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Crystallization and Precursors during Fast Short-Term Shear
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ABSTRACT: This paper deals with structural and morphological developments during flow-induced crystallization
of molten isotactic polypropylene (iPP). Several authors have invoked the formation of precursors in the early
stages of this process. However, it is not clear whether these precursors can be generated and can crystallize
already during flow. We address this issue using X-ray scattering (SAXS and WAXD) with a high image capturing
rate during and immediately after a strong shear pulse to the undercooled melt. Eventually, we provide the first
in situ evidence of formation of flow-induced precursors (FIPs) of crystallization generated applying shear to a
fast crystallizing melt of flexible macromolecules, like iPP. Moreover, it is shown that a rheological classification
can be used to define the flow conditions promoting FIPs formation. In fact, when molecular stretch is achieved,
we found that shear rate is the parameter dominating the formation of structures during shear. When the shear
rate is high enough, crystals with a high degree of orientation are formed during a brief shear pulse. Whereas, for
low shear rates, crystalline structures do not develop during a brief shear pulse. However, the equatorial streak
of intensity in SAXS points to the formation of high density domains with fibrillar morphology. These dense and
noncrystalline scatterers are metastable precursors of crystallization. After cessation of flow, they nucleate and
assist the radial growth of stacks of lamellae. Eventually, this sequence of events leads to the well-known shish-

kebab morphology.
1. Introduction

Polymeric materials with a regular molecular structure have
the ability to partially crystallize, forming a two phase system
where crystals are dispersed in an amorphous matrix.'”>
Crystallinity affects many of the material properties, from
mechanical to optical.'~® Semicrystalline polymers are stiffer
than amorphous and tend to be opaque. However, universal rules
are difficult to establish because these materials exhibit a
processing—structure relation; i.e., the final properties are
affected by the processing conditions. Both temperature and flow
history can alter the crystallization behavior. Flow can increase
the crystallization rate by decades'®™!® and, in addition, can
dramatically change the crystalline morphology.'®2' In qui-
escent or quasi-quiescent conditions, morphology is dominated
by spherulites, three-dimensional assemblies of randomly
oriented folded chain lamellae.?? For strong enough flows,
spherulites are replaced by shish-kebabs, composite crystallites
with an extended chain fibrillar core (shish) dressed with disk-
like folded chain lamellae (kebabs).>>~° The origin of the shish-
kebab morphology is the topic of a long-standing discus-
sion?®?°73 that begun around the 1960s. It is known that stretch
of the longest (highest molecular weight) molecules in a
undercooled melt promotes shish-kebab formation, but the
events in the early stages of the process are not yet fully clarified
and certainly not quantified, an important issue for modeling.
Several authors invoked the formation of precursors of crystal-
lization,**3~% i.e., an intermediate phase directing the subse-
quent developments of the crystallization process. For instance,
flow-induced precursors (FIPs) were observed by Lee and
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Schultz*' studying fiber spinning of poly(ethylene terephthalate)
(PET). These authors describe the flow-induced formation of
an “oriented mesophase” that, in the early stages, is amorphous
and eventually crystallizes. The mesophase evolves quickly, and
it could be characterized with X-rays only ex situ after
quenching the fibers to a no-molecular mobility temperature
before the onset of crystallization. Such a protocol suits a slow
crystallizing polymer like PET whereas it is hard to apply to
fast crystallizing polymers such as isotactic polypropylene (iPP).
In the latter case, the study of FIPs is often carried out, in situ,
applying a pulse of shear and following the evolution of the
system after cessation of flow.*2¢3842746 Thig short-term shear
protocol offers the advantage of an easy characterization of the
flow conditions assuming a melt-like rheological behavior based
on the “hope” that no noticeable material change occurs during
flow. Recently, we studied FIPs in a bimodal polyethylene (PE)
melt with this protocol.*® It was found that FIPs are bundles of
stretched chains that, although not crystalline, have a density
higher than the melt. In agreement with the classical view on
crystallization,47 after cessation of flow, a selection takes place
among FIPs: those exceeding some critical dimensions transform
into crystals, whereas the remainders dissolve into the melt. The
ratio between crystallizing and dissolving FIPs and the rate of
crystallization and dissolution are fixed by the temperature; high
temperature favors dissolution, and low temperature favors
crystallization. The present paper addresses the formation of
FIPs during the flow period in short-term shear. The aim is to
answer the following questions: When are actually FIPs created
and when do they crystallize, during or after cessation of flow?
The answers are some novel observations of the early stages of
flow-induced crystallization. Because of the fast dynamics
of FIPs, this investigation is only possible with the use of
synchrotron X-ray scattering with a high flux of photons
allowing for a short sampling time (~0.3 s).
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Figure 1. Example of the procedure to separate crystalline and
amorphous scattering. The Miller indices of the scattering reflections
are indicated as well.
Table 1. Specification of the iPP used in This Work
M, [kg/mol]  M,/M, T [°C]
15M10 350 5.6 96.2 161

tacticity [% mmmm]

2. Materials and Methods

2.1. Materials. The polymer used in this work is a commercial
homopolymer grade of isotactic polypropylene (iPP). The material,
labeled 15M10, was obtained from SABIC Europe (Geleen, The
Netherlands) and contained no other additives than stabilizers. The
specifications of the material are reported in Table 1.

2.2. X-ray Characterization. Small-angle X-ray scattering
(SAXS) was performed at the beamline ID02 of the European
Synchrotron Radiation Facility (ESRF, Grenoble). The samples
were irradiated with a wavelength A = 0.995 A, and two-
dimensional images were recorded using a Frelon detector, with a
resolution of 1024 x 1024 pixels and a pixel size of 164 um, placed
at about 6.5 m from the sample. After subtraction of the scattering
of the empty sample holder, images were integrated to obtain the
scattered intensity (/) as a function of the modulus of the scattering
vector ¢ = (47t/A) sin 6, where 20 is the scattering angle.**** The
intensity /5**S as a function of time was obtained integrating /(q)
over the whole accessible ¢ range: I54%5(r) = [4mn [(g;t) dg.

min

Wide-angle X-ray diffraction (WAXD) was performed at the
beamline ID11 of the ESRF. Experiments were carried out with a
wavelength 4 = 0.508 A and a sample-to-detector distance of about
32 cm. The images were recorded with a two-dimensional Frelon
detector with a resolution of 512 x 512 pixels (pixel size = 190
um). After correction for spatial distortions and scattering of the
empty sample holder, the images were integrated to obtain the
intensity distribution as a function of the scattering angle 26. These
one-dimensional profiles were used to calculate crystallinity. For
this purpose, the scattering of the amorphous component (/)
underneath crystalline peaks (/c) was approximated with a straight
line (see Figure 1). This simplified procedure is expected to give
trustworthy results at low crystallinity, in the order of ~10%.>°
Crystallinity (x) was determined as

Ic

X = IOOIC 1,

I

2.3. Shear Experiments. Shear experiments were performed in
combination with SAXS and WAXD using a Linkam CSS-450
shear cell where the original glass plates were replaced with Kapton.
When shearing, a metal spoke of the rotating plate lies periodically
in front of the incoming beam, and the corresponding (dark)
scattering images are discarded from analysis.
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Table 2. Deborah Numbers for the Flow-Induced Crystallization

Experiments
Deg Des
60s7'/3 s 6 x 10° 60
90 s '/2's 9 x 10° 90
180 s7'/1's 1.8 x 10* 180

3. Results and Discussion

Shear flow promotes orientation and stretch of polymer
molecules in the melt.?®*''7>% The effect of shear on the
configuration of the molecules is often classified with the
Deborah number (De).”" With the shear rate y, the disengage-
ment time (relaxation time for orientation) of the longest
molecules 7p and the chain retraction time (relaxation time for
stretch) s, the Deborah number for orientation is defined as
Deo = tpy and the Deborah number for stretch as Des = 7g7.
During a shear, the longest molecules orient when Deg > 1
and Deg < 1 and stretch when Deg >> 1 and Deg > 1. The ratio
Tp/Ts equals the number of entanglements per chain Z°*~°°
(neglecting a factor of the order of unity). In an entangled
polymer melt, Z> 1 and thus Deg > Des; i.e., chain orientation
is attained at shear rates much lower than chain stretch. For the
iPP under consideration, Z = 100 and, therefore, Deg = 100Des.
To induce a large amount of FIPs, detectable with X-rays, a
shear regime inducing molecular stretch is required. Therefore,
the experimental conditions are chosen such that Deg > 1. For
the iPP considered, rheological analysis®’ suggests that 7, =
100 s and 75 = 1 s at 145 °C, and therefore, shear rates of 60,
90, and 180 s™! suite our experimental requirements. The shear
time (zs) is varied accordingly to keep the total strain y = pfg
= 180. The selected shear conditions are summarized in Table
2. WAXD patterns acquired at a rate of 3 images/s during and
immediately after short-term shear at 145 °C are shown in Figure
2. In these figures, as in the rest of the paper, the time t = 0
corresponds to cessation of the flow. For a shear of 60 s™! for
3 s, no crystalline reflection is detected during shear (¢ < 0). In
contrast, for both 90 s™! for 2 s and 180 s™! for 1 s, diffraction
of highly oriented iPP crystals (i.e., arched 110 and 040
reflections) is visible already during the shear. This indicates
that, when the shear rate is strong enough, the melt transforms
into a suspension of highly oriented crystalline structures already
during the brief shear. Structural information on the crystals,
obtained analyzing the diffracted intensity, is given in Figure
3. Here, we see that, during shear, at t = —0.3 s ~0.1% of
o-phase crystals are formed at 90 s~!, while at 180 s~
crystallinity reaches ~2% and next to the a-phase also y-phase
crystals are present (indicated by the broad 117). As shown in
the right part of Figure 3, this difference in polymorphism is
retained also at long times after cessation of shear (at t = 30 s,
for instance). For a shear pulse of 60 s™! for 3 s, the lack of
crystalline diffraction during shear does not necessarily imply
the absence of structure in the melt. To investigate this point
further the experiment is studied in more detail, acquiring 3
SAXS images/s. As shown in Figure 4, during shear a streak
of intensity appears at the equator. Such an observation points
to the formation of fibrillar domains where density is higher
than the surroundings. Therefore, the melt does exhibit structures
before the onset of crystallization. These high-density structures
are precursors of crystallization. They form due to stretching
of the molecular network (Deg > 1) and, as demonstrated by
the appearance of WAXD peaks and SAXS meridional lobes,
crystallize and assist the nucleation of stacks of lamellae
(kebabs) after cessation of the flow. The intensity scattered in
the meridional region exceeds the intensity in the equatorial
region about 3 s after shear (see Figure 5). The crossover
between meridional and equatorial intensity indicates the
transition from the fibrillar morphology of FIPs in the early
stages to a well-developed shish-kebab morphology. The growth
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Figure 2. Equatorial region of WAXD patterns during and after short-term shear at 145 °C with y = 180. Flow direction is vertical. To enhance

visibility of the arched reflections at low crystallinity, only part of the pattern is shown. Shear starts at t = —3 s for 60 s™!, at t = —2 s for 90 s,
and at 1 = —1 s for 180 s™!. The arrows indicate arched crystalline reflections.
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Figure 3. WAXD integrations during and after application of shear at 145 °C. Filled area represents crystalline diffraction (/c in formula 1).

of kebabs after shear raises crystallinity for all flow conditions.
Figure 6 illustrates the effect that 7 and fg exert on the
crystallization rate after shear at 145 °C. Higher y leads to a
higher final crystallinity. More details on the crystallization
kinetics after cessation of shear can be obtained defining the
degree of space filling developed after cessation of flow:

x(H) — xg

D) = (@)

X — X

where x(7) is the crystallinity at the time ¢, xo is the crystallinity
present at the time + = 0 (i.e., generated during shear), and x.,
is the saturation level attained by crystallinity at long times (the
values, obtained from the data of Figure 6, are given in Table
3). We distinguish between space filling during and after flow
because the nucleation and growth mechanism of the crystals
can be different. ®(r) can be described with the Avrami
equation:*® "%

D) =1 — exp(—ki") 3)

with k being a rate constant and n the Avrami exponent that
indicates the geometry of the growing crystallites. Equation 3
can be rewritten as

In{—In[1 — ®(H]} = In(k) + n In(?) 4)

Therefore, In{—In[1 — ®(7)]} as a function of In(¢) (the so-
called Avrami plot) is a straight line with slope n. The Avrami
plot, for the crystallization following the cessation of shear, is
shown in Figure 7. The lines are obtained fitting eq 4 on the
data. The fitted parameters are given in Table 3. Independent
of flow conditions, n = 1.36 £ 0.02 indicates that, in all cases,
space filling occurs because of the growth of both fibrillar and
disklike crystals. It is remarkable that the Avrami equation
provides a good description of the crystallization data only when
it accounts for the crystallinity generated already during shear
(xp in eq 2). Although x; can be small, we found that it has
large influence on the result.
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Figure 4. SAXS patterns during and immediately after short-term shear at 145 °C with 60 s~/3 s. On the right, a schematic drawing of a suspension

of aligned high-density fibrils.
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Figure 5. SAXS meridional and equatorial intensities at 145 °C as a function of time after the application of shear (60 s™'/3 s).

Table 3. Parameters Obtained Fitting Eq 4 on the Data of

Figure 7
Xeo [%0] xo [%] n k[s™]
60s7'/3s 14.5 0 1.34 2.70 x 1073
90 s7/2s 16.2 0.1 1.37 6.78 x 1073
180s '/1s 18.8 2 1.38 8.20 x 1073

4. Conclusions

Several authors have invoked the formation of precursors in
the early stages of flow-induced crystallization. However, it is
not clear whether these precursors can be generated and can
crystallize already during flow. To solve this issue, we studied
the early stages of the flow-induced crystallization of iPP from
the melt, during and immediately after the application of a pulse
of shear promoting molecular stretch (Des > 1). At 145 °C,
with a total strain y = 180, X-ray scattering images (SAXS
and WAXD), acquired at a rate of 3 images/s, suggest that shear
rate is the dominant parameter for structure development during
flow. We show that when the shear rate is high enough (=90
s7h), crystalline structures are nucleated already during shear.
We observe the formation of up to 2% of crystals with a high
degree of orientation. These crystals assist the nucleation of the

25

201 O 60s1/3s
X @ 90s-1/2s
>151 A 180s1/1s
=
£ 10 -
>
(@)

5 4

A
0 . ‘
0.1 1 10 100 1000

Figure 6. Increase in crystallinity at 145 °C after the application of
180 strain units with different flow rates.

rest of the molecules and thus direct subsequent developments
in structure and morphology. On the other hand, at lower shear
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Figure 7. Avrami plot constructed with crystallinity data after short-
term shear at 145 °C.

rates (for instance 60 s!'), only metastable precursors of
crystallization are generated during flow. To our knowledge,
this is the first in situ evidence of precursors of crystallization
generated applying shear to a fast crystallizing melt of flexible
macromolecules. These precursors, with fibrillar morphology,
have a density higher than the melt and no crystallinity. When
flow stops, they crystallize and, similar to the crystals generated
during shear, assist the crystallization of the rest of the polymer,
leading to the formation of shish-kebabs.
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