iPP0 and PP01
Isothermally Crystallized at 145 �C under Quiescent Condi-
tion and after Step Shear

t1/2

under quiescent

condition (min)

under shear

condition (min)

iPP0 150.3 29.5

iPP01 20.7 3.7

Figure 7. Linear SAXS intensity profiles of (a) iPP0 and (b) iPP01 crystallized at 145 �C after step shear as a function of scattering sector, q.

Figure 8. Time evolution profiles of the long periods as a function of
crystallization time for iPP0 and iPP01 after step shear.
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expression is widely used for isothermal crystallization process to
reveal the nucleation mechanism and indirectly characterize the
dimensionality of growth.37�41,64 Here, the combination of shear
and CNTs can synergistically accelerate crystallization kinetics of
iPP, which are in close relation with the initial nucleation and
successive crystal growth, thus Avrami equation is adopted as fol-
lows.80�82

XðtÞ ¼ 1� expð � ktnÞ ð5Þ
Rewriting eq 5 in the following form:

logf � ln½1� XðtÞ�g ¼ n logðtÞ þ logðkÞ ð6Þ
Here k is the bulk crystallization constant and n is the Avrami
exponent. The normalized relative crystallinity X(t) is derived
from Figure 9. Avrami plots of quiescently crystallized and sheared
iPP0 and iPP01 are present in Figure 10 and the Avrami exponent n
is listed in Table 2. The Avrami exponent n of quiescently crys-
tallized iPP0 (Figure 9a) is almost equal to 4.00. This is due to
isotropic growth of iPP in the three-dimensional spherulite
model as a result of thermal fluctuations in the melt.52

As for sheared iPP0 melt, the Avrami exponent n is equal to
1.82 (Table 2), corresponding to a two-dimensional lamellar growth
geometry. This is basically consistent with the study on shear-
induced iPP crystallization by Hsiao et al., where n was approxi-
mately equal to 2 and attributed to the sporadic nucleation of
disk-like crystal geometry with diffusion controlled crystallization
for pure iPP.38,39 In our case when shear is imposed on iPP melt
at a low supercooling, since shear-induced row-nuclei do not result
from a thermodynamic process, they always tend to relax and break
down into several small row-nuclei or point precursors which are
capable of inducing two-dimensional growth of lamellar crystals
(kebab) (see Figure 6).40

It is intriguing that there are two distinct growth stages in
quiescently crystallized iPP01, where two linear fittings are needed
to describe the crystal growth, as shown in Figure 10. First, Avrami
exponent n is approximately equal to 4.00, indicative of initial
crystals growth in three-dimensional spherulite model, and then
changes to a lower value, only 1.82, where two-dimensional
lamellar growth pattern dominates. Two Avrami exponent con-
stants mean two different nucleation and crystal growth processes.
At the early stage of crystallization, a great amount of hetero-
geneous nuclei provided by CNTs surface and spontaneous homo-
geneous nuclei derived from thermal fluctuations both exist, but
only homogeneous nuclei first induce crystallization in the three-
dimensional spherulitic growth, resembling the growth geometry
of quiescently crystallized iPP0. Later, heterogeneous nuclei take
effect to induce two-dimensional lamellar growth, which, to an
extent, is like shear-induced lamellar growth (sheared iPP0). This
is probably because crystal growth originated from heteroge-
neous nuclei on CNT surface is controlled by the process of
absorption of iPP molecular chains to the surface of CNTs and
successive crystal epitaxial growth, which may take longer time
than crystal growth generated by spontaneous homogeneous nuclei.
Therefore, few spontaneous homogeneous nuclei first initiate few
spherulites and then heterogeneous nuclei dominate to markedly
engender the formation of lamellae. This two-stage growth has
never been reported in the previous studies on CNTs-induced
polymer crystallization, whichmay intimately related to the CNT
concentration, dispersion state, aspect ratio and crystallization
conditions, etc.7�9,11,17 The dimensionality of CNTs-induced
crystal growth evaluated by Avrami exponent has been discussed
controversially. Winey et al. indicated that the crystal dimension-
ality was reduced from spherulitic to disk-shaped, due to n ap-
proximately equal to 1.6 for PE composites in the presence of
1 wt % SWNTs.11 Kaminsky et al. pointed out in the CNTs/iPP
system that the dimensionality changed from a disk-like growth
with instantaneous nucleation to a random nucleation or from a
rod-like to a more disk-like growth (with random nucleation),
with n ranging from 2 to 2.8.17 Others argued after the addition of
CNTs to iPP that n close to 3 was practically unchanged com-
pared to pure iPP, implying a three-dimensional heterogeneous
crystal growth.7�9 Our result is basically in line with the results of
Winey et al.11 and Kaminsky et al.,17 but a main difference exists
that only 0.1 wt % CNT is quite low compared to their loadings.
Moreover, van Mele and Loos et al. visually observed an iPP trans-
crystalline layer highly oriented around the nucleating CNTs in
CNTs/iPP composites prepared by latex technology,which strongly
supports our results.67,71

Under the coexistence of shear and CNTs (sheared iPP01 in
Figure 10), Avrami exponent n surprisingly increases to 2.52,
suggestive of mixed growth geometry of two-dimensional lamel-
lar growth and three-dimensional spherulitic growth. This mixed
growth geometry is much involved with nucleation and subse-
quent crystal growth under the interaction between shear and
CNTs. Details will be discussed later. Additionally, the diver-
gence of the curve of sheared iPP01 is ascribed to subsequent
secondary crystallization with gradual crystal growth perfection,
which usually happens after the fast primary crystallization.
Crystal Orientation. Flow imposes some orientation on the

crystals, which is an important factor to influence the final pro-
perties. In order to reveal the combined effect of shear and CNTs
on iPP crystal orientation, degree of orientation of iPP0 and
iPP01 after step shear as a function of time under isothermal crys-
tallization is present in Figure 11. It can be seen that both curves

Figure 10. Avrami plots of the isothermal crystallization data of
quiescent crystallized iPP0, quiescent crystallized iPP01, sheared iPP0,
and sheared iPP01.

Table 2. Avrami Exponent n of iPP0 and iPP01 Isothermally
Crystallized at 145�C under Quiescent Condition and after
Step Shear

Avrami exponent n

under quiescent

condition under shear

iPP0 4.00 1.82

iPP01 4.00/1.82 2.52
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display an L-type, where there is a high degree of orientation at
the beginning, whereafter gradually a decreased value, and a con-
stant level after a critical time. This is due to the initial formation
of highly oriented crystals and subsequent crystal growth without
any preferred orientation.83

For sheared iPP0, the degree of orientation of initial crystals is
about 0.95, and then gradually attenuates to about 0.20. It is
believed that after shear cessation the stability of the oriented
morphology is a compromise between crystallization and chain
relaxation.84 After the shear impulse, few oriented crystals with a
high degree of orientation emerge, based on the remaining row-
nuclei. Nevertheless, under the high crystallization temperature
(low supercooling) most of the oriented molecular chains which
do not result from a thermodynamic process are relaxed to form
point-like nuclei rather than persisting row-nuclei, thus isotropic
growth is dominant in the later crystallization process and final
crystals show a quite low degree of orientation, which basically
can be ignored (Figure 4).
It is interesting to note that sheared iPP01 exhibit a lower

degree of orientation (0.86) in the early crystallization stage but a
higher degree of orientation (0.63) at the later crystallization stage,
compared to sheared iPP0. The intrinsic properties of pure iPP
meltmay be altered since the presence of CNTsmakes the response
of CNTs/iPP nanocomposites to shear complicated.

’DISCUSSION

Under the coexistence of shear and CNTs (sheared iPP01
sample), interaction between shear and CNTs inevitably exists,
which demonstrates a significant influence on the crystallization
of iPP, such as evolution of crystal orientation, crystallization kinetics
and crystal growth, and even polymorphism of iPP.

After step shear, the presence of CNTs in iPP01 resulted in
apparent crystal orientation in all 2D-WAXD patterns while iPP0
only showed isotropic diffraction rings (Figure 4). The degree of
orientation in sheared iPP0 and sheared iPP01 during the whole
isothermal crystallization showed that sheared iPP01 exhibited a
lower degree of orientation (0.86) in the early crystallization stage
but a higher (0.63) at the later crystallization stage, compared to
sheared iPP0, which has never been noticed by the previous stud-
ies.57,58,62,63 CNTs that interpenetrated the polymer matrix
created additional and large contributions to nanocomposite
viscoelasticity (see the rheological data in the Supporting Infor-
mation).85 When the shear flow was imposed on the CNTs/iPP
melt, the increased viscoelasticity consumed part of the shear

force that was supposed to orient the molecular chains, leading to
lower orientation of molecular chains in the CNTs/iPP melt,
compared to that in the sheared pure iPP melt at the commence-
ment, namely, the presence of CNTs suppressed the initial for-
mation of highly oriented molecular chains, eventually lowering
the initial degree of orientation. The reasons for higher crystal
orientation in resultant sheared iPP01 were explained as follows.
Additives (nucleating agents, fibers, particles, and CNTs etc.) gene-
rally served as point nuclei on which polymer molecular chains
can be absorbed and subsequently be stretched along the flow
field to form thread-like precursors.55,56 The precursors can be
stabilized by the adsorption of additives surfaces57,58 or the
network interconnected by additives59 to form oriented struc-
tures other than relaxed. Therefore, as for filled polymers crystal-
lized after shear flow, the orientation is usually enhanced in com-
parison to pure polymers,49,50,59�61 especially in the case of
CNTs/polymer nanocomposite system due to well-dispersed, one-
dimensional and anisotropic characteristics of CNTs.57,58,62,63What
needs to be pointed out is that, in our case, the oriented pre-
cursors were stabilized by CNT surface adsorption instead of
CNT network confinement, concluded from our rheological data
in Supporting Information where there is no sign of the forma-
tion of CNT network at such low CNT content (0.1 wt %). In a
word, initial suppression of the orientation of molecular chains
and subsequent stabilization of oriented molecular chains are
ascribed to interaction between shear and CNTs. As aforemen-
tioned, polymer molecular chains exhibited high mobility in low
supercooling, which are not favorable for persisting the oriented
molecular chains after step shear. In order to avoid the influence
of supercooling and further testify the effect of interaction on
evolution of crystal orientation under isothermal crystallization,
the evolution of crystal orientation in sheared iPP0 and sheared
iPP01 melt under nonisothermal crystallization was also char-
acterized by 2D-WAXD following the procedure in Figure 1b, as
shown in Figure 12. It was also observed that sheared iPP01
yielded lower (0.87) initial and higher final degree of orientation
(0.60) in comparison to sheared iPP0. We believe that this
influence of interaction between shear and CNTs on evolution of
crystal orientation can be generally applied to crystallization of
polymer composite systemwith various kinds of nanoscale additives
after shear.

For sheared iPP01, the crystallization kinetics was further ac-
celerated by decreasing t1/2 (3.7 min) to about just 2% of that of
quiescently crystallized iPP0 (t1/2 = 150.3 min), namely, increas-
ing the crystallization rate over 40 times compared to quiescently

Figure 11. Degree of orientation as a function of crystallization time for
iPP0 and iPP01 isothermally crystallized at 145 �C after step shear.

Figure 12. Degree of orientation as a function of crystallization time for
iPP0 and iPP01 nonisothermally crystallized from 150 �C after step shear.
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crystallized iPP0 (see Figure 9 and Table 1). This increment was
more significant than the simple addition of quiescently crystal-
lized iPP01 and sheared iPP0 (just 35 times), indicating that the
coexistence of shear and CNTs synergistically promoted the crys-
tallization kinetics of iPP. Simple addition of nuclei originated
from shear and CNTs cannot decrease the crystallization kinetics
so immensely, there must be other nucleus sources for iPP crys-
tallization. Following the point of view in our previous study on
shear-induced iPP crystallization with β-nucleating agent, inter-
play, which were present between shear and β-nucleating agent,
were able to create extra nuclei for crystal growth.52 Accordingly,
extra nuclei can be also created by the interaction between shear
andCNTs sinceCNTs asα-nucleating agent acted likeβ-nucleating
agent particles. These extra nuclei further enhanced the crystal-
lization kinetics. What is more, these extra nuclei gave rise to the
more pronounced decrease of LB in sheared iPP01 compared to
sheared iPP0 (Figure 8).

Apart from further accelerating crystallization kinetics, extra
nuclei were capable of altering the crystal growth of sheared
iPP01. As observed in Figure 10, Avrami exponent n surprisingly
increased to 2.52, implying mixed growth geometry, i.e. two-
dimensional lamellar growth and three-dimensional spherulitic
growth. We considered the shear-induced oriented nuclei and
CNTs-induced heterogeneous nuclei accounted for the two-
dimensional lamellar growth, which has been proved by their Avrami
exponents approximately equal to 1.82 (Figure 10 and Table 2).
However, the extra nuclei created by interplay between shear and
CNTs were responsible for three-dimensional spherulitic growth.
Here are the reasons. It is reported that n value is connected to
the number of growth points in crystal nuclei; in other words, the
more the growth points are, the larger the n value.86 The spherulites
are formed by the growth of branches of lamellae in an unsymme-
trical mode, relying on growth points of branching sites on the
lamellae. The greater branching sites and the more growth points
bring out a larger Avrami exponent n.87 In our case, CNTs stabilized
the oriented molecular chains induced by shear through surface
absorption. The surface absorption made the oriented molecular
chains difficult to relax back to randommolecular chains. Some of
these oriented molecular chains form oriented nuclei for lamellar
growth. Others still persisting low entropy became active growth
points (extra nuclei) of branching sites on the lamellae to generate
spherulitic growth. Therefore, under coexistence of shear and
CNTs, iPP crystals grow in two-dimensional lamellar and three-
dimensional spherulitic growth manners. This is quite different
from the study on PBT melt containing CNTs performed by
Mago et al.,64 inwhich unexpectedly and significantly high (6.5�8.0)
values of the Avrami exponent n were calculated by an Avrami-
type equation for the normalized storagemodulus. They believed
the underlying reason for the higher values of the Avrami ex-
ponent was associated with shear-induced crystallization versus
those determined under quiescent conditions.

Another interesting phenomenon in Figure 4 was needed to
note that the complete absence of β-crystals in both sheared iPP0
and iPP01 samples. It is easy to understand the absence of β-crystals
in sheared iPP0, since shear-induced row-nuclei relaxed into point-
like nuclei and then lost the ability to induce β-crystals at high
temperature (Figures 4 and 5). The similar phenomenon has
been reported by Varga et al. They indicated that by pulling the
glass fiber in iPP melt α-row-nuclei could be developed, whose
surface could induce the growth of β-crystals leading to the for-
mation of cylindrites. However, the capability of α-row-nuclei to
induce β-crystals was lost by repeatedly crystallizing and melting.69

In the case of sheared iPP01, according to above logic, oriented
crystals were clearly observed and thus β-crystals were supposed
to be present. Unexpectedly, β-crystals were completely absent
in sheared iPP01. Normally, CNTs act as α-crystal nucleating
agent of iPP to induce α-crystals,8,12,71 which may just decrease
the relative content of β-crystals, but cannot completely elim-
inate β-crystals, due to the existence of oriented nuclei as well as
the suitable temperature for β-crystal growth.69

Low supercooling may accelerate relaxation of oriented row-
nuclei, which is disadvantageous to the formation of β-crystals.
To further reveal the reasons for the complete absence of β-crystals
under the coexistence of shear and CNTs on the basis of excluding
the effect of supercooling, a nonisothermal crystallization experi-
ment as depicted in Figure 1b was carried out. A series of 2D-
WAXD patterns of sheared iPP0 and sheared iPP01 are shown in
Figure 13. In sheared iPP0, obvious arc-like diffraction feature
along the meridian from oriented α-crystals is observed in the
whole crystallization process, demonstrating that shear-induced
row-nuclei are retained and further develop into oriented crystals.
The integrated linear WAXD profiles are shown in Figure 14a. It is
seen that a fair amount of β-crystals emerges in sheared iPP0.
This evidence definitively confirms that row-nuclei persisted by
the cooling treatment are capable of inducing β-crystals. Although
shear-induced row-nuclei are also formed at the initial period of
crystallization and successively oriented crystals grew on these
nuclei in sheared iPP01 (Figure 13), no β-crystals emerge in
Figure 14b. Besides strong α-nucleation efficiency of CNTs, it is
believed that extra nuclei, which was believed to be α-nuclei
because interaction between shear and CNTs can greatly lower
the entropy of the system, favoring the formation of α-nuclei,
should be responsible for the complete inexistence of β-crystals.
Hence, the extra nuclei as well as α-nuclei from CNTs encour-
aged the formation of α-crystals, resulting in complete inexis-
tence of β-crystals.

The iPP crystallization process under the coexistence of shear
and CNTs is schematically illustrated in Figure 15. Before the
application of shear, CNTswere randomly dispersed in thematrix of
coiled iPP molecular chains (Figure 15a). During shear, both
CNTs and iPP chains tended to align along the flow direction
(Figure 15b). Subsequently, due to the absorption of CNTs, the
relaxation of the molecular chains in the surrounding of CNTs
was hindered and part of oriented chains evolved into shish and
other random molecular chains started to epitaxially grow on CNT

Figure 13. Selected 2D-WXAD patterns showing the crystal growth
process of iPP nonisothermally crystallized from 150 �C after step shear.
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surface, while in the melt some of oriented molecular chains for-
med row-nuclei (Figure 15c). Eventually, lamellar growth was
induced by CNT surface, shish on CNT surface and shear-induced
row-nuclei, and then spherultic growth was engendered by extra
nuclei generated by the interaction between shear and CNTs
(Figure 15d). Because of the existence of extra nuclei created by

interaction between shear and CNTs, CNTs/iPP nanocompo-
sites exhibited a synergistic effect on accelerating crystallization
kinetics of iPP and the crystal growth of iPP was in the mode of
mixed two-dimensional lamellar and three-dimensional spheru-
litic growth. In addition to α-crystal nucleation ability of CNTs,
β-crystals completely disappeared.

Figure 14. Linear WAXD intensity profiles of (a) iPP0 and (b) iPP01 after step shear as a function of scattering sector, q, of iPP melt, obtained from
circularly integrated intensities of 2D-WAXD patterns in Figure 13.

Figure 15. Schematic diagrams of the morphological development of CNTs/iPP nanocomposites with before and after shear. Key (a) randomly
dispersed CNTs and coiled iPP molecular chains before shear, (b) orientation of CNTs and iPP molecular chains just after shear, (c) the formation of
shish on CNT surface and row-nuclei in the matrix and primary epitaxial growth of random molecular chains on CNT surface, and (d) subsequent
lamellar growth originated by CNT surface, shish on CNT surface, and shear-induced row-nuclei in the matrix, with spherultic growth based on extra
nuclei from the interaction between shear and CNTs.
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’CONCLUSIONS

The crystallization of iPP under the coexistence of shear flow
and CNTs was investigated by in situ synchrotron X-ray scat-
tering techniques (WAXD and SAXS). Crystal orientation, crys-
tallization kinetics, crystal growth and polymorphism of iPP were
significantly influenced by the inevitable interaction between shear
flow and CNTs, which generated that formation of extra nuclei.

Degree of orientation of sheared CNTs/iPP nanocomposites
exhibited lower level at the early period of crystallization but
achieved a higher plateau at the end compared to that of sheared
pure iPP. Just when the shear was applied to CNTs/iPP melt,
initial orientation of molecular chains was suppressed due to in-
creased viscoelasticity of iPP melt caused by the presence of CNTs,
giving rise to lower crystal orientation than that of sheared pure
iPP. Once oriented molecular chains were formed, CNTs took
effect to stabilize the oriented molecular chains and endow the
crystals with higher resultant crystal orientation in comparison to
that of sheared pure iPP.

The crystallization rate of sheared CNTs/iPP nanocomposites
was increased about 40 times, compared to that of quiescently
crystallized pure iPP, exceeding the simple addition of quiescently
crystallized CNTs/iPP nanocomposites and sheared pure iPP
(just 35 times). This illustrates the coexistence of shear and CNTs
synergistically promoted the crystallization kinetics of sheared
CNTs/iPP nanocomposites since extra nuclei created by inter-
action between shear flow and CNTs accounted for the further
accelerated crystallization rate.

Analyzing the Avrami exponent n, the crystal growth geometry
of sheared CNTs/iPP nanocomposites altered from three-
dimensional sphrulitic growth of quiescently crystallized pure
iPP (n≈ 4.00), two-dimensional lamellar growth of sheared pure
iPP (n ≈ 1.82), and quiescently crystallized CNTs/iPP nano-
composites (n ≈ 1.82) to mixed three-dimensional sphrulitic
growth and two-dimensional lamellar growth (n ≈ 2.52), as the
extra nuclei acted as active growth points of branching sites on
the lamellae to generate spherulitic growth. Moreover, extra
nuclei as well as α-nuclei from CNTs encouraged the formation
of α-crystals, resulting in complete absence of β-crystals. As for
polymer composites under practical processing condition, the inter-
action between shear flow field and additives is inevitable and its
effect on crystallization behavior of polymer should be fully con-
sidered in order to obtain high-performance polymer composites.
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