Macromolecule2008,41, 399408 399

Flow Induced Crystallization in Isotactic
Polypropylene-1,3:2,4-Bis(3,4-dimethylbenzylidene)sorbitol Blends:
Implications on Morphology of Shear and Phase Separation

Luigi Balzano,™* Sanjay Rastogi,*"*+8and Gerrit W. M. Peters*/

Department of Chemical Engineering and Department of Mechanical Engineering, E&ho
University of Technology, P.O. Box 513, 5600 MB Eindig The Netherlands, Institute of Polymer
Technology and Materials Engineering (IPTME), Loughboroughzersity, Loughborough,

LE11 3TU, United Kingdom, and Dutch Polymer Institute (DPI), P.O. Box 902,

5600 AX Eindhoen, The Netherlands

Receied July 2, 2007; Resed Manuscript Recegéd Naember 4, 2007

ABSTRACT: Nucleation is the limiting stage in the kinetics of polymer crystallization. In many applications of
polymer processing, nucleation is enhanced with the addition of nucleating agents. 1,3:2,4-Bis(3,4-dimethylben-
zylidene)sorbitol or DMDBS is a nucleating agent tailored for isotactic polypropylene (iPP). The presence of
DMDBS changes the phase behavior of the polymer. For high enough temperatures, the systBilIFES

forms a homogeneous solution. However, in the range of concentration spanning from 0 to 1 wt % of DMDBS,
the additive can phase separate/crystallize above the crystallization temperature of the polymer, forming a percolated
network of fibrils. The surface of these fibrils hosts a large number of sites tailored for the nucleation of iPP. The
aim of this paper is to investigate the combined effect of flow and DMDBS phase separation on the morphology
of iPP. To this end, we studied the rheology of phase separatecDIRIDBS systems and its morphology with
time-resolved small-angle X-ray scattering (SAXS). The effect of flow is studied combining rheology, SAXS,
and a short-term shear protocol. We found that, with phase separation, DMDBS forms fibrils whose~+&dius (
nm) does not depend on the DMDBS concentration. The growth of these fibrils leads to a percolated network
with a mesh size depending on DMDBS concentration. Compared to the polymer, the relaxation time of the
network is quite long. A shear flow, of 60-5for 3 s, is sufficient to deform the network and to produce a
long-lasting alignment of the fibrils. By design, lateral growth of iPP lamellae occurs orthogonally to the fibril
axis. Therefore, with crystallization, the preorientation of DMDBS fibrils is transformed into the orientation of
the lamellae. This peculiarity is used here to design thermomechanical histories for obtaining highly oriented iPP
morphologies after shearing well above the melting point of the polymer (i.e., without any undercooling). In
contrast, when shear flow is applied prior to DMDBS crystallization, SAXS showed that iPP crystallization occurs
with isotropic morphologies.

1. Introduction CH,

Morphology control is an important issue in polymer process- = /@_(
ing as it influences a broad range of properties of the final “F~©_< Hy
products. For instance, mechanical, optical, and transport
properties of polymeric materials depend on the size and shape H,C
of the crystallites:? It is well-known that thermal and mechan-
ical histories do play an important role in the creation of these H
morphological featurés and that additives can also have a
remarkable influencé>® Nucleating agents are a family of
additives used to speed up processing rates of polymers. In theiings with two methyl groups attached) enable dissolution in
case of isotactic polypropylene (iPP), a common nucleating the polymer and, at the same time, are tailored nucleation sites
agent is a sorbitol derivative: 1,3:2,4-bis(3,4-dimethylben- for iPP, while the “body” comprises two moieties: one dictates
zylidene)sorbitol or DMDBS. DMDBS is a chiral molecule that, the geometry of the molecule and the other bears the polar
driven by hydrogen bonding, can self-assemble into fibrillar groups (hydroxyls) for hydrogen bond formatid®olarity is,
structures. Crystallization of DMDBS within the iPP matrix therefore, one of the main features of DMDBS. In contrast, iPP
corresponds to a liquigsolid phase separation, in the following, is a fully apolar molecule. This difference becomes clear and
referred to as DMDBS crystallization or DMDBS phase leads to a rich phase diagram when iPP and DMDBS are
separation. The DMDBS molecule has a special “butterfly” compounded together.
configuration, see Figure 1. The “wings” of the molecule (phenyl  Kristiansen et al? proposed a monotectic model for this phase

diagram where the eutectic point lies around 0.15 wt % of the
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Figure 1. Chemical structure of DMDBS.
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the transparency of the material. This happens above the eutectic
point where a liquie-solid phase separation occurs as a
consequence of the crystallization of DMDBS prior to the Equatorial
crystallization of the polymer. Under these conditions, DMDBS
forms fibrils with a typical length of several microns and a radius
that can reach 50 nA%.These fibrils connect and thus form a
percolated network suspended in the polymer matrix. The
nucleation sites for the polymer lie on the surface of this
network. The fibrillar arrangement provides a high surface to
volume (S/V) ratio and, therefore, provides a large number of
nucleation sites per unit of volume. However, S/V alone cannot
explain the nucleation ability of DMDBS. Thierry et and
Fillon et al1!* demonstrated that DMDBS is a good nucleating

agent for PP because of a good lattice matching between itSFigure 2. Anisotropic two-dimensional SAXS image with definitions
cry_stals and 'Fh.eﬁ]ehx of the polymer._ The same authqrs also of the azimuthal intensity regions. Arrow indicates the applied flow
define an efficiency scale for nucleating agents, ranging from girection.

0 to 100%, based on characteristic crystallization temperatures.

Dibenzylidene sorbitol (DBS), a nucleating agent very similar sjon molded with a hot press into films of different thicknesses: 1
to DMDBS, was rated at 41%. Among several nucleating agents,mm for rheology and 20Qum for X-ray experiments. The
they found that 4-biphenyl carboxylic acid (2 wt % in iPP) has compression molding temperature was 22) and the molding
the highest nucleation efficiency (66%). time was 3 min. The resulting films were quenched to room

The effect of several sorbitol based nucleating agents on {€mperature and cut in diskliike samples. Following the same
quiescent crystallization kinetics and the morphology of iPP has Procedure, three blends of iPP with 0.3, 0.7, and 1 wt % of DMDBS
been widely explore@14 as was the rheology of these were prepared. For convenience, these three blends are respectively

21516 . . - . renamed as B03, BO7, and Bl in the text.
systems>'>1°Surprisingly, little attention has been paid to the X-ray Characterization. X-ray characterization was done at the

role of sorbitol based nucleating agents on the crystallization European Synchrotron Radiation Facility (ESRF) in Grenoble
of iPP during or after imposition of a flow, the most common  (France). Time-resolved small-angle X-ray scattering (SAXS)
scenario in applications. A notable exception is the work of experiments were performed at beamline BM26/DUBBLE. Scat-
Nogales et al7*8They studied the flow induced crystallization tering patterns were recorded on a two-dimensional gas filled
of iPP-DBS compounds after the phase separation of the detector (512x 512 pixels) placed at approximately 7.1 m from
additive under well-defined conditions, by means of both the sample. Scattering and absorption from air were minimized by
scattering and imaging techniques. For a concentration of 1 wt@ vacuum chamber placed between sample and detector. The
% DBS, they observed, during cooling, after application of Wavelength adopted was= 1.03 A. SAXS images were acquired
modest shear flows (shear rates ranging from 0.1 to-2(s with an exposurefd s and were corrected for the intensity of the

o ) . - primary beam, absorption, and sample thickness. The scattered
170°C), the formation of polymer morphologies characterized intensity was integrated and plotted against the scattering vector,

by high degrees of orientation. = (4x/2)sin (9/2) wherey is half of the scattering angle. The long
However, the role of DMDBS phase separation in flow period was calculated &s = 27/(qy,,,,). Whereq,,,, is theq value
induced crystallization of iPPDMDBS blends is not yet fully ~ corresponding to the maximum in the scattered intensity. Finally,
clarified and this is the main aim of this paper. The work we defined an integrated intensity as:= /¢ 1(6)dg wheredmin
includes also the changes in the rheology of the melt, associatecnd Gmax are the minimum and the maximum experimentally
with the formation of the DMDBS fibrillar network, and the — accessible values, respectively. Two-dimensional SAXS images
flow behavior of this network. The results are based on a Were a!so used for the characterization of anisotropic morphglog|es.
combination of Small-angle X-ray Scattering (SAXS), dynamic ' OF thiS purpose, it was necessary to define three azimuthal
. . . . regions!® The definitions adopted in the present work are given in
scanning calorimetry (DSC), and rheology. Four differentiPP Figure 2
DMDBS blends, containing 0, 0.3, 0.7, and 1.0 wt % of the '

. . ) . : L Shear flow experiments in combination with SAXS were carried
additive are investigated in quiescent and flow conditions. We oyt in a Linkam Shear Cell (CSS-450) modified with Kapton

address three aspects of these blends: (1) crystallization withouiwindows using a “short-term shearing” protocol. First, samples were
application of flow (quiescent conditions); (2) influence of flow annealed at 236C for 3 min to erase the memory of any previous
prior to the crystallization of DMDBS; (3) influence of flow  thermomechanical treatment. Next, the temperature was decreased

Diagonal

Meridional

after crystallization of DMDBS. by 10°C/min to the desired test temperature where flow was applied
under isothermal conditions. For the purpose of this paper, we limit
2. Experimental Method ourselves to the application of only one shear condition: nominal

shear rate of 6073 for 3 s. Finally, depending on the experimental

Materials. The iPP used in this work is a commercial ho- requirements, the temperature was either decreased to the room
mopolymer grade from Borealis GmbH (Austria), labeled HD120MO, temperature or kept constant.
with molecular weightM,, of 365.000 g/mol and a polydispersity, Wide-angle X-ray scattering (WAXD) experiments were per-
Mu/M,, of 5.4. DMDBS (Millad 3988) was obtained in powder  formed separately on beamline ID11 of the ESRF. The results were
form from Milliken Chemicals (Gent, Belgium) and used as ysed to determine crystallinity and the phases present in the samples.
received. Two-dimensional images were recorded on a Frelon detector. Before

Sample Preparation.The polymer, available in pellets, was first  analysis, the scattering of air and of the empty sample holder was
cryo-ground and then compounded with DMDBS in a corotating subtracted. After radial integration, the intensity was plotted as a
twin screw extruder (DSM, Geleen) for 10 min at temperatures function of the scattering anglé*2Deconvolution of the amorphous
ranging from 230 to 250C; the higher the DMDBS concentration  and crystalline scattered intensities was performed using a sixth
the higher the compounding temperature used. To prevent degradaerder polynomial to capture the “amorphous ha®®?' The crystal-
tion of both, polymer and additive, this operation was performed linity index, a measure of the crystal volume fraction, was calculated
in a nitrogen rich atmosphere. The material obtained was compres-as
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XWAXD = Ae (1) 1400 110 117
A+ A, 1200 4 040 11 041
whereAx andAc are the scattered intensities from the amorphous — 1000 -
and the crystalline phases, respectively. g
Rheological Characterization.Rheological measurements were g 800 1
performed in the linear viscoelastic regime using a strain-controlled 3
ARES rheometer equipped with a 2KFRT force rebalance trans- & 600 1 o7
ducer. In all cases a platgplate geometry with a diameter of k= /
; i . . = 400 |
8 mm was used. Appropriate values of strain were determined with
amplitude sweep tests carried out at 5 rad/s over a broad range of 200 1 B93
strains (ranging from 0.01 to 100%3. )
During the study of phase transitions, large strains can enhance 0 neat 'PP, i . .
the process and/or affect the morpholégyThese effects are 4 6 8 10 12 14
minimized by using strains as low as 0.5% in the experiments. 23 [degrees]

DSC. The crystallization behavior of the three binary blends _. ) ) )
iPP—DMDBS was studied in quiescent conditions using dynamic Figure 3. WAXD profiles of iPP at room temperature as a function
of DMDBS concentration. All samples were prepared in the same

_scanning_calorimetry. Samples Qf approximately 2mg were placed conditions, i.e., crystallization from the melt at $@/min. Presence
into aluminum pans and tested in nitrogen atmosphere in a Q1000 p\PBS induces the broad 117 peak, indicated by the arrow, that is
calorimeter (TA Instruments). The first step in the thermal treatment associated with the formation gfphase crystals. The crystallinity index
was always annealing at 230C for 3 min to erase earlier is ~60% in all cases while the amount gf phase decreases with
thermomechanical histories. Next, samples were cooled to room DMDBS concentration. Note that curves are shifted in the vertical
temperature at a constant cooling rate of°@/min. direction for clarity.

Before identifying peak positions and determining crystallinity,
a linear baseline was subtracted from the measured heat flow as a
function of the temperature. Finally, crystallinity could be estimated 28 1
asXPSC = AHJAH?, whereAH, = /¢ (dH/dT)dT and AH? are,
respectively, the enthalpy of crystalllszation of the sample and the
enthalpy of crystallization of an ideal 100% crystalline iPP sample
(207.1J3 gh).

3. Results and Discussion
3.1. Effects of DMDBS on Structure and Morphology of

Long Period [nm]
N
n

iPP in the Solid State.lt is well-known that a small amount of 16 1 . . ‘
DMDBS can have a strong influence on structure and morphol- 0.0 0.4 0.8 12
ogy of iPP1% Moreover, structure and morphology depend on DMDBS [wi%]

crystallization conditions (thermal and mechanical histories). _. ) .
In order to isolate the effects due to the presence of DMDBS Figure 4. Long periods of iPP lamellae at room temperature as a
p e ' function of DMDBS concentration. All samples were prepared under
we prepared our samples under the same crystallization condi-the same conditions, i.e., crystallization from the melt at@fmin.
tions (quiescent crystallization with E€/min). Figure 3 reports ~ The neat iPP shows a long period of 19 nm and this value rise28
WAXD integrated intensities at room temperature for the neat "™ for samples containing DMDBS. This increase in the long period
iPP and the blends with DMDBS. The neat iPP shows the typical is due to the formation of thicker crystals in the presence of DMDBS.
diffraction peaks of thex crystalline modification. When the
additive is present, although tleform remains prevalent, the .
crystal structure of the polymer shows some specific Changes_cogcen;ratlons.h logical side. the | iod of iPP | I
The 111 peak becomes better resolved and a broad 117 reflectionh n the morp OdOQr'wca side, t ef ong penfoDl\(/?DlB ameliae
appears. This indicates the simultaneous formation of less SNOWS pronounced changes as a function o S concentra-

defecteda and smally crystals. However, we do not observe tioln goinfg from|19 nm Of the neat saénple to .23 nm (averkgge
significant variation in the WAXD crystallinity index; in all V2 ue) of samples containing DMDB , see Figure 4. Taking
cases, it lies around 60%. According to Foresta e#‘ahe into account that the lamellar tljlqkn_e§'$, can be expressed
formation ofy-phase crystals in the presence of the nucleating asT. - Lpx and that th.e crystallmltyllndex dpes not vary, our
agent can be explained from a thermodynamic point of view. experimental observations are consistent with the formation of
In fact, the nucleating agent shifts the crystallization of the '_[h'Cker cr_ystals When_ DMDB.S Is present. The reason for this
polymer at higher temperatures where nucieatiop phase is increase in crystal thickness is attributed to the higher crystal-

favored and can compete with nucleation of thehase. The lization temperature in the presence of the nucleating &gent

ratio betweeny anda phase crystals,, is estimated with that is discussed hereafter. o
3.2. Crystallization under Quiescent Conditions.When

probably related to a fasternucleation rate at higher DMDBS

A cooling a homogeneous mixture of iPP and DMDBS to room
—_ ur 2) temperature, two phase transitions are observed: crystallization
Arzot Araz of DMDBS and crystallization of the polymer. DSC experiments

reveal the temperatures and enthalpies characterizing all these
whereA;30 and A7 are the areas of the nonoverlapping parts transitions. In fact, in the cooling thermograms of Figure 5, the
of the peaks 117 and 130. These two peaks were selecteccrystallization peaks of the polymer are, in all cases, clearly
because they are the diagnostic reflections ofitrend thea visible and a closer look discloses another, much smaller,
phase, respectively. In the investigated range of concentration,exotherm at higher temperatures. This smaller exotherm is
the y phase contenti,, is maximum for BO3 X, = 0.15) and associated with the crystallization of DMDBS and, due to the
drops for BO7 X, = 0.09) and B1 X, = 0.08). This drop is small amount of the additive, becomes visible only after
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Figure 5. DSC cooling thermograms (after subtraction of a linear Figure 7. Temperature dependence of the SAXS intensity as a function
baseline) for the neat polymer and blends B03, B07, and B1. of DMDBS concentration during cooling at 18C/min and after
Experiments were performed at 18/min, in an N atmosphere, after ~ annealing at 250C for 3 min. In samples containing DMDBS, the
annealing the samples at 230 for 3 min. Curves are shifted along  Scattered intensity increases with phase separation because of density
the vertical axis for clarity. Clearly, with the addition of 0.3 wt % of  fluctuations between DMDBS crystals and the polymer. At lower
DMDBS, the crystallization peak shifts to higher temperature, (32 temperatures, when the polymer crystallizes once again, the scattered
The peak does not change with further addition of the additive. intensity increases.

Nevertheless, the crystallization peak becomes narrower when increas-

ing the amount of DMDBS. Table 2. Summary of the SAXS Data Obtained from Figure 8
o T Toms o o
' [°C] [°C] [°C] [°C]
0.000 HD120MO 120 108
AL 0.3% DMDBS-B03 135 125 165 150
2 0.7% DMDBS-B03 135 125 190 175
% -0.005 1 1% DMDBS—-B1 135 127 195 185
Iy aTSASand TS2%S are, respectively, the onset temperature for polymer
= -0.010 2 . X
] crystallization and the temperature corresponding to the maximum scattered
£ intensity, ToreesiS the onset temperature for DMDBS phase separation,
-0.015 and Tyoxs,is the temperature at which the intensity reaches a constant
value (aboveTy).
-0.020 T T T v
120 140 160 180 200 220

Trel concentration, the phase separation occurs at increasingly higher
Figure 6. Magnification of the cooling experiments of Figure 5 inthe  temperatures. In accordance with WAXD, the final crystallinity
temperature range preceding the crystallization of the polymer. The ¢ ipp is hardly affected by DMDBS. However, the values

small exotherms are associated with the crystallization of DMDBS. 0 .
As expected, latent heat of crystallization and peak temperature increaséneasured by DSC, namely, 50%, are noticeably lower than those

with DMDBS concentration. For clarity, the curves are shifted to the found with WAXD.

same baseline. Information on the morphology of the system as a function
Table 1. Summary of Experimental Data Obtained from DSC Data of the temperature is obtained b_y means of SAXS-_ Figure 7
Shown in Figure 5 shows the integrated scattered intensity as a function of the
ToSC  TbSC  Ap . T0SC  yosc temperature for the neat iPP and the blends with DMDBS. These
[opéj" G Pa7 [s°] cl [l data can be interpreted remembering that SAXS intensity is the
HD1Z0MO 113 120 953 1235 5 result of de[15|ty fluctugtlons. As expected, in the neat iPP there
0.3% DMDBS-B03 131 135  107.7 685 149 52 is no density fluctuation until the polymer starts nucleating
0.7% DMDBS-BO7 132 135  107.7 536 175 52 around 12C°C, while samples containing DMDBS show more
1% DMDBS-B1 132 135 1035 473 189 50 complicated temperature dependence. In fact, when phase

aT boand Tone represent peak and onset temperature of the exotherm sepa_lration occurs, hydrogen-bonding drives DMDBS molecules
associated to crystallization of the polyméy s the crystallization time to pile up and form crystals denser than the polymer. As a
defined aste = ((Towa— Toomed/(dT/d)) whereT25C) corresponds to the  consequence, density fluctuations are established and the
completion of the crystallization andTit is the cooling rate=€ 10 °C/ scattered intensity rises to a plateau. At lower temperature,
min), Tpo¢ represents the peak temperature of the exotherm associated toground 135°C, independently from DMDBS concentration,
DMDBS crystallization XPSCis the degree of crystallinity of the polymer. nucleation of the polymer triggers a large and abrupt upturn in
sufficient magnification, see Figure 6. Table 1 summarizes the the intensity. Similar to DSC, some characteristic temperatures
relevant DSC data during cooling experiments. Note that thesefor the crystallization of the polymer and of the additive are
data provide enough information to sketch the phase diagramlocated and reported in Table 2. These data are used to build
of the system in the investigated range of concentration. Upon the phase diagram shown in Figure 8 that is used as reference
addition of 0.3 wt % of DMDBS, the crystallization temperature in the rest of this work. In accordance with Kristiansen et@l.,
(peak value) of iPPT,, increases to 131C. Further addition three different regions, corresponding to three different physical
of DMDBS has nearly no effect ol that is 132°C for both states of the system, are identified: (1) Region I, at high
BO7 and B1l. Nevertheless, the crystallization peak of the temperatures DMDBS and iPP form a homogeneous solution;
polymer narrows at higher DMDBS contents indicating faster (2) Region Il, at intermediate temperatures, the system is phase
crystallization. Saturation of; of iPP with DMDBS concentra-  separated with DMDBS crystallized and iPP still molten; (3)
tion was observed also by Kristiansen et!éliin their data,T. Region I, at low temperatures both DMDBS and iPP are
reaches~130°C at 0.4 wt % DMDBS. Increasing the DMDBS  crystallized.
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observation is consistent with the presence of fibrillar scatterers
with a radius of ~4.5 nm and a length that exceeds the
Region | experimental accessible SAXS rangeX 200 nm). As shown
2 ° in Figure 12, the radius of DMDBS fibrils is independent of
180 DMDBS concentration. This result is in agreement with the
Region Il findings of Thierry et aPf and Shepard et & of observed
140 . : : elementary (DBS) fibrils with a radius of5 nm. It is also
reported that elementary fibrils of DBS and DMDBS can form
o Phase Separation bundles with a radius 0of~50 nm at concentrations as low as
v Crystallization 0.1 wt %228 and that the population of bundles becomes larger
increasing the additive content. From our SAXS experimental
0.0 0.4 0.8 12 Lo . : ;
DMDBS [wt%) range, it is difficult to infer bundles formation; however, this
Figure 8. Phase diagram of the system iPPMDBS (from 0 to 1 wt could be the source of dlscrgpanCIes observed between expert-
% DMDBS) obtained, on cooling, using SAXS data. Three regions Mental data points and eq 3 in the lgwange. For instance, in
corresponding to three different states can be identified: Region |, Figure 11, the agreement between data points and eq 3 ceases
homogeneous liquid; Region Il, phase separated system with crystallizedat g2 = 0.025 nm?2 (i.e., atq = 0.15 nnT1). The measured
DMDBS and molten polymer, and Region Ill, both iPP and DMDBS intensity is higher than what is predicted by eq 3, suggesting
are crystallized. . . ;
also the presence of thicker scatterers. For instance, if another
60 linear region with a steeper slope could be identified at lower

220

Temperature [°C]
Q

[ Region Il
100

g values, this could indicate the presence of scatterers character-
_ 50 9 ized by a radiuRR = v/2/0.15= 9.5 nm, i.e., bundles made of
E * neatiPP s two elementary DMDBS fibrils. Unfortunately, with our ex-
g 40 i perimental limits, this aspect is difficult to assess. With the
E & B1 i detection of larger bundles of elementary DMDBS fibrils, it is
o 30 1 g B even more difficult because the lintjt< 1/R; proceeds rapidly
S| 66900099 997" toward too low values when the radius of the scatterers grows.
& B 3.4. Rheology of the System in Region IlPhase separation
6 . . . of DMDBS has a strong influence on the rheology of the system.
60 80 100 120 140 Relaxation times and moduli increase because of network
T[°C] formation. One way to determine the temperature where this

Figure 9. Long period as a function of temperature and DMDBS change happens is to. measure the storage mod@ysa(
cogncentration c?uﬁng temperature ramps WithE:l cooling rate gicto  constant frequency during cooling from Region | The data are
min. Presence of DMDBS leads to an increase of the long periods thatShown in Figure 13. As expected, for the neat iEPjs only
below 80°C is quantified in~4 nm. affected by the change in temperature. This implies linear
) ) ) (Arrhenius) behavior on a logarithmic scéfeAt lower tem-
When the polymer crystallizes, in Region Ill, SAXS allows  peratures, when nucleation sets in, an abrupt upturn is observed.
for the measurement of the long period. Figure 9 shows the | contrastG' of samples containing DMDBS exhibits a more
data concerning the neat polymer, B03, B07, and Bl as acomplex temperature dependence. When DMDBS starts phase
function of temperature. As already discussed, the presence OfseparatingG' rises quickly because of the growth of DMDBS
DMDBS leads to an increase I, _ _ fibrils and deviates from the linear behavior. After completion
~3.3. Morphology of the System in Region II. Two- of the phase separation and before nucleation of the polymer,
dimensional SAXS images reveal that the increase of the ihe jinear dependence is restored. With increasing DMDBS
integrated intensity in Region Il is caused by an increase of the ¢oncentration, the rise i8' becomes more pronounced because
scattering in all azimuthal directions at loy Sample images 4 the formation of a denser network that, in addition, includes
are shown in Figure 10. The increase in the scattering can beyqre multiple fibril strands that are stiffer than the elementary
ascribed to the formation of a suspension of randomly oriented ¢y riis. |n line with DSC and SAXS, nucleation is observed at

DMDBS f|br|||_ar cry_stals with a lengtiL and a radiuR In similar temperatures for samples containing DMDB&38°C),
this case, the_lntenS|_ty szc;attered atlow angled, 2 g < 1/R., while, the neat iPP nucleates at a lower temperatufe2(°C).
can be described with The changes in the rheology with DMDBS phase separation
2 9 are not fully described using only one frequency. Therefore, in
I(q) = C ex;{— Rq ) 3) Figure 14 the frequency dependent mechanical response of the
q 2 neat iPP is compared with that of the blend B07, at 188
after phase separation. Clearly, the transition from a melt to a
whereC is a constant including details on the scatterers like suspension of DMDBS fibrils alters the values of both storage
concentration and electron density, white is the radius of  and loss modulus of iPP over at least five decades of frequencies.
gyration of the cross section of the scattereRs € R/v'2). The phase separated system exhibi@ higher thanG" in the
However, from the existing literature, it is known that DMDBS  entire experimental frequency window. Moreover, frefh to
fibrils are basically endlesd (— «); therefore, eq 3 is valid ~ ~10 rad/s,G' andG" display a power law dependence on the
for g < 1/R; in this case. Within this limit, lod[q)q] versusg? frequency (linear trend in a double logarithmic pt&#? that,
is a straight line with a sIopeRCZ/Z. Fitting eq 3 to the data  according to some authors, is the fingerprint of a fractal
points allows for the calculation & and therefore oR. Figure structure. Furthermore, in the phase separated sy&eshows
11 provides an example of such a fit demonstrating that a gooda plateau in the low-frequency region that is associated with

agreement between experimental data and eq 3 exists for 0.18he formation of a percolated netw8tlof DMDBS fibrils. The
< g < 0.3 nntt (i.e,, for 0.025< ¢? < 0.1 nnT?). This combination of the rheological features described above is
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Figure 10. SAXS images of the blend B1. Left: material in Region | of the phase diagram. Right: material in Region Il of the phase diagram.
DMDBS phase separation causes an increase of the scattered intensity in all directions) &aloes. For a clear visualization, the scattering of
the system in Region | was subtracted.
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S Figure 12. Radius of DMDBS fibrils as a function of temperature
01 J ' J ! j ' J J and DMDBS concentration. The data are obtained fitting eq 3 on the
000 002 004 006 008 010 012 014 experimental data. For BO7 and B1, phase separation starts at higher
2. 9 temperature than BO3; therefore, more data points are available in these
q° [nm™] two cases. Independent of the DMDBS concentration, the average value
Figure 11. SAXS data points with a fit{ — — —) of eq 3 for the is 4.5 nm.

blend B1 in Region II. For endless fibrils, eq 3 holds in the limitg: - .
< 1/R.. The experimental data deviate from the dashed ling? a words, shear enhances phase separation of DMDBS shifting the

0.1 nn 2, consistent with fibrils having a radius of 4.5 nm. Atvery ~Onset 15°C above its “quiescent” value. Rheological data

low g, the agreement between eq 3 and the data ceasgs=a0.025 concerning this flow-induced phase separation are presented in
nm-2. This could be the fingerprint of bundles of elementary DMDBS  Figure 15. Although the phase separation starts at higher
fibrils. temperatures with shear, the increase in the storage modulus is

approximately the same as in the quiescent case. Furthermore,

typically associated to a gel beyond the critical gel stige. at the applied cooling rate (1/min), the nucleation temper-
The viscouslike response observed in the lowest-frequencyature of the polymer is not affected. When the same shear flow
region highlights the physical nature of the DMDBS fibrillar is applied after formation of a network of DMDBS fibrils, at
network. In other words, DMDBS fibrils are in contact but not 188 °C for instance, the scenario is different. Here, as shown
permanently (chemically) bonded, and for this reason, they canin Figure 16, flow causes a drop in the storage modulus, larger
still slide over each other but only at very long experimental than one decade, that does not heal during cooling. The physical
times. As a result, the DMDBS network of fibrils slows down nature of the DMDBS network is the cause of this drop. In
the relaxation of the melt with the introduction of new, long fact, during shear, the fibrils are forced to slide over each other
relaxation modes. and tend to align parallel to the flow direction. As a conse-

3.5. Effect of Flow on iPP-DMDBS Blends Near the Gel quence, the network breaks and the elastic modulus drops.
Transition. DMDBS phase separation changes the rheology of Alignment of DMDBS fibrils causes a strong and anisotropic
the system making relaxation slower. Therefore, we envisage density fluctuation along the flow direction as depicted in Figure
that this transition influences the flow behavior of the system. 17. This density fluctuation results in a streak of intensity in
In order to study the influence of shear flow on the DMDBS the equatorial region of SAXS images. In these circumstances,
network of fibrils, the blend B1 was selected. According to time-resolved SAXS is a valuable technique also for studying
rheology, the onset of phase separation for this blend, in the relaxation times of the fibrils. As shown in Figure 18, the
quiescent conditions, is at 198. Interestingly, we found that,  streak of intensity and therefore the alignment of the fibrils is
even at 210C, application of a strong shear flow of 60'sor retained without significant changes over the whole experimental
3 s causes immediate phase separation of the additive. In othetime (> 2000 s). On the time scales characterizing the use of
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Figure 13. Storage modulusy = 5 rad/s) as a function of temperature
for the neat iPP and the blends B03, BO7, and B1. Data points are
recorded on cooling (rate 1®/min) after annealing in Region I. The
neat iPP shows a thermorheological simple (Arrhenius) behavior in all
the temperature range preceding the steep increa& bécause of
nucleation. In the blends containing DMDBS, the thermorheological
simple behavior is also observed at high temperatures (Region ).
However, the transition to Region Il leads to a more complex behavior
with an extra increase @& corresponding to the phase separation of
DMDBS. This increase is ascribed to the growth of DMDBS fibrils
with network formation. After completion of phase separation, the
Arrhenius behavior is restored until the polymer nucleates in Region
Ill. In Region 11, higher DMDBS contents relate to larger increases in
G' suggesting the formation of a denser network of fibrils.
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Figure 14. Storage and loss modulG( and G") as a function of
frequency at 188C for the neat iPP and BO7 (annealed for 30 min).
Both G' and G" are higher in BO7 than in the neat polymer. The
formation of a percolated network of fibrils is responsible for the plateau
in G' observed at low frequencies in BO7. The physical nature of the
network is unveiled by the viscouslike behavior visible in the lowest
frequency range. This network contributes to slow down of the
relaxation times of the system.

these materials in processing, the alignment of DMDBS fibrils
can be considered as permanent.

3.6. Morphological Implications of Flow and DMDBS
Phase Separation on the Crystallization of iPPIn section
3.2, we described the ability of DMDBS in nucleating iPP.
Because of a favorable lattice matching, the energy barrier for
heterogeneous nucleation on the surface of DMDBS fibrils is
lower than the energy barrier for homogeneous nucleation.
Therefore, most of the polymer “prefers” to nucleate on the
DMDBS fibrils.

In section 3.5, we described the effect of shear on the network

of DMDBS fibrils. For the blend B1, we found that a shear
flow of 60 s™* for 3 s, applied at a temperature a few degrees
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Figure 15. Temperature dependence f8r(w = 5 rad/s) of the blend

B1 with and without the application of a shear flow (6C for 3 s) at
210°C, in Region | of the phase diagram. Clearly, shear flow has the
effect of enhancing the phase separation of the additive that, in this
case, starts immediately after shearing. Nevertheless, after completion
of the phase separation, the observed increasg @ very close to

the quiescent case. At lower temperatures, nucleation of the polymer
occurs, unaffected by flow, at 13€.
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Figure 16. Temperature dependence f8r(w = 5 rad/s) of the blend

B1 with and without the application of a shear flow (60 for 3 s) at

188 °C in Region II of the phase diagram, after DMDBS phase
separation. Shear causes a large dro@'ithat is not recovered even

at lower temperatures. This drop can be explained with disconnection
of the fibrillar network and alignment of the fibrils in the flow direction.
Shear flow does not affect the nucleation of the polymer at lower

temperatures.
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Figure 17. (Left) SAXS image showing a streak of intensity in the
equatorial region. The image refers to the sample B1 after application
of shear at 188C, in Region II. (Right) Schematic representation of
DMDBS fibrils aligned parallel to the flow direction. An arrow indicates
the direction corresponding to the maximum density fluctuation. This
direction is orthogonal to the shear direction and parallel to the
equatorial streak in the SAXS pattern.

from a combination of the physics described in sections 3.2

above the transition to Region Il, can enhance the phaseand 3.5.

separation of the additive. In contrast, if the same shear is
applied a few degrees below the transition to Region I, the
fibrils align parallel to the flow and the network is broken.
Similar results are also obtained for the blends B0O3 and BO7.
The flow induced morphology of iPPDMDBS blends arises

The study of flow induced crystallization in iPlEDMDBS
blends was carried out combining SAXS and a short-term shear
protocol. The short-term shear protocol (with a shear of 60 s
for 3 s) was applied to the neat iPP and to the blends BO03,
B07, and B1 before and after phase separation of the additive.
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Figure 18. Time dependence of meridional, equatorial, and diagonal intensity of the blend B1 &€ H&r application of shear flow (60 for

3 s). When phase separation takes place, around 100 s, the scattered intensity, as expected, rises evenly in all directions. Therefore meridional,
equatorial, and diagonal intensities rise evenly. However, after application of shear flow, a streak of intensity appears in the equatonia, region a
therefore, the intensity scattered in this region increases while it decreases in the meridional and diagonal regions. This situation arises due to
alignment of DMDBS fibrils. The different intensity levels are retained for times longer than the experimental time without any significant changes
Inserted figures show SAXS images corresponding to increasing times.

Afterward, the polymer was allowed to crystallize by cooling
to room-temperature. 220 1 .

The effects of flow in Region | (prior to the crystallization
of DMDBS) were tested by applying shear to BO3 at 285
to BO7 at 195°C, and to B1 at 210C. Independent of the
DMDBS concentration, shear in Region | can only enhance

Temperature [°C]
®
=

* o X%
| > k3
‘.

g
.,
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phase separation. Upon cooling to Region II, DMDBS fibrils 140 =

form randomly oriented in space and the polymer, crystallizing \ -

on top of a randomly oriented substrate, displays an isotropic 100 | . E?::;f;aptz:m”

morphology. The morphologies obtained in these cases are

similar to the crystallization in quiescent conditions. 0.0 0.4 0.8 1.2
In contrast, shear in Region Il (after crystallization of DMDBS [wt%%]

DMDBS) aligns DMDBS fibrils parallel to the flow direction.  Figure 19. Phase diagram of iPFDMDBS (from 0 to 1 wt %
By design, the lateral growth of polymer lamellae occurs DMDBS) including SAXS images describing the morphology, at room
orthogonally to the fibril axis. Therefore, once the fibrils are t€mperature, after application of “short-term shear” protocol with shear

. . . . . _ . temperatures indicated by the symbokg.(When shear flow is applied
aligned, lamellae grow in the direction orthogonal to the applied gqye the DMDBS phase separation (in Region I), isotropic polymer
flow. With this templating mechanism, in the early stages of morphologies are obtained. In contrast, shear flow applied below the
crystallization the orientation of the substrate is transformed into DMDBS phase separation (in Region Il) yields polymer morphologies
orientation of polymer lamellae. Shearing B03 at 28) BO7 with a high degree of anisotropy.
at 178°C, and B1 at 180C yields oriented polymer morphol-
ogies after cooling below.

In principle, the anisotropic polymer morphology, observe
after applying shear in Region Il, could also be ascribed to
orientation of the polymer at these lower temperatures. To
exclude this possibility, we benchmark the morphology by
crystallizing the neat iPP after application of shear at 160
This temperature is the lowest used for +HPMDBS blends
and therefore the most favorable for obtaining an anisotropic 1S
morphology. In spite of that, after cooling beldw the polymer
crystallizes with an isotropic pattern. O = (IEq + Imed — lompes )

A visual summary of the performed experiments, including Itot — IpmbBs
SAXS images at room temperature is given in Figure 19. SAXS
images of the polymer crystallized after application of shear in Ipvpss is taken as the value assumed by the equatorial intensity
region Il show a clear separation of the intensities scattered inimmediately before the crystallization of the polymer. The values
different azimuthal regions that corresponds to a high degree of @, calculated at room temperature after application of shear
of lamellar orientation. The intensity scattered by oriented in Region Il, increase with DMDBS concentration and range
crystallites idor = lgg 1 Imer Wherelgq andlver are, respectively, from 0.4 of BO3 to 0.6 of B1, see Figure 20. Similar values
the intensity scattered in the equatorial and meridional regions. were reported by Nogales et'dlin experiments with a similar

Therefore, an assessment of the degree of orientation of polymer
d lamellae, @, can be obtained by combining the intensities
scattered in the different azimuthal regior®:= (lgq + lmer)/
Itot Where It is the total scattered intensity.However, the
scattering in the equatorial region also contains a contribution
from the oriented DMDBS fibrils|pmpss. Therefore, a better
definition for the degree of orientation of the polymer lamellae
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separation of DMDBS can be seen as a switching mechanism
for obtaining highly oriented iPP morphologies after application
of flow at high temperatures. In summary, we conclude that
when DMDBS is present, thermomechanical history has a
i marked effect on iPP morphology. A critical condition exists

0.4 1 < for the transition from isotropic to oriented morphology: phase
separation of DMDBS. The location of this critical condition
in the phase diagram is set by the amount of DMDBS in the
blend.
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