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ABSTRACT: It has been well established that, although both shear flow and β-nucleating agent could
separately induce β-crystals in isotactic polypropylene (iPP) in an efficient manner, their combination in fact
depressed the content of β-crystals when compared with quiescently crystallized β-nucleated iPP. In the current
study, in-situ synchrotron wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS)
measurements were performed to investigate this behavior. The WAXD data obtained were quantitatively
analyzed to determine the independent contributions of applied shear flow and added β-nucleating agent in
terms of nucleation stage and subsequentR- and β-crystal growth stage. In the nucleation stage, the addition of
β-nucleating agent increased the amount of β-nuclei, while the application of shear flow and the interactions
between shear and β-nucleating agent enhanced the amount ofR-nuclei (the amounts ofR- and β-nuclei were in
the same order of magnitude). As a result, in the initial crystallization, R- and β-crystals grew competitively,
causing simultaneously increments of R- and β-crystals. However, in the growth stage, the growth rate of
β-crystals was faster than that ofR-crystals where the epitaxial growth of β-crystals on R-crystals also occurred
(due tomore favorable isothermal crystallization temperature for β-crystal growth). Consequently, the content
of β-crystals became dominant in the limited growth space; however, it was still less than that formed from
the quiescent isothermal crystallization of β-nucleated iPP. As the shear rate increased, more shear-induced
R-nuclei were formed, further decreasing the amount of β-crystals. Nevertheless, when shear and β-nucleating
agent coexisted, β-crystals emerged earlier than R-crystals. The SAXS results indicated that the combination
of shear and β-nucleating agent changed the stacking manner of molecular chains, so that the long period
of sheared, β-nucleated iPP was comparable to that of quiescently crystallized iPP.

Introduction

Isotactic polypropylene (iPP) is a polymorphic material having
at least four modifications: R, β, γ, and smetic.1-4 The R-form is a
thermodynamically stable phase and has good mechanical
strength, resulted from the cross-hatched lamellar morphology
and compact stacking ofmolecular chains.However, its toughness
is quite poor at low temperatures. The β-form is a thermodyna-
mically metastable phase, which can be obtained by special
conditions, such as in the presence of certain heterogeneous
nucleating agents,5-9 crystallization in a temperature gradient,10,11

or crystallization under shear.12-15 The β-form exhibits improved
elongation at break and excellent impact strength,16-18 especially
at low temperatures, which can be attributed to the β-R poly-
morphous transition and the loose structure in β-crystals
(compared with R-crystals) that are in favor of absorbing impact
energy.7a,14 The other two modifications in iPP are relatively
rare.19-21

The R-crystals with inferior toughness are usually present in
industrial products prepared by conventional processing techni-
ques. Toughening of iPP has thus become an important research
subject.22 Up to now, four approaches have been proposed
to improve the toughness of iPP, including copolymerization
with other olefin monomers,23 blending with rubber or thermo-
plastic elastomer,24 compounding with organic or inorganic fillers
(e.g., nanoparticles),25,26 and addition of β-nucleating agent.5-9

Compared with other approaches, the method of adding
β-nucleating agent can induce high concentration of β-crystals
and thus has some additional advantages, such as addition of very
low nucleator content, little influence on the processing properties
of iPP, and high performance/cost ratio, making itself a popular
way to improve the toughness of iPP. The β-nucleating agent can
induce a large amount of β-crystals through strong heterogeneous
nucleation and enhanced epitaxial growth of β-crystals.27,28 Gene-
rally speaking, the content of β-nucleating agent,29,30 the molec-
ular weight of iPP,30,31 and the final temperature of heating32-34

can all affect the activity of β-nucleating agent and in turn the
content and morphology of β-crystals.

Concerning the formation of β-crystals, shear flow also plays
an important role. In 1973, Leugering first observed that
the shear flow could initiate the formation of β-crystals.12 Sub-
sequently, thermo-optical observation made by Varga et al.14

showed that shear, caused by fiber pulling, was related to the
development of R-row nuclei. The surface of the R-row nuclei
could induce β-crystals, resulting in a cylindritic structure with
polymorphic composition. Hsiao et al.15 further used in-situ
synchrotron wide-angle X-ray diffraction (WAXD) to investi-
gate the shear-induced crystallization in iPP. They observed the
formation of oriented R-crystals occurred immediately after
application of shear flow, and subsequently β-crystals grew on
the surface of the oriented R-crystals. The content of β-crystals
was dependent on the amount of surface area of oriented
R-crystals generated at different shear rates. It was also evidenced
by means of in-situ optical microscopy that even at a low shear
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rate theβ-spherulites still couldbeoriginated from the orientedR-
crystal fronts.35 It is natural to assume that under shear flow the
β-nucleated iPP melt could form a higher fraction β-crystals. In
other words, the combination of shear flow and β-nucleating
agent should synergistically induce more β-crystals. Surprisingly,
Varga et al.36 first found that the high shear rate in fact restrained
the formation of β-crystals. Huo et al.37 performed a systematic
study on crystallization of β-nucleated iPP and observed that as
the shear rate increased, the content of β crystals consistently
decreased, showing a counteraction effect between the shear flow
and β-nucleating agent for the formation of β-crystals.

This counteractiondoes not necessarily represent any setback to
simultaneously enhance strength and toughness of iPP. Using the
combined effects of shear flow and β-nucleating agent, we have
successfully fabricated iPP samples with considerably improved
strength and toughness using an industrial injection molding
machine.38 Upon formation of the outer layer of the sample, an
intense shear flow was applied, which induced highly oriented
R-crystals in shish-kebab form (the process suppressed the forma-
tion of β-crystals) for improved strength, while the formation of
the core layer occurred under static conditions, producing high
concentration of β-crystals for improved toughness. Our finding
suggests that with the suitable combination of shear flow and
β-nucleating agent some synergy can be achieved by industrial
processing. However, in order to manipulate the structure and
property of iPP in amost effectivemanner, it is necessary to reveal
the mechanism of this counteraction in situ. The questions
that need to be addressed are as follows. (1) When shear flow
and β-nucleating agent coexist, which crystal nucleates first, R- or
β-crystals? (2) Which is the dominant step for the suppression of
β-crystals, the nucleation or growth stage? (3) What are the
contributions from the shear-induced homogeneous nuclei and
β-nucleator-induced heterogeneous nuclei in the total nuclei?
(4) How does the fraction of R- and β-crystals develop when β-
nucleated iPP isothermally crystallizes under different shear rates?
The answers to these questions shall allow us to obtain a relatively
comprehensive understanding of the underlying mechanism.

In the present work, nucleation and growth processes ofR- and
β-crystals in β-nucleated iPP under shear flowwere characterized
by in-situ synchrotron wide-angle X-ray diffraction (WAXD)
and small-angle X-ray scattering (SAXS) techniques. It was
observed that when shear was applied to the β-nucleated iPP
melt, the higher shear rate, the fewer β-crystals. The reduction
of β-crystals was not because shear destroyed the structure of
β-nucleating agent, or the orientedR-row nuclei induced by shear
went against the formation of β-crystals, but because the amount
of R-nuclei induced by shear and interactions between shear and
β-nucleating agent was in the same order of magnitude as that of
β-nuclei induced by β-nucleating agent in the nucleation process.
During the growth process, R- and β-crystals grew competitively,
resulting in the increase of R-crystals but decrease of β-crystals.
Moreover, as the shear rate increased, more R-nuclei were
formed, causing less β-crystals left. However, β-crystals were still
prevailing in sheared, β-nucleated iPP.

Experimental Section

Materials. The iPP sample (model T30S) was purchased from
Dushanzi PetroleumChemical Co., China, with a melt flow rate
(MFR) of 3 g/10min (230 �C, 21.6N),Mw=39.9� 104 gmol-1,
and Mw/Mn = 4.6. The β-nucleating agent was aryl amide
compounds (TMB-5), which had a similar chemical structure
as some aromatic amine β-phase NA, such asN,N0-dicyclohexyl-
2,6-naphthalenedicarboxamide.33,34 This compound was sup-
plied by Fine Chemical Institute, Shanxi, China.

Preparation of β-Nucleated iPP. TMB-5 was first melt mixed
with iPP in a twin-screw extruder to form a master batch
containing 1.0 wt % β-nucleating agent. The master batch was

further melt compounded with pure iPP to produce pellet
samples having 0.2 wt % of TMB-5. The screw speed was fixed
at 82 rpm, and the processing temperature profile was limited
within 170-180 �C from hopper to die. The pure iPP pellets
without nucleating agents were also prepared under the same
processing conditions for comparison purposes. For conven-
ience, iPP with 0.2 wt % β-nucleating agent was designated as
iPP02 while pure 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). AMARCCDX-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 20 s for each scattering pattern (image). The sample-
to-detector distance was 112.6 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 scatter-
ing angles 2θ from 0 to 30�.

Linear WAXD and SAXS profiles were obtained from cir-
cular integration of intensities from 2D-WAXD and 2D-SAXS
images, respectively. The intensity was plotted as a function of
the scattering vector, q, where |q| = 4π sin θ/λ, with λ being the
wavelength of the incident beam and 2θ being the scattering
angle. Subsequently, through deconvoluting the peaks in linear
WAXD profiles, the overall crystallinity Xc was calculated by

Xc ¼
P

AcrystP
Acryst þ

P
Aamorp

ð1Þ

where Acryst and Aamorp are the fitted areas of crystal and
amorphous peaks, respectively. The relative amount of the
β-crystals Kβ was evaluated by the method of Turner Jones
et al.39 and modified by Hsiao et al.15,37

Kβ ¼ Aβð300Þ
Aβð300ÞþARð110ÞþARð040ÞþARð130Þ ð2Þ

Aβ (300) is the area of the (300) reflection peak; AR (110), AR
(040), and AR (130) are the areas of the (110), (040), and (130)
reflection peaks, respectively. Meanwhile, the crystallinity of
β-crystals (Xβ) and the crystallinity ofR-crystals (XR) are given by

Xβ ¼ KβXc ð3Þ

XR ¼ Xc -Xβ ð4Þ
For convenience, the absolute crystallinity of R- and β-crystals
was designated as Xc

R and Xc
β, respectively, while the relative

crystallinity of R- and β-crystals was designated as Xr
R and Xr

β,
respectively. As for linear SAXS data, the crystalline lamellar
long period (LB) was defined as LB = 2π/q.

Experimental Procedures.ALinkamCSS-450high-temperature
shearing stage modified for in-situ X-ray scattering studies was
used to precisely control the shear flow and thermal history of
the polymer samples. The temperature protocol and shear con-
ditions used during the WAXD and SAXS measurements are
shown in Figure 1. The experimental temperature profiles were
set as follows: (1) heating at a rate of 30 �C/min from room
temperature to 210 �C; (2) holding the temperature at 210 �C for
300 s to eliminate residual structure; (3) cooling at a rate of
30 �C/min down to 134 �C; (4) holding the temperature at 134 �C
for at least 900 s for X-ray measurements.

Results

Two-Dimensional Wide-Angle X-ray Diffraction Patterns.
A representative series of 2D-WAXD images of isothermally
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crystallized iPP0 and iPP02 samples at 134 �C with and
without shear flow (0, 15, 30 s-1) are shown in Figure 2.
Figures 2a1-2a4 represent the iPP0 sample crystallized
under quiescent conditions. The characteristic lattice planes
of R-crystals, i.e., (110), (040), (130), (111), and (-131), from
inner to outer, were found to develop homogeneously
(Figures 2a1-2a3) until the completion of crystallization
(Figure 2a4), without the appearance of β-crystals. When a
shear flow was applied to iPP, the samples showed similar
growth features (Figures 2b,c) despite different shear rates
(15 and 30 s-1) used. The initial images (Figures 2b1 and 2c1)
exhibited a diffuse scattering pattern. Even though the melt
might possess orientation, which could not be determined
due to the detection limitation of the WAXD technique.
However, after 40 s, sharp R-crystal lattice planes (040)
and (110) were clearly observed, which exhibited the arclike
diffraction feature from orientedR-crystals (Figures 2b2 and
2c2). Subsequently, arclike (300) reflection from β-crystals
was further identified at t= 60 s (Figures 2b3 and 2c3),
indicating the inception of oriented β-crystals. The diffrac-
tion intensities of both R- and β-crystals became stronger
with time due to the growth of crystallites. After a certain
time, the diffraction intensities of all crystal reflections
remained constant, indicative of completion of crystalliza-
tion (Figures 2b4 and 2c4). It is interesting to note that the
(300) reflection of β-crystals remained isotropic, which could
be attributed to the spontaneous growth of β-crystals with-
out any preferential orientation,15 whereas R-crystals per-
sisted some orientation, and the degree of orientation
decreased with time due to the spatial growth of crystallites
with less preferred orientation.

For iPP02 sample under quiescent isothermal conditions
(Figure 2d), both (300) and (131) reflections from β-crystals
increased notably (the diffraction intensities became visible
at t = 20 s, as seen in Figure 2d2) due to the strong nuclea-
ting effect of β-nucleating agent. The growth of β-crystals
was intense throughout the entire crystallization process
(Figures 2d3 and 2d4), but the crystallites formed were
unoriented β-crystals. Upon application of shear, an inter-
esting phenomenon was observed. That is although the
initial crystals were unoriented β-crystals (Figure 2f1), the
subsequently formed crystals included oriented R-crystals
with enhancing (040) reflection as well as unoriented
β-crystals with enhancing (300) reflection (Figures 2e2 and
2f2). The diffraction intensities of both R- and β-crystals
became stronger with time due to the growth of the crystal-
lites (Figures 2e3 and 2f3). However, the resulting β-crystals
possessed no orientation; only R-crystals were partially

oriented. The orientation decreased with time because of
the spatial growth of R-crystals.

The above results are different from the earlier observa-
tion by Hsiao et al.15 that oriented R-crystals are responsible
for the growth of β-crystals in pure iPPmelts. In otherwords,
the shear flow induces the oriented R-row-nuclei first and
then β-crystals grow on the surfaces of the oriented R-
crystals. In this study, it was seen that when shear was
applied to β-nucleated iPP, unoriented β-crystals developed
first, and oriented R-crystals appeared subsequently. This
phenomenon has not been reported in the literature before.
The initial β-crystals could be attributed to the β-nucleating
agent, whereas the application of shear induced oriented
R-row-nuclei and subsequent growth of oriented R-crystals
(Figures 2e2 and 2f2). It was seen that crystallites appeared at
t=20 s in Figures 2b-2f, indicating that shear, β-nucleating
agent, or the combined effects could all accelerate the crystal-
lization of iPP. However, it is difficult to distinguish which
factor, shear or β-nucleating agent, has a more pronounced
effect on the acceleration of crystallization.

Analysis of Linear Wide-Angle X-ray Diffraction Profiles.
In order to further understand the development of different
crystals as a function of time, linear WAXD profiles were
analyzed (results shown in Figure 3). Figures 3a and 3d show
the crystal growth of iPP0 and iPP02 under quiescent con-
ditions. In iPP0, only R-crystals developed with time without
the appearance of β-crystals. In iPP02, β-crystals prevailed
due to the addition of β-nucleating agent, which has been
reported by several research groups.40,41 In iPP0, it was seen
that R-crystals induced by shear (shear rate = 15, 30 s-1)
took place at t=20 s (i.e., the second curve in Figures 3b and
3c), while β-crystals, probably originated from R-crystals,
appeared at t=40 s with a distinct time lag.15 In contrast, in
iPP02 under shear, β-crystals (induced by β-nucleating
agent) appeared first at t = 20 s; subsequently, R-crystals
induced by shear appeared at t = 40 s (Figures 3e and 3f),
showing a different growth process when compared to iPP0
under shear. Under shear, β-nucleating agent, or the
combined effects, the growth rates of both crystals were
accelerated.

To determine the evolution of β-crystals, β-phase crystal-
linity (Xc

β) and its relative crystallinity (Xr
β) as a function

of crystallization time are present in Figures 4 and 5, res-
pectively. The quiescently, isothermally crystallized iPP0
showed no β-crystals as observed from Figures 4a and 5a.
With application of shear (15 s-1), β-crystals appeared and
their content increased with the crystallization time
(Figures 4b and 5b), until it reached a plateau at about t =
140 s where Xc

β = 0.082 and Xr
β = 20.4% (Table 1b). As the

shear rate increased to 30 s-1 (Figures 4c and 5c), the content
of β-crystals increased to Xc

β = 0.096 and Xr
β = 21.7%

(Table 1c), while the corresponding saturation time was
shortened to around 120 s. It was apparent that the content
of β-crystals in iPP0 increased with the shear rate. From
Figures 5b and 5c, one could conclude that when the crystal-
lization started, the initial contribution of β-crystals to the
overall crystallinity was 0 while the R-crystals occupied
100% (Figures 7b and 7c), which again confirmed that the
shear flow was responsible for the induction of R-crystals.

In iPP02 (Figures 4d and 5d), β-nucleating agent provided
a large amount of heterogeneous nucleation sites for the
growth of β-crystals. As a result, the content of β-crystals
could achieve saturation at about 100 s. The final crystal-
linity was mainly from β-crystals withXc

β=0.480 andXr
β=

91.4% (Table 1d). However, when shear (15 s-1) was applied
(Figures 4e and 5e), the content of β-crystals decreased to
Xc

β = 0.400 and Xr
β = 70.2% (Table 1e). As the shear rate

Figure 1. Schematic diagram of the temperature and shear conditions
as a function of time during step shear in WAXD and SAXS experi-
ments.
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further increased to30s-1 (Figures4fand5f), agreater reduction
of theβ-crystal content was observed, i.e.,Xc

β=0.300 andXr
β=

59.0% (Table 1f), and the saturation time was shortened to
60 s. In Figures 5e and 5f, the initially relative crystallinity
of β-crystals in iPP02 was 100%, whereas the corres-
ponding relative crystallinity of R-crystals was equal to 0

(Figures 7e and 7f), implying that the initially formed crystal-
lites were mainly induced by the β-nucleating agent even
under the shear flow. The subsequent reduction of the
β-crystal fraction resulted from the rapid increase ofR-crystals
induced by shear. As time went on, the relative crystallinity of
β-crystals increased again, which could be attributed to the

Figure 2. Selected 2D-WXAD patterns, showing the crystal growth of iPP isothermally crystallized at 134 �C: (a) iPP0 without shear, (b) iPP0 at a
shear rate of 15 s-1, (c) iPP0 at a shear rate of 30 s-1, (d) iPP02 without shear, (e) iPP02 at a shear rate of 15 s-1, and (f) iPP02 at a shear rate of 30 s-1.
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effect of β-nucleating agent or epitaxial growth of
β-crystals on existing R-crystals. The content of β-crystals
in iPP02 decreased by the application of shear (Figure 4e)

and the increase of shear rate (Figure 4f). The reason for
depression of β-crystals in β-nucleated iPP sample under
shear will be discussed further.

For comparison, R-phase crystallinity (Xc
R) and relative

crystallinity (Xr
R) of R-crystals are also shown in Figures 6

and 7. Basically, the content of R-crystals underwent an
opposite evolution process of β-crystals. However, it is
noteworthy that, when the crystallinity of β-crystals in-
creased with the shear rate (Figures 4b and 4c), the crystal-
linity of R-crystals in iPP0 at shear rate = 30 s-1 (Figure 6c)
did not decrease but increased. This result indicates that the
increase of β-crystals was not at the expense of R-crystals.

Figure 3. Linear WAXD intensity profiles as a function of scattering sector, q, of iPP melt, obtained from circularly integrated intensities of
2D-WAXD patterns in Figure 2. The conditions of a-f are the same as Figure 2.

Figure 4. The β-phase crystallinity in the iPP melt as a function of
crystallization time, obtained from their linearWAXD in Figure 3. The
conditions of a-f are the same as Figure 2.

Table 1. β-Phase Crystallinity (Xc
β), Relative Crystallinity (Xr

β), and
Half-Time of β Crystallization at 134 �C

β-phase
crystallinity

relative
crystallinity (%)

half-time of
β crystallization (s)

a 0 0
b 0.082 20.4 88.8
c 0.096 21.7 87.1
d 0.480 91.4 49.8
e 0.400 70.2 55.7
f 0.300 59.0 19.9
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Small-Angle X-ray Scattering.Different lamellar arrange-
ments (e.g., stacking manners) in R- and β-crystals could be
detected by SAXS measurement. Selected 2D-SAXS pat-
terns obtained when isothermal crystallization at 134 �Cwas

finished are illustrated in Figure 8. iPP0 showed isotropic
scattering under quiescent crystallization (Figure 8a), while
iPP02 indicated intense scattering along the equator due to
strongly anisotropic epitaxial growth of iPP by β-nucleating
agent (Figure 8d).32,33 As for the sheared melt of iPP0 and
iPP02, the strong scattering maxima on the meridian are
clearly seen in Figures 8b, 8c, and 8f, resulting from the
lamellae growth perpendicularly to the shear direction.

The linear SAXS profiles and the corresponding long
periods (LB) evolution as a function of crystallization time
are illustrated in Figures 9 and 10, respectively. It is well
documented that R-crystals have a monoclinic unit cell with
a = 0.665 nm, b = 2.096 nm, and c = 0.650 nm,3,42 while
β-crystals have a trigonal unit cell with a= b=1.103 nmand
c=0.649 nm.43 All the long periods started from amaximum
value, then decreased continuously, and reached an equili-
brium value (Figure 10). The decrease was associated with the
progression of crystallization, resulting in the reduction of
average long periods. For iPP0 sample crystallized at 134 �C
(Figure 10a), R-crystals occupied 100% of the crystallites,
having the shortestLB= 19.52 nm among all the samples. As
for iPP02 crystallized at 134 �C (Figure 10d) having the
β-crystal content of 91.4%, LB (25.38 nm) was the longest.
The above results could be attributed to the different stacking
manners in R- and β-crystals. The R-crystals of iPP consis-
ted of a cross-hatched structure of parent and daughter
lamellae, where the daughter lamellae nucleated and grew
from the previously formed primary lamellae (the parent
lamellae).28,44 As a result, the long period of R-crystals was
small. As for β-crystals, it was reported that the growth of
β-crystals proceeded mainly by branching around screw dis-
locations, resulting in new lamellae that often diverged from
the initial lamellar arrangement.45 When iPP0 was subjected
to shear (Figures 10b and 10c), the long periods of both
samples increased to 22.06 and 21.48 nm, respectively. It has
been reported that the average long period from oriented
crystallites is generally larger than that of the unoriented
crystallites.46 Thereby, the increase of long period can be
ascribed to the formation of oriented crystallites (Figures 8b
and 8c) and β-crystals (Tables 1b and 1c). A dramatic reduc-
tion of the long period happened in the sheared, β-nucleated
iPP sample (Figure 10f), which was shortened to 20.04
nm, almost equaling that of the quiescent iPP0 sample
(Figure 10a).

Discussion

It has been well established that shear flow can accelerate the
crystallization process of semicrystalline polymers and induce
some unique crystalline morphology such as shish-kebabs that
can profoundly affect the properties of shaped products.39,47,48

Therefore, the behavior of shear-induced crystallization has been
an active research area.49-54 The application of shear can also
trigger different polymorphism in iPP, such as β-crystals with
desired properties of high toughness and elongation at break. But
how does shear induce the formation of β-crystals in iPP? One
possible scenario is that shear flow causes the development of R-
rownuclei, and the surface of theR-rownuclei induces the growth
of β-crystals in iPP.14,15

The β-nucleating agent can induce a high proportion of
β-crystals due to strong heterogeneous nucleation.27,28 It is reason-
able to argue that when shear was applied to β-nucleated iPP,
more β-crystals would be formed.However, it has been found that
the introduction of shear in fact decreased the content of β-crystals
in β-nucleated iPP. Furthermore, the higher the shear rate applied,
the less content of β-crystals formed. In this study, we used in-situ
synchrotron WAXD and SAXS to follow the nucleation and
growth processes of R- and β-crystals and obtain information that

Figure 5. Relative crystallinity of β-crystals (ratio of individual crystal-
linity to the overall crystallinity) as a function of crystallization time,
obtained from their linear WAXD in Figure 3. The conditions of a-f
are the same as Figure 2.

Figure 6. The R-phase crystallinity in the iPP melt as a function of
crystallization time, obtained from their linearWAXD in Figure 3. The
conditions of a-f are the same as Figure 2.

Figure 7. Relative crystallinity ofR-crystals (ratio of individual crystal-
linity to the overall crystallinity) as a function of crystallization time,
obtained from their linear WAXD in Figure 3. The conditions of a-f
are the same as Figure 2.
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Figure 8. 2D-SAXS patterns of complete crystallization at 134 �C. The conditions of a-f are the same as Figure 2.

Figure 9. Linear SAXS intensity profiles as a function of scattering sector, q, of iPP melt, obtained from circularly integrated intensities of 2D-SAXS
patterns in Figure 8. The conditions of a-f are the same as Figure 2.
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is helpful to understand the phenomenonofβ-crystal depression in
β-nucleated iPP sample under shear flow.

Naturally, it is easy to consider that shear may destroy the
structure ofβ-nucleating agent, causing it to lose the effectiveness.
To verify this, we reheated the already shear crystallized iPP02
sample (30 s-1) to 210 �C, held at this temperature for 300 s to
erase the history of the first crystallization, and then cooled to 134
at 30 �C/min to quiescently crystallize. The in-situ 2D-WAXD
and corresponding linearWAXDpatterns are shown inFigures 11
and 12, respectively. It is clearly shown that β-crystals emerged
quickly at t=0 s (Figure 11g1), mainly in β-crystals. The crystals
grew rapidly, such that at t = 160 s the content of β-crystals
already reached a plateau value (Xc

β=0.500), being close to 0.480,
the β-phase crystallinity of iPP02 sample obtained from direct
isothermal crystallization at 134 �C (Table 1d). Therefore, it can
be logically concluded that the reason for the decreased β-crystals
in sheared, β-nucleated iPP was not due to the damage of the
structure of β-nucleating agent.

From the conventional point of view, crystallization is a two-
step process: (1) formation of stable nuclei (i.e., the nucleation
stage) followed by (2) crystal growth characterized by the crystal
growth rate (G).55,56 At a given pressure (that is atmospheric
pressure in the present case), G is set by the temperature. As
crystallization is performed under isothermal conditions, the
linear growth rate of a certain crystal form is fixed. Hence, the
observed macroscopic variations in relative amounts of R- and
β-crystals are definitely ascribed to variations of R- and β-nuclei
in the nucleation stage and growth rate of R- and β-crystals in the
growth step.

For isothermal crystallization at Tc, the following contribu-
tions to nucleation density (number of nucleation sites per unit
volume, i.e., nuclei/m3) should be considered. (1) Nhom(Tc,t):
homogeneous nuclei generated in the system by thermally acti-
vated local density fluctuations. In many practical situations,
the contribution is small and can be disregarded, especially for
short crystallization time.57 (2)Nhet

0 (Tc): unavoidable nuclei from

impurities. (3)Nhet
A (Tc): heterogeneous nuclei originated from the

addition of nucleating substances. (4) In the case of application of
shear, Ns(Tc,Ts,ts,γ,M): shear-induced nuclei can be regarded as
homogeneous nuclei due to the direct effect of shear on the
polymer itself. (5) ΔNs

A: nuclei arose from the interactions
between shear flow and the nucleating agent.57

To bemore concise, the sources of R- and β-crystals are briefly
described in Figure 13. In quiescent crystallization of iPP0
(Figure 2a) at Tc, Nhom(Tc,t) and Nhet

0 (Tc) are the main R-nuclei
for R-crystal growth. In the case of isothermal crystallization of
sheared iPP0 (Figures 2b and 2c) at Tc in a short crystallization
time (τ1/10), Ns is the dominant source for R-nuclei in the
nucleation stage, which is responsible forR-crystal growth.While
in quiescent crystallization of iPP02 (Figure 2d) at Tc, abundant
Nhet

A (Tc) provides the β-nucleation sites for β-crystal growth.
When shear is applied or β-nucleating agent is added to the
samples,Nhet

0 (Tc) andNhom(Tc,t) can be ignored. When the shear
is applied to iPP02 (Figures 2e and 2f),Ns andNhet

A coexist; in the

Figure 10. Time evolution profiles of the long periods as a function of
crystallization time. The conditions of a-f are the same as Figure 2.

Figure 11. Selected 2D-WXADpatterns showing the crystal growth process of iPP02 isothermally crystallized at 134 �C, after heating sample to 210 �C
for 300 s and then decreasing to 134 �C.

Figure 12. Linear WAXD intensity profiles as a function of scattering
sector, q, of iPP02 melt, obtained from circularly integrated intensities
of 2D-WAXD patterns in Figure 11.

Figure 13. Brief description of the sources of R- and β-crystals and the
competition of R- and β-crystals.
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meantime, ΔNs
A arises and can be believed to provide R-nuclei

because interactions between shear and β-nucleating agent can
greatly lower the entropy of the system, which favors the
formation of R-nuclei, compared to the sole application of shear.

After cessation of a mild shear or addition of β-nucleating
agent in a short crystallization time (e.g., t= τ1/10), the nucleation
sites can be assumed to be in the regime of pointlike nucleation.58

In order to reveal the growth geometry of R- and β-crystals, the
Avrami equation was adopted.

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

logf- ln½1-XðtÞ�g ¼ n logðtÞþ logðkÞ ð6Þ
where k is the bulk crystallization constant and n is the Avrami
exponent.

Figures 14 and 15 show that the Avrami exponent n (the slope
of curves) of R- and β-crystals is constantly equal to 3, except for
the quiescent crystallization of pure iPP, which is equal to 4. The
divergence of the curves may be ascribed to slow secondary
crystallization. Herein, the growth of R- and β-crystals can be
described by the spherulitemodel in the process of crystallization.

The nucleation density N can be extracted from the pro-
gress of crystallinity using the Kolmogoroff-Avrami-Evans
equation:59,60

XðtÞ ¼ 1- exp -
4π

3
NG3t3

� �
ð7Þ

The nucleation density can be estimated by rewriting eq 7 in the
following form:

N ¼ -
3

4πG3

lnð1-XÞ
t3

ð8Þ

where X = 0.1 and t = τ1/10 in order to reduce the interference
between the growing crystallites and the effect ofNhom(Tc,t). The
growth rate of R-spherulitesGR=2.39 μmmin-1= 3.98� 10-8

m s-1 (Tc = 134 �C)61 can be used in the cases of Figures 2a-2c,
while the growth rate of β-spherulites Gβ = 2.65 μm min-1 =
4.42 � 10-8 m s-1 (Tc = 134 �C)61 can be used in the case of
Figure 2d.The average value ofGR andGβ can be used in the cases
of Figures 2e and 2f for approximate calculation. Therefore, all
the nucleation density under the various experimental situations
can be calculated, and results are listed in Table 2.

From the above results, it was clear that the nucleation density
of iPP0 in quiescent crystallization (Table 2a) was 1.2 � 1014

nuclei/m3, which was 2 orders of magnitude smaller than that of
sheared iPP0 (Tables 2b and 2c) and iPP02 (Table 2d). When the
shear flow (15 s-1) was solely applied to iPP0 (Table 2b), Ns =
4.0 � 1016 nuclei/m3, which represented the nucleation density
of R-nuclei. While the shear rate increased to 30 s-1 (Table 2c),Ns

rose up to 5.7 � 1016 nuclei/m3. In the case of isothermal crystal-
lization of iPP02 (Table 2d), Nhet

A = 5.5 � 1016 nuclei/m3, which
was in the same order of magnitude of sheared iPP0. When the
shear flow was applied to iPP02, shear-induced nuclei and ΔNs

A

(9.5 � 1016 nuclei/m3, i.e., the last column in Table 2 minus Nhet
A )

for R-crystal growth and β-nucleator-induced nuclei for β-crystal
growth (assumed to be 5.5� 1016 nuclei/m3) coexisted in iPP melt
andwere in the sameorder ofmagnitude; thus, competitive growth
of R- and β-crystals occurred. The growth of R-nuclei-induced
R-crystals naturally decreased the content ofβ-crystals in the limited
growing space (Table 1e) compared to the quiescent isothermal
crystallization of β-nucleated iPP (Table 1d). It was found that
the R-nuclei (23.5 � 1016 nuclei/m3) increased with the increase of
shear flow, causing more reduction of β-crystals. Because of the
favorable temperature (134 �C) for β-crystal growth, the growth
of β-crystals was faster than that of R-crystals. In addition, the
epitaxial growth of β-crystals on the existing R-crystals may
occur.61 As a result, β-crystals were still the dominant phase
(Tables 1e and 1f), even though competitive growth of R-crystals
also took place.

In order to verify the hypotheses that shear triggers R-nuclei
forR-crystal growth andR- andβ-crystals grow competitively, we
performed another in-situ WAXD experiment whose tempera-
ture protocol and shear conditions are shown in Figure 16. iPP02
was first heated to 210 �C for 300 s to erase the thermal or
mechanical history. Then the temperature decreased to 145 �C to
quiescently crystallize for 300 s. After the crystalline diffractions
were clearly observed, the sample was subjected to shear (shear
rate= 30 s-1 and shear time=5 s) and simultaneously cooled to
134 �C for isothermally crystallization until the crystallization
was finished. The heating and cooling rates were both 30 �C/min.
With regard to the results of this experiment, one of two cases can
be supposed. One is that after the application of shear β-crystals

Figure 14. Avrami plots of the crystallization data for R-crystals. The
conditions of a-f are the same as Figure 2.

Figure 15. Avrami plots of the crystallization data for β-crystals.
The conditions of b-f are the same as Figure 2.

Table 2. Experimentally Determined Number of Nuclei per Cubic
Meter at X = 0.1a

τ1/10 (s)
Nhom(Tc,t) þ

Nhet
0 (Tc) Ns Nhet

A
Nhet

A þ Ns þ
ΔNs

A

a 150.0 1.2� 1014

b 21.6 4.0� 1016

c 19.1 5.7� 1016

d 17.4 5.5� 1016

e 13.2 15� 1016

f 10.5 29� 1016

aThe conditions of a-f are the same as Figure 2.
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continued to grow, and its content was unaffected compared to
the quiescently, isothermally crystallized iPP02. Thiswould imply
shear was not beneficial for the formation of R-nuclei. The other
one is that after shear the sample exhibited the β-crystal content
comparable to the directly sheared iPP02 (Table 1f). This case
would suggest that shear induced abundant R-nuclei, which were
favorable for R-crystal growth. As a result, β-crystal growth was
restricted. The results of in-situ WAXDmeasurement are shown
in Figures 17, 18, and 19.

Representative (300) lattice plane of β-crystals did not appear
until t=80 s (Figure 17h1), indicative of the slowgrowth rate as a
result of higher crystallization temperature (145 �C). Every lattice
plane of β-crystals grew homogeneously, while few R-crystals
were observed as time went on (Figure 17h2). As soon as shear
was applied to themelt, it was clearly observed that oriented (040)
lattice plane of R-crystals emerged and diffraction intensity of
R-crystals enhanced, while β-crystals remained unoriented and
diffraction intensity seemed unchanged (Figure 17h3), implying
that shear induced the formation of R-nuclei and accelerated the
development of R-crystals even in the presence of β-nucleating
agent. When the crystallization was finished, the diffraction
intensity of R-crystals was enhanced greatly (Figure 17h4).

The corresponding linear WAXD profiles before (t e 300 s)
and after shear (t > 300 s) are shown in Figure 18. After the
application of shear, the development of R-crystals was greatly
accelerated, as seen directly from the higher intensities for all
reflection planes such as (110), (040), and (130) from R-crystals.
In contrast, the intensity of the (300) reflection from β-crystals
increased only slightly (the β-phase crystallinity as a function of
crystallization time is shown in Figure 19h). For comparison,
isothermal crystallization results from iPP02 at 134 �C (iPP02-
134) and at 145 �C (iPP02-145) are also included in Figure 19. It
was seen that the growth of β-crystals superposed the curve of
iPP02-145 before 300 s due to their similar growth conditions.
However, the content of β-crystals did not increase after shear
(t>300 s).Comparedwith results from iPP02-134 and iPP02-145,

the final crystallinity of β-crystals in Figure 19h was only 0.310,
lower than 0.400 from iPP02-145 and 0.480 from iPP02-134. As
mentioned above, the decrease of β-crystals indicates that the
shear-induced R-nuclei favored the R-crystal growth but re-
strained the β-crystal growth. The nucleation density of β-nuclei
from iPP02 at 145 �C (before 300 s) should be smaller than that at
134 �C. This can be explained as follows. When the shear was
introduced to iPP02, there were two phases in the melt: β-crystal
solid phase and the melt phase. The interactions between melt
and solid β-crystal phases would dramatically increase under
shear flow, resulting in the increase of ΔNs

A. As a result, more
R-crystals were formed while the content of β-crystals remained
nearly unchanged.

It was found that the amount of R-nuclei generated by shear
flow as well as interactions between shear and β-nucleating agent

Figure 16. Schematic diagram of the temperature and shear conditions
as a function of time during step shear in WAXD experiment.

Figure 17. Selected 2D-WXAD patterns showing the crystal growth process of iPP02. First, iPP02 was isothermally crystallized at 145 �C for 300 s.
Then, the shear was applied during cooling from 145 to 134 �C. Finally, iPP02 was isothermally crystallized at 134 �C.

Figure 18. Linear WAXD intensity profiles as a function of scattering
sector, q, of iPP melt, obtained from circularly integrated intensities of
2D-WAXD patterns in Figure 17.

Figure 19. The β-phase crystallinity in the iPP melt as a function of
crystallization time, obtained from its linear WAXD in Figure 18.
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was in the same order of magnitude as the amount of β-nuclei
generated by β-nucleating agent, causing the competitive growth
of R- and β-crystals afterward. This implies that the content of
β-crystals would decrease due to the increase ofR-crystals in the
limited growing space. In the growth stage, the temperature is
the key factor to influence the growth rate of R- and β-crystals.
Tc=134 �C favors the β-crystal growth and the epitaxial growth
of β-crystals on the existing R-crystals.61 That might be the
reason why although the same order of magnitude of R- and
β-nuclei was found in iPPmelt at Tc = 134 �C, the final content
of β-crystals was dominant (Tables 1e and 1f) after full crystal-
lization. Thus, when the shear flow and β-nucleating agent
coexisted, the depression of β-crystals compared to isothermal
crystallization of iPP02 was expected because although the
same order of magnitude of R- and β-nuclei formed in the
nucleation stage, then R- and β-crystals competitively grew in
the growth stage, leading to the increase of R-crystals but
decrease of β-crystals. However, the temperature is favorable
for β-crystal growth, so that the final content of β-crystals is
still dominant.

Conclusions

The nucleation andgrowthprocesses ofR- andβ-crystals in the
sheared iPP samples with and without β-nucleating agent were
investigated by means of in-situ synchrotron WAXD and SAXS
techniques. When shear was solely subjected to pure iPP melt,
R-row-nuclei induced by shear were observed, resulting in the
subsequent development of β-crystals, where the content of
β-crystals increased with the shear rate. When both shear and
β-nucleating agent coexisted, the formation of β-crystals emerged
earlier than R-crystals due to the (heterogeneous) nucleating
effect of β-nucleating agent and more favorable crystallization
temperature for β-crystal growth. However, the content of the
β-crystals reduced, compared to that of the quiescently crystal-
lized β-nucleated iPP. It was due to the existence of abundant
R-nuclei (about 1016 nuclei/m3), which was in the same order of
magnitude of β-nuclei induced by the presence of β-nucleating
agent. In the growth process, as the chosen temperature (134 �C)
was more favorable for β-crystal growth than for R-crystal
growth, the content of β-crystals was still dominant, but it was
less than that from the quiescent isothermal crystallization of
β-nucleated iPP. As the shear rate increased, more R-nuclei
emerged, so that R-crystals increased, resulting in the further
decrease of β-crystals. The in-situ SAXS results demonstrated
that in the case of combined effects of shear and β-nucleating
agent the stacking manner of oriented and β-nucleated mole-
cular chains was changed, so that the long period of sheared,
β-nucleated iPP was almost equivalent to that of the quiescently
crystallized pure iPP. The understanding of the counteraction
mechanism between shear and β-nucleating agent shall allows us
to control the content of β-crystals. For example, this knowledge
has offered a new pathway to manipulate the structures and
properties of iPP, e.g., formation of bamboo-like bionic
structure.38 The future work will include the fine-tuning of iPP
structure utilizing this strategy to simultaneously realize high
strength and high toughness in the final products.
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