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ABSTRACT: The crystallization rate of isotactic polypropylene (iPP) is often enhanced with sorbitol-based
nucleating agents like 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol or DMDBS. In the concentration range from
the eutectic point (~0.1 wt %) to 1 wt %, DMDBS crystallizes before the polymer, building a network of nanofibrils.
The surface of this network hosts a large number of tailored nucleation sites that promotes the epitaxial nucleation
of iPP. The formation of DMDBS fibrils corresponds to a liquid—solid phase separation that occurs on cooling,
at a temperature 7PMPBS, On heating, DMDBS fibrils dissolve in iPP at a temperature 79MPBS > TDMDBS Fop
DMDBS contents less than 1 wt %, both TPMPBS and TDMPBS depend on the composition. We show that in the
temperature window TPMPBS < T < TDMDBS 3 percolated network of DMDBS fibrils is retained. This network
can be broken with a shear flow that aligns the fibrils. At these high temperatures, iPP does not crystallize. Upon
cooling, in the early stages of nucleation, the orientation of the fibrils is transferred to the lamellae because of the
epitaxial relation between iPP and DMDBS. With this templating mechanism, we obtained well oriented crystalline
morphologies of iPP after a shear pulse (shear rate of 60 s~! applied for 3 s) at 185 °C for 0.3 wt %, at 195 °C

for 0.7 wt % and at 210 °C for 1 wt % of DMDBS.
Introduction

Crystallization of semicristalline polymers, as for example
isotactic polypropylene (iPP), is often speeded up with nucleat-
ing agents. These compounds increase the crystallization rate
by promoting the formation of nuclei for crystal growth. More
nuclei in the early stages of crystallization yield smaller
crystallites at the end of the process. Such an alteration of the
polymer morphology can have consequences on the properties
of the material. Clarity and stiffness can be enhanced depending
on the nature of the nucleating agent, its concentration and
degree of dispersion.'™ During heterogeneous nucleation, the
polymer nucleates at sites on the surface of the nucleating
particles. Therefore, particles having a high specific surface offer
a clear advantage. A wide range of substances are used as
nucleating agents for iPP. Examples are salts of aromatic
carboxylic acids (for instance sodium benzoate),>° salts of
phosphate esters (for instance NA-11),” and sorbitol derivatives.®
The salts are insoluble in the polymer, and therefore, the specific
surface is fixed by the particle shape. Moreover, their dispersion
can be limited by the high viscosity of the matrix. In contrast,
sorbitol derivatives dissolve in the polymer and the nucleating
particles are formed with recrystallization from the melt.
Dissolution and recrystallization provide a high degree of
dispersion for these additives and the specific surface can be as
high as 400 m%g.%'® As demonstrated by Lotz and co-
workers,”!""1? successful nucleating agents for iPP have a
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crystalline structure and lattice parameters that match those of
the polymer (epitaxy matching). In this paper, we discuss some
aspects of flow effects on the morphology of the crystallizing
iPP in presence of 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol
or DMDBS, the latest of the family of sorbitol-based nucleating
agents. This compound is also known to be a good clarifying
agent for iPP at concentrations lower than 1 wt %.*' Clarifica-
tion takes place because DMDBS increases dramatically the
number of crystalline nuclei and leads to a reduction in the final
size of the crystallites. iPP and DMDBS are miscible only at
high temperatures. For concentrations less than 1 wt %, on
cooling, DMDBS crystallizes before the polymer. This process
can also be regarded as a liquid—solid phase separation of the
binary mixture. Crystallization of DMDBS, driven by intramo-
lecular hydrogen bonding,'* leads to fibrils with a typical
diameter of 10 nm and a typical length of hundreds of microns.”
Starting from concentrations in the order of 0.1 wt %, these
fibrils can also form bundles with a diameter up to 100 nm."”
Due to a high aspect ratio, DMDBS fibrils entangle and give
rise to a physical network'®'” that can easily be broken with a
shear flow that aligns the fibrils.'®

DMDBS network intensifies the effects of the thermome-
chanical history on the morphology of iPP. In fact, the polymer
lamellae grow in the direction orthogonal to the fibrils.>'**
Hence, randomly oriented fibrils lead to isotropic iPP morphol-
ogies.?’ Whereas, fibrils prealigned with a flow lead to aniso-
tropic polymer morphologies.'®

Kristiansen et al.® investigated the phase diagrams of
iPP—DMDBS mixtures during cooling and heating. They found
that, during cooling, DMDBS crystallizes/phase separates at
TPMDPBS and that, during heating, DMDBS melts, restoring the
homogeneous mixture, at a temperature ToMPBS sensibly higher
than TPMPBS, Both TPMPBS and THMPBS depend on the composi-
tion. The rheological studies presented in this work suggest that,
on heating, the network of DMDBS fibrils is retained for 7PMPBS
< T < TOMDPBS Therefore, we expect that a shear flow can align
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DMDBS fibrils and generate the condition for the growth of an
oriented polymer morphology. Though it could be relevant for
applications, the effect of flow at these high temperatures on
the morphology is unexplored. The investigation of these effects
is the aim of the present paper. Ultimately, we show that, making
use of the thermoreversibility of the DMDBS phase separation,
it is possible to choose thermomechanical histories allowing for
the growth of an oriented iPP morphology after application of
shear at temperatures as high as 210 °C.

2. Experimental Methods

Materials. The iPP used in this work is a commercial ho-
mopolymer grade from Borealis GmbH (Linz, Austria), labeled
HD120MO, with molecular weight, M,, of 365 kg/mol and
polydispersity, M/M,, of 5.4. DMDBS (Millad 3988) was obtained
in powder form from Milliken Chemicals (Gent, Belgium) and used
as received.

Sample Preparation. The polymer pellets were ground below
the glass transition temperature and then mixed with DMDBS in a
corotating twin screw mini-mixer (DSM, Geleen) for 10 min in a
nitrogen-rich atmosphere, at temperatures ranging from 230 to 250
°C (the higher the DMDBS concentration the higher the compound-
ing temperature). The mixture was compression molded with a hot
press into films of different thicknesses: 1 mm for rheology and
200 um for X-ray experiments. The molding temperature was 220
°C and the molding time was 3 min. The resulting films were
quenched (~100 °C/min) to room temperature and finally cut in
disk-like samples. Three mixtures with 0.3, 0.7, and 1 wt % of
DMDBS were prepared. For convenience, they are named B03,
B0O7, and B1 respectively.

X-ray Characterization. Small angle X-ray scattering (SAXS)
was performed at beamline BM26/DUBBLE of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. Time
resolved images were recorded on a two-dimensional gas filled
detector with 512 x 512 pixels and a pixel size of 260 um x 260
um. The detector was placed at approximately 6 m from the sample.
The wavelength adopted was 4 = 1.24 A. Scattering and absorption
from air were minimized by a vacuum chamber placed between
sample and detector. SAXS images were acquired with an exposure
time of 5 s and corrected for the intensity of the primary beam,
absorption and sample thickness. The scattered intensity was
integrated and plotted against the scattering vector, g = (471/A)sin
6 where 20 is the scattering angle. Finally, the integrated intensity
was defined as follows: Ito = [y, I(q) dg, where gmin and gmax
are the minimum and the maximum experimentally accessible g
values respectively. Two dimensional SAXS images were also used
for the characterization of anisotropic morphologies. For this
purpose, three azimuthal regions are defined: (1) meridional,
corresponding to the flow direction in real space; (2) equatorial,
orthogonal to the meridional region; (3) diagonal, connecting the
equatorial and meridional regions in the azimuthal direction.

Shear flow experiments in combination with SAXS were carried
out using a Linkam Shear Cell (CSS-450) having Kapton windows.
To erase previous thermomechanical histories, samples were always
annealed at 240 °C for 3 min prior to the experiments.

Rheological Characterization. Rheological measurements were
performed in the linear viscoelastic regime using a strain-controlled
AR-G2 rotational rheometer (TA Instruments). In all cases a
plate—plate geometry with a diameter of 8§ mm was used. During
the study of phase transitions, large strains can enhance the process
and/or affect the morphology. Therefore, these experiments are
carried out with strains within the linear viscoelastic window and
as low as 0.5%.

DSC. The thermal effects of DMDBS phase separation was
studied in quiescent conditions using a Q1000 calorimeter (TA
Instruments). Samples of approximately 2 mg were placed into
aluminum pans and tested in a nitrogen atmosphere. Recrystalli-
zation and melting of DMDBS within the iPP matrix was studied
with the following protocol: (1) annealing at 240 °C for 3 min,
then (2) cooling to 140 °C, and finally (3) heating to 240 °C. Both
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Figure 1. Integrated SAXS intensity as a function of the temperature
during cooling (filled symbols) and during heating (open symbols) for
the neat iPP, BO3, BO7, and B1. For visibility, curves are shifted in the
vertical direction. The dashed lines represent the reference values at
high temperatures.
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Figure 2. iPP-DMDBS phase diagrams obtained with SAXS on
cooling (left) and on heating (right).

cooling and heating rate were set to 10 °C/min. Before analyzing
the peaks, a linear baseline was subtracted from the raw data.

3. Results and Discussion

3.1. Phase Transitions in iPP—DMDBS Blends on
Cooling and on Heating. iPP—DMDBS blends show a mono-
tectic phase diagram during cooling and during heating for
additive contents less than 1 wt %. As shown in Figure 1,
quantitative information on these phase diagrams can be
obtained with SAXS. During cooling (filled symbols), two
increases of the total scattered intensity It indicate two phase
transitions in the blends. The increase of I, at high temperature
corresponds to the crystallization/phase separation of DMDBS
while that at low temperature corresponds to the crystallization
of iPP. Analogously, during heating (open symbols), two decays
in Ity indicate melting of the polymer (low temperature) and
of DMDBS (high temperature). The temperatures characterizing
the phase transitions of iPP and DMDBS during cooling and
heating are summarized in the phase diagrams shown in Figure
2. For DMDBS contents up to 1 wt %, the crystallization and
melting temperature of DMDBS (7PMPBS and TRMPBS) exhibits
a dependence on the composition. Moreover, concentrations
from 0.3 to 1 wt % of the additive lead to an increase in the
crystallization temperature of the polymer (T¥P) of ~15 °C
whereas the melting temperature (7'57) remains unchanged. In
the range of concentration investigated (up to 1 wt %), the
difference between TPMPBS and TOMDPBS | ¢ | the undercooling
for crystallization of DMDBS within the molten iPP matrix, is
on the order of 25 °C, independent of concentration. Similar
values are reported in literature.> The phase separation of
DMDBS leads to a percolated network of fibrils suspended in
the polymer melt. As shown in Figure 3, the network causes
large changes in the rheology of the system. During cooling
from 240 to 150 °C (open symbols), at the onset of the phase
separation, the storage modulus G’ (at Srad/s) rises noticeably.
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Figure 3. G’ at 5rad/s as a function of the temperature on cooling from

240 to 150 °C (open symbols) and on heating from to 150 to 240 °C
(filled symbols) for BO3, BO7, and B1.
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Figure 4. Thermal effects associated with the crystallization and melting
of DMDBS within the iPP matrix. Higher DMDBS contents correspond
to greater latent heats and to higher transition temperatures. The
experiments are performed cooling from 240 to 150 °C and heating
vice versa.
Table 1. Onset of Crystallization and Completion of Melting
Temperatures of DMDBS in iPP Obtained with SAXS and DSC
(10°C/min).

T{_)MDBS (OC) TRMDBS (QC)
SAXS DSC SAXS DSC

B0O3 165 155 205 189
B07 190 180 227 207
Bl 195 195 231 218
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Figure 5. Comparison of SAXS and DSC during cooling and heating
experiments on BO7. SAXS experiments are performed cooling from
240 to 80 °C and heating vice versa. DSC experiments are performed
cooling from 240 to 150 °C and heating vice versa.
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Figure 6. (Top) G' for BO7 as a function of frequency at 205 °C. The
neat polymer is used as a reference to evaluate the changes in BO7
caused by two different thermal histories. In one case (white symbols),
BO07 is measured after cooling from 240 to 205 °C. In the other case
(gray symbols), the same blend is measured after being cooled to 150
°C, heated to 205 °C and annealed at this temperature for 30 min (i.e.,
while it is in stable conditions at 7TPMPBS < T < TDMDBS)

Increasing the concentration, DMDBS phase separation shifts
toward higher temperatures and so does the onset of G'. After
completion of DMDBS phase separation, similar (temperature
dependent) levels of G' are achieved for the blends BO7 and
B1 that are higher than for BO3. The stiffer network formed at
DMDBS concentrations higher than 0.3 wt % could be the result
of the formation of more bundles of elementary fibrils. During
heating from 150 to 240 °C (filled symbols), the temperature
where G' recovers the high temperature value corresponds to
the temperature where the DMDBS network redissolves into
the melt. The network dissolution temperatures are close to
TOMDPBS obtained with SAXS, indicating that the network is
retained in (most of) the temperature window TPMPBS < T <
TDMDBS

Although only small amounts of DMDBS are used, by cooling
from 240 to 150 °C and heating vice versa, the thermal effects
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Figure 7. Two dimensional SAXS images recorded at room temperature for BO3, BO7 and B1 after the application of a shear (60 s™! for 3 s) at
the temperature indicated in the frame. The flow direction is indicated by the arrow.

associated to the phase transitions of DMDBS in the iPP matrix
are large enough to be resolved with DSC. The thermograms
are reported in Figure 4. The shift of the crystallization and
melting temperature of DMDBS with the composition is
consistent with SAXS and rheological data and, as expected, a
greater latent heat is measured at larger DMDBS contents.
Although the peaks are clearly visible, the latent heats are not
reported as they are comparable with the detection limit of the
equipment. Comparing DSC and SAXS data (see Figure 5 for
the data of BO7), it emerges that SAXS is more sensitive than
DSC toward DMDBS phase separation. The transition temper-
atures determined with SAXS are, therefore, higher than those
detected with DSC (see Table 1).

3.2. Effects of DMDBS Crystallization and Melting on
Linear Viscoelasticity. From a linear-viscoelastic point of view,
iPP—DMDBS blends, containing tiny amounts of the additive,
behave like the usual melts when DMDBS is in solution, and
similar to physical gels when DMDBS is phase separated.?’*
In the temperature window TPMPBS < T < TOMDBS '3 hlend of
iPP and DMDBS could behave in either way depending on the
thermal history. In Figure 6, the linear viscoelastic behavior of
the pure iPP is compared at 205 °C with that of the blend B0O7
for two different thermal histories. Note that for BO7, 7PMPBS
< 205 °C < TRMDPBS In the first case (open symbols), before
the measurement, BO7 is cooled from 240 to 205 °C and
annealed for 30 min at this temperature (thermal history 1, TH1).
In the second case (filled symbols), before the measurement,
BO7 is cooled from 240 to 150 °C and then heated to 205 °C
where it is annealed for 30 min (thermal history 2, TH2). The
different thermal histories lead to a different behavior that can
be explained considering the phase behavior of the blend (Figure
2). With the thermal history TH1, DMDBS is in solution during
the measurement and, as expected, the rheological behavior of
BO7 is rather similar to that of the pure iPP. In contrast, with
the thermal history TH2, DMDBS phase separates (at ~190
°C) during cooling to 150 °C and does not redissolve when
heated to 205 °C. The plateau of G' in the low frequency region
(w < 0.03 rad/s) indicates that (part of) the network of DMDBS
fibrils is retained. DMDBS fibrils, entangled with each other,
have long relaxation times and can easily be aligned with a

annealing

Temperature

time

Figure 8. Schematic drawing of the thermal history designed to obtain
oriented iPP morphologies after shear application at high temperatures.
A shear pulse (60 s™! for 3 s) is applied during stage 4. The design
values of 7T} and T, for BO3, BO7, and B1 are given in Table 2.

flow. This feature will be used in the following to generated
highly oriented iPP morphologies after shear at relatively high
temperatures.

3.3.iPP Crystallization after Shear at T > TPMPBS_ Because
of the epitaxial relation, heterogeneously nucleated iPP lamellae
grow orthogonally to DMDBS fibrils. Therefore, the crystalline
morphology of the polymer reflects the orientation of DMDBS
fibrils at the onset of crystallization. Figure 7 shows SAXS
images obtained at room temperature after shear at the indicated
temperature. The images in the top row correspond to a shear
pulse (60 s~! for 3 s) at T > TPMDBS (je., at 185 °C for B03,
at 195 °C for B07, and at 210 °C for B1). While, the images in
the bottom row correspond to a shear pulse (60 s~! for 3 s) at
T < TOMDBS(je at 150 °C for B03, at 178 °C for B07, and
188 °C for B1). When shear is applied at Type,r > TPMPBS, iPP
shows an isotropic morphology similar to what is observed for
crystallization in quiescent conditions. In fact, when shear is
applied, DMDBS is in solution with iPP; the fibrils form later,
during the cooling, and grow with random orientations. In
contrast, when the shear pulse is applied at Ty, < TPMPBS,
iPP exhibits a highly oriented morphology at room temperature.
The shear deforms the DMDBS network causing alignment of

Table 2. Summary of the temperatures where shear is applied in the experiments of Figure 7 and of the choices made for the thermal
history of Figure 8.

flow before DMDBS phase
separation (thermal history TH1)

flow after DMDBS phase
separation (thermal history TH1)

parameters for the
thermal history TH2

Tshear iPP morphology at Tshear iPP morphology at Ty T iPP morphology at
°O) room temperature °O) room temperature °0) °0) room temperature
B03 185 isotropic 150 oriented 150 185 oriented
B07 195 isotropic 178 oriented 178 195 oriented
Bl 210 isotropic 188 oriented 188 210 oriented
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Figure 9. Time—temperature sequence of SAXS images for the blend B1 in the experiment illustrated in Figure 11. After shear application to the
fibrillar network, the fibrils align and a streak of intensity appears at the equator. Crystallization of iPP at lower temperatures produces the meridional

lobes. The flow direction is vertical.
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Figure 10. iPP—DMDBS phase diagram reporting the SAXS images
corresponding to the room temperature morphology of iPP after
application of shear (60 s™! for 3 s) in the conditions indicated by the
symbols (stars) and with the thermal history of Figure 8.

the DMDBS fibrils. In the early stages of iPP (heterogeneous)
nucleation, the orientation of the fibrils is transferred to the
polymer lamellae. Interestingly, for the temperature used in the
top row of Figure 7, TPMPBS < Ty ... < TOMPBS Therefore, an
oriented morphology can be obtained using the same mechanical
history but a tailored thermal history (similar to TH2), see Figure
8. This thermal history includes the following steps: (1)
Annealing at 240 °C for 3 min, (2) cooling at T (below TPMPBS),
(3) heating to T, (below TRMPBS) (4) application of a shear
pulse (60 s~! for 3 s), and finally, (5) cooling to room
temperature. The temperatures T and T, need to be chosen in
relation with DMDBS concentration, the selected values are
given in Table 2. SAXS images corresponding to the experiment
with B1 are shown in Figure 9. After application of shear (image
b), a streak in the intensity at the equator indicates the alignment
of DMDBS fibrils with the flow direction. During cooling, these
fibrils template a highly oriented iPP morphology (image c).
Similar results are obtained for the blends B0O3 and BO7, as
summarized in Figure 10. More insight in the structure formation
can be gained analyzing the SAXS intensities as a function of
time/temperature. Figure 11 shows the results for B1. Cooling
to 71 = 188 °C causes phase separation of DMDBS (7PMPBS =
195 °C as determined by SAXS) and, as a consequence, the
scattered intensity rises evenly in all the azimuthal areas. In
the following step, heating to 7> = 210 °C, the intensity remains
constant indicating that the fibrils do not melt (7THMPBS =

6 240
r 200
T4
S, L 160 &
__,? —O— 1. Meridional g
= )
2 —— |. Equatorial
§ —— |. Diagonal 120
=
r 80
01 7
Phase Separation Flow iPP nucleation 40
0 400 800 1200
time [s]

Figure 11. SAXS intensity for meridional, equatorial and diagonal part
of the two-dimensional images as a function of time and temperature
for the blend B1 subjected to shear (60 s™! for 3 s) at 210 °C with the
thermal history of Figure 8.

224 °C). When the shear pulse is applied, DMDBS fibrils align
with flow increasing the intensity scattered at the equator /..
Simultaneously, also the intensities scattered in the meridional
and diagonal regions (/mer and Igiag) raise, suggesting that flow
promotes an extra phase separation with growth of randomly
oriented fibrils. However, according to the lever rule, complete
DMDBS phase separation is not possible at this high temperature
and the process proceeds during the following cooling. The
increase in Ieq rather than in /e and g indicates that the
growth of flow-oriented fibrils is favored over the growth of
randomly oriented fibrils. At ~140 °C, iPP nucleates and the
growth of lamellae orthogonal to DMDBS fibrils takes place
producing lobes in the SAXS meridional region. Epitaxially
grown lamellae mitigate the density fluctuation between DM-
DBS and the matrix, hence the intensity scattered in equatorial
and diagonal regions decreases.

4. Conclusions

Blends of iPP and DMDBS are miscible only at high
temperatures. During cooling, DMDBS phase separates from
the molten iPP at a temperature TPMPBS that depends on the
composition. With phase separation/crystallization of DMDBS
a percolated network of nanofibrils is formed. In a previous
paper,'® we have shown that flow at 7 < TPMPBS can break the
network and align DMDBS fibrils. The subsequent epitaxial
(orthogonal) growth of iPP lamellae yields a highly oriented
lamellar morphology. In this paper, we show that the same
mechanism can be used also to obtain highly oriented iPP
morphology after application of shear also at T > TPMPBS [
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fact, when a phase-separated blend is heated, DMDBS fibrils
redissolve in the polymer at a temperature 7HMPBS > TDMDBS,
Rheology suggests that in the temperature window 7PMPBS <
T < TBEMDBS the network of DMDBS fibrils is retained and
application of a (shear) flow produces alignment of the fibrils.
When the polymer is allowed to crystallize (decreasing the
temperature) on this aligned template a highly oriented mor-
phology is obtained.

Ultimately, we demonstrate that from understanding the phase
behavior of iPP—DMDBS blends, on cooling and on heating,
it is possible to design thermomechanical histories yielding
highly oriented iPP morphologies after shear at relatively high
temperatures (for instance 210 °C for 1 wt % of DMDBS),
where viscosity is low.
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